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The relationship between large earthquakes and volcanic eruptions:
A global statistical study

Alex P. Jenkins∗α, Alison C. Rustα, and Juliet Biggsα
α School of Earth Sciences, University of Bristol.

ABSTRACT
It is now generally accepted that large earthquakes can promote eruptions at nearby volcanoes. However, the prevalence of
“triggered” eruptions, as well as the distance and timescale over which triggering occurs, remain unclear. Here, we use modern
global earthquake and eruption records to compare volcanic eruption rates before and after large earthquakes with the time-
averaged background eruption rate. We quantify the significance of observed deviations from the average eruption rate using
Monte Carlo simulations. To integrate our findings with previous eruption triggering studies, we systematically vary the earth-
quake magnitudes we consider, as well as the distances and timescales used to calculate eruption rates. We also investigate
the effects of earthquake depth and slip orientation. Overall, we find that post-earthquake eruption rates are around 1.25 times
the average eruption rate within 750 km and one year following 𝑀𝑤 ≥ 7 earthquakes, with above-average post-earthquake erup-
tion rates possibly lasting for two to four years. By contrast, pre-earthquake eruption rates are around 0.9 times the average
eruption rate within 750 km and 182 days before 𝑀𝑤 ≥ 7 earthquakes. Furthermore, deep earthquakes (≥70 km) appear to more
strongly affect eruption rates than shallow earthquakes, while earthquake slip orientation is also important. Further study of the
relationships reported here represents a good opportunity to improve our understanding of tectono-magmatic relationships.

KEYWORDS: Earthquake; Volcano; Eruption; Triggering; Statistics.

1 INTRODUCTION
The potential for large earthquakes to trigger eruptions at
nearby volcanoes has long been noted [e.g. Darwin 1840].
However, systematic global recording of earthquakes and
eruptions only began in the mid-twentieth century [Siebert
et al. 2010; Storchak et al. 2015], therefore limiting detailed
statistical analyses of the relationship between earthquakes
and eruptions until more recently. Since the 1990s, numer-
ous studies have investigated how earthquakes affect volcanic
eruption rates (i.e. the number of eruptions per unit time), at
scales from individual volcanoes [Nostro et al. 1998; Walter
and Amelung 2006], through regional correlations [Eggert and
Walter 2009; Watt et al. 2009; Bebbington andMarzocchi 2011;
Bonali et al. 2013], to globally [Linde and Sacks 1998; Mar-
zocchi 2002; Manga and Brodsky 2006; Walter and Amelung
2007; Nishimura 2017; Sawi and Manga 2018]. These stud-
ies generally find that volcanic eruptions occur more often
than expected by chance following nearby large earthquakes.
Consequently, it is now mainly accepted that earthquakes can
trigger volcanic eruptions, and various triggering mechanisms
have been proposed [Hill et al. 2002; Seropian et al. 2021].
However, the prevalence of triggered eruptions, as well as
the distance and timescale over which eruption triggering oc-
curs, remain unclear. Although previous studies have consid-
ered these factors, their findings vary markedly; eruption trig-
gering has been associated with greatly increasing eruption
rates during the first few days following earthquakes [Linde
and Sacks 1998], to producing only minor increases in erup-
tion rates over the following months to several years [Sawi and
Manga 2018]. These variable findings can likely be attributed
to the use of different earthquake and eruption records, as well
as different definitions for triggered eruptions in terms of the
∗Q alexander.jenkins@bristol.ac.uk

minimum earthquake magnitude required and the maximum
distance and timescale between earthquakes and triggered
eruptions. On the other hand, potentially important factors
such as earthquake depth and slip orientation have not yet
been studied. Addressing these issues in quantifying how
earthquakes affect eruption rates is important for assessing
volcanic risk, as well as for understanding the processes that
lead to volcanic eruptions.
Determining if an earthquake triggered a given volcanic
eruption is challenging, as most earthquakes and eruptions oc-
cur in regions with high rates of seismic and volcanic activity,
predominantly at subduction zones. Furthermore, it is widely
believed that earthquakes can only trigger eruptions at vol-
canoes that are already close to erupting anyway [Barrientos
1994; Manga and Brodsky 2006; Walter and Amelung 2007;
Nishimura 2017]. For these reasons, we prefer to avoid the
term eruption triggering. Instead, we use modern global earth-
quake and eruption records to investigate how large earth-
quakes promote, or perhaps sometimes inhibit, volcanic erup-
tions [e.g. Marzocchi 2002]. To achieve this, we calculate
volcanic eruption rates before and after nearby large earth-
quakes and compare these against the time-averaged back-
ground eruption rate. We then use Monte Carlo simulations
with randomised eruption dates to quantify the significance of
observed deviations from the average eruption rate. To thor-
oughly characterise how earthquakes affect eruption rates, we
systematically vary the earthquake magnitudes we consider,
as well as the distances and timescales over which we calcu-
late eruption rates. We also investigate the effects of previ-
ously unconsidered factors such as earthquake depth and slip
orientation.
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2 SUMMARY OF PREVIOUS STUDIES
As there is now a wealth of literature concerning the rela-
tionship between earthquakes and eruptions, we restrict this
brief review to studies investigating the statistical relation-
ship between large earthquakes and volcanic eruptions at the
global scale (Table 1). Perhaps the first attempt at this was
provided by Carr [1977], who produced time-series for great
thrust earthquakes and volcanic eruptions along the circum-
Pacific subduction zones from 1820 to 1976. Using these time-
series, Carr [1977] suggested that subduction zones often ex-
hibit a period of decreased eruption rates for several years
to a few decades before great earthquakes, followed by a pe-
riod of increased eruption rates beginning a few years before
or after great earthquakes. In contrast to later studies, Carr
[1977] highlighted the decrease in eruption rates prior to large
earthquakes as the most characteristic finding, although the
statistical significance of this result was not tested.
The first truly global eruption triggering study was per-
formed by Linde and Sacks [1998] using earthquake records
from the USGS National Earthquake Information Centre Com-
pendium (NEIC) and eruption records from the Smithsonian
Global Volcanism Program (GVP) for the past several hundred
years. Investigating both great (𝑀 ≥ 8) and large (7 ≤ 𝑀 <
8) magnitude earthquakes, Linde and Sacks [1998] identified
a peak in VEI ≥ 2 eruption rates lasting for a few days
within 750 km following great earthquakes and within 250 km
following large earthquakes. Simulations using randomised
earthquake catalogues showed that the probability of the ob-
served eruption rate peaks occurring by chance was ≪1 %.
No enhanced eruption rates were identified beyond 750 km, or
for timescales longer than a few days following earthquakes.
Manga and Brodsky [2006] later recreated the Linde and Sacks
[1998] study using an updated earthquake catalogue and ob-
served a similar peak in VEI ≥ 2 eruption rates within five
days and 800 km following 𝑀 > 8 earthquakes. While this
provided further evidence for short-term eruption triggering,
Manga and Brodsky [2006] also highlighted the absence of
short-term triggered eruptions following the most recent large
earthquakes.
More recently, Sawi and Manga [2018] also recreated the
Linde and Sacks [1998] study but using only earthquakes and
eruptions from 1964 through 2016, taken from the Advanced
National Seismic System Composite Catalogue (ANSS) and the
GVP respectively. To offset their decreased number of earth-
quakes and eruptions caused by removing all events prior to
1964, Sawi and Manga [2018] lowered their earthquake mag-
nitude threshold to include 𝑀 ≥ 6 earthquakes. To quantify
eruption triggering, Sawi and Manga [2018] compared VEI ≥ 2
eruption rates within 800 km and five days following 𝑀 ≥ 6
earthquakes with VEI ≥ 2 eruption rates within 800 km and
five days before 𝑀 ≥ 6 earthquakes. By performing sim-
ulations with randomised eruption dates, Sawi and Manga
[2018] showed that eruption rate changes within five days of
earthquakes agreed with those expected by random chance,
suggesting that the short-term eruption triggering reported by
Linde and Sacks [1998] was caused by using incomplete histor-
ical records. However, Sawi and Manga [2018] also calculated
eruption rate changes over longer timescales and reported a

borderline statistically significant increase in eruption rates of
5–12 % during the two months to two years following 𝑀 ≥ 6
earthquakes.
Also recently, Nishimura [2017] and Jenkins et al. [2021]
used similar methods to Sawi and Manga [2018] to further
investigate how eruption triggering over longer timescales de-
pends on earthquake magnitude and the distance from earth-
quakes. Using earthquake records from the Global Centroid
Moment Tensor catalogue (CMT) from 1976 to 2010 and erup-
tion records from the GVP from 1966 to 2015, Nishimura
[2017] calculated eruption rate changes for distances of up to
1000 km from earthquakes in increments of 200 km. From
this, Nishimura [2017] found an approximately 50 % increase
in VEI ≥ 2 eruption rates within 200 km and five years fol-
lowing 𝑀𝑤 ≥ 7.5 earthquakes. Simulations using randomised
earthquake dates showed that the probability of this increase
occurring by chance was <1 %. However, no significant in-
creases in eruption rates were found at larger distances or
greater timescales, or for earthquakes with 7 ≤ 𝑀𝑤 < 7.5.
Additionally, of the 52 volcanic eruptions within 200 km and
five years following 𝑀𝑤 ≥ 7.5 earthquakes, 20 came from only
two volcanoes (Bezymianny and Ulawun), although excluding
repeat eruptions from a single volcano still produced 20–60 %
increases in eruption rates. By contrast, Jenkins et al. [2021]
found increases of only around 10 % in VEI ≥ 2 eruption rates
within 1000 km and one to five years following 𝑀𝑤 ≥ 7 earth-
quakes, using earthquake records from the International Seis-
mological Centre catalogue (ISC) from 1960 through 1975 and
from the CMT from 1976 through 2019, along with eruption
records from the GVP for 1955 through 2019. Jenkins et al.
[2021] found no strong evidence for eruption triggering using
distances of 200 or 2000 km, or for 𝑀𝑤 ≥ 6 earthquakes.
Overall, the recent studies of Nishimura [2017], Sawi and
Manga [2018], and Jenkins et al. [2021] provide contrasting
views regarding the prevalence of eruption triggering, despite
their similar methods. This variation could be caused by the
different earthquake and eruption records utilised, but all three
studies used reliable global catalogues. Instead, the different
parameter ranges investigated (Table 1) are likely responsible
for the variable findings. Reconciling these differences to ac-
curately understand the prevalence of eruption triggering, as
well as how this varies with factors such as earthquake magni-
tude and the distance from earthquakes, is an important issue
which we now address.

3 DATA AND METHODS
3.1 Data
Following recent global statistical studies on eruption trigger-
ing [Nishimura 2017; Sawi and Manga 2018; Jenkins et al.
2021], we use only modern global earthquake and eruption
records compiled since the mid-twentieth century. In doing
this, we aim to minimise the impact of potentially biased data.
In particular, it has been suggested that apparent eruption trig-
gering can be attributed to large earthquakes inducing a state
of temporarily heightened awareness within local populations,
resulting in increased reporting of volcanic eruptions [Manga
and Brodsky 2006]. While we consider this unlikely for our
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Table 1: Reported parameter ranges investigated by previous global statistical studies of eruption triggering. Parentheses indi-
cate parameters that were studied but did not show evidence for significant eruption triggering.

Study Earthquake
magnitude

Distance from
earthquake (km)

Timescale following earth-
quakes (days)

Linde and Sacks [1998]
𝑀 ≥ 8
7 ≤ 𝑀 < 8

0–250
0–500
0–750

1000, in daily bins

Manga and Brodsky [2006] 𝑀 > 8 0–800 1000, in daily bins

Nishimura [2017]

𝑀𝑤 ≥ 7.5
(7 ≤ 𝑀𝑤 < 7.5)

0–200
(200–400)
(400–600)
(600–800)
(800–1000)

0–1826
(1826–3652)

Sawi and Manga [2018]

𝑀 ≥ 6 0–800 (0–5)
(0–30)
0–60
0–120
0–365
0–730
(0–1825)

Jenkins et al. [2021]
(𝑀𝑤 ≥ 6 )
𝑀𝑤 ≥ 7
𝑀𝑤 ≥ 8

(0–200)
0–1000
(0–2000)

0–365
0–1826

data, we note that volcanic eruptions sometimes have uncer-
tain reported start dates, even during the late-twentieth and
early-twenty-first centuries. Only since around 2010 has the
number of uncertain start date eruptions fallen dramatically,
probably due to increased remote sensing.
We use earthquake times, locations, and moment mag-
nitudes (𝑀𝑤) from the Global Centroid Moment Tensor
catalogue, from its inception in 1976 through 2020 [CMT:
Dziewonski et al. 1981]. The CMT catalogue is reported to
be complete above 𝑀𝑤 5.5 [Dziewonski et al. 1981; Ekström
et al. 2012], so we use a minimum 𝑀𝑤 of 6 to obtain a total
of 5418 earthquakes over the 45 year catalogue. We further
divide these events into 4885 𝑀𝑤 6 earthquakes, 506 𝑀𝑤 7
earthquakes, and 27 𝑀𝑤 ≥ 8 earthquakes (Table 2). We also
classify these earthquakes by their depth and slip orientation.
For depth, we use a threshold depth of 70 km to separate
shallower crustal earthquakes from deeper earthquakes within
subducted slabs [e.g. Pacheco et al. 1993; Heuret et al. 2011].
For slip orientation, we analyse the slip rake angles from the
CMT focal mechanism solutions, using both nodal planes as
the true fault plane is generally unknown. We define normal
faulting earthquakes as those with at least one rake between
−70° and −110°, reverse earthquakes as those with at least
one rake between 70° and 110°, and strike-slip earthquakes
as those with at least one rake either between −20° and 20°,
>160°, or <−160°. Visual inspection of the focal mechanism
solutions reveals that this method classifies slip orientations
well and few earthquakes cannot be classified due to satisfy-
ing multiple categories.

We use volcanic eruption start dates, locations, and explo-
sivity (VEI) from the Global Volcanism Program [GVP: Global
Volcanism Program 2013]. In order to calculate eruption rates
up to five years before and after nearby earthquakes, we con-
sider eruptions from 1971 through 2020. The completeness
of the GVP for smaller eruptions is unclear, but for explosive
eruptions (VEI ≥ 2) the eruption record is likely complete since
1971 [e.g. Newhall and Self 1982; Mead and Magill 2014; Pa-
pale 2018]. The GVP notes where eruption magnitudes are
uncertain, but we take the VEI value for each eruption as
given. The GVP lists the initiation of 924 VEI ≥ 2 eruptions
from 216 individual volcanoes over the 50 years from 1971
through 2020, including 182 eruptions with an uncertain start
date (Table 3). We experiment with including or excluding
these uncertain start date eruptions in our analyses, as well as
with using different minimum VEI thresholds.

3.2 Methods
3.2.1 Eruption rates before and after earthquakes
To calculate volcanic eruption rates before and after nearby
large earthquakes, we first specify the earthquake parameters
(𝑀𝑤, depth, slip orientation) and eruption parameters (VEI,
include/exclude uncertain start date eruptions) to study. We
also specify the distance and timescale from the earthquakes
over which to calculate the eruption rates. Here, we investi-
gate surface distances of up to 1000 km from the earthquake
centroid locations in increments of 250 km, over timescales of
30, 91, 182, 365, 730, 1096, 1461, and 1826 days (one month
to five years). These distances and timescales can either be
considered cumulatively (i.e. 1000 km and 1826 days gives the
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Table 2: Classification of earthquakes from the 1976–2020 CMT catalogue used in this study.

𝑀𝑤 Depth Reverse Normal Strike-slip Oblique∗ Unclassified∗∗ Total

6 ≤ 𝑀𝑤 < 7 <70 1635 388 1337 449 13 3822
≥70 214 290 197 325 37 1063

7 ≤ 𝑀𝑤 < 8 <70 213 32 87 37 2 371
≥70 28 43 23 38 3 135

𝑀𝑤 ≥ 8 <70 12 3 5 4 0 24
≥70 0 3 0 0 0 3
Total 2102 759 1649 853 55 5418

∗ Oblique refers to earthquakes that do not satisfy any slip category.
∗∗ Unclassified refers to earthquakes which satisfy multiple slip categories.

Table 3: Classification of volcanic eruptions from the 1971–
2020 GVP catalogue used in this study.

VEI Start date
Certain Uncertain

0 118 55
1 467 145
2 510 142
3 191 38
4 36 2
≥5 5 0

eruption rates within 0 to 1000 km and one to 1826 days either
before or after earthquakes) or as individual bins (i.e. 1000 km
and 1826 days gives the eruption rates within 750–1000 km
and 1462–1826 days either before or after earthquakes). For
statistical analyses, the individual bins approach is preferred as
it provides independent results for each distance and timescale
considered. However, with the earthquake and eruption num-
bers currently available from modern global records, the cu-
mulative approach is often used instead in order to include
sufficient eruptions to perform meaningful statistical analy-
ses [e.g. Nishimura 2017; Sawi and Manga 2018; Jenkins et
al. 2021]. For this reason we primarily use the cumulative
approach, although we show that, without careful interpreta-
tion, this can cause anomalous eruption rates at short distances
or timescales to appear smeared out over longer distances or
timescales.
For a given set of input parameters, we select all of the
earthquakes and eruptions that meet the specified criteria from
our databases. Earthquakes that occurred less than the spec-
ified timescale before the end date of the database (31st De-
cember 2020) are automatically rejected, and potential fore-
shocks and aftershocks can optionally be filtered out. Where
we apply foreshock and aftershock filtering, we use a vari-
ation of the filtering method described by Nishimura [2017],
whereby earthquakes that occurred within a certain distance
and time period of a larger earthquake are deemed to be fore-
shocks or aftershocks and are discarded. Although we explore
several filtering parameters, we note that filtering cannot fully
resolve the potentially complex effects of multiple earthquakes
on volcanic eruption rates, due to the interplay between earth-

quakes with different magnitudes, distances, and timescales
from eruptions.
For each selected earthquake (𝐸𝑖 = 𝐸1...𝐸𝑛), we search the
selected volcanic eruptions to determine the number of erup-
tions that occurred within the specified distance and timescale
before the earthquake (𝐵𝑖 ), as well as the number of eruptions
that occurred within the specified distance and timescale af-
ter the earthquake (𝐴𝑖 ). Eruptions that occurred on the same
day as the earthquake are not counted; the GVP does not list
eruption times, so it is unknown whether the eruption initi-
ated before or after the earthquake. To account for frequently
erupting volcanoes, there is an option to exclude repeat erup-
tions from the same volcano. Where we apply this option,
each volcano is limited to contributing at most one eruption
to 𝐵𝑖 and one eruption to 𝐴𝑖 . As 𝐵𝑖 and 𝐴𝑖 give the num-
ber of eruptions during the specified timescale, they represent
the pre-earthquake and post-earthquake eruption rates respec-
tively for each earthquake.

3.2.2 Time-averaged eruption rates
Recent global statistical studies have quantified eruption trig-
gering by comparing post-earthquake eruption rates with pre-
earthquake eruption rates calculated over the same distance
and timescale [Nishimura 2017; Sawi and Manga 2018; Jenk-
ins et al. 2021]. Although we use this method to compare
our results with previous studies, we primarily use an alterna-
tive approach whereby we compare post-earthquake eruption
rates with long-term time-averaged eruption rates [e.g. Wal-
ter and Amelung 2007]. Using time-averaged eruption rates
provides a more stable reference to compare post-earthquake
eruption rates with, while also allowing us to compare pre-
earthquake eruption rates with time-averaged eruption rates
[e.g. Carr 1977]. More importantly, using time-averaged erup-
tion rates increases the amount of data that we use from the
earthquake and eruption catalogues. This is because we con-
sider all earthquakes that occurred within the specified dis-
tance of an active volcano (i.e. a volcano with at least one
eruption between 1971–2020), as opposed to only earthquakes
that occurred within the specified distance and timescale of an
eruption.
For a given set of input parameters, we would ideally cal-
culate the time-averaged eruption rate within the specified
distance of each selected earthquake using a long eruption
record prior to the eruption record used to determine 𝐵𝑖 and
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𝐴𝑖 . However, the completeness of the global eruption record
much before 1971 is unclear [e.g. Jenkins et al. 2021]. There-
fore, we instead calculate the time-averaged eruption rate for
each selected earthquake by searching the selected volcanic
eruptions to determine the number of eruptions that occurred
within the specified distance of the earthquake over our en-
tire eruption record (𝑁𝑖 : 1971 through 2020), excluding the
five years either side of the earthquake. Excluding the five
years either side of the earthquake helps to ensure that 𝑁𝑖 is
independent of any changes to eruption rates caused by the
earthquake itself. If repeat eruptions from the same volcano
were excluded when calculating 𝐵𝑖 and 𝐴𝑖 , eruptions are also
excluded from contributing to 𝑁𝑖 if they occurred within the
specified timescale of the previous eruption that contributed
to 𝑁𝑖 from the same volcano. 𝑁𝑖 is then converted to give
the average eruption rate within the specified distance and
timescale of the earthquake,

µ𝑖 = 𝑡
𝑁𝑖

𝑇
, (1)

where 𝑡 is the specified timescale and 𝑇 is the timescale used
to calculate 𝑁𝑖 (40 years, except for earthquakes that occurred
between 2016–2020). Although using time-averaged eruption
rates could smooth out inherently clustered underlying erup-
tion data (Supplementary Material 1), the suitability of our av-
eraging method is shown by the fact that observed eruption
rates tend towards the average eruption rate at long timescales
before and after earthquakes (e.g. Figure 1B).

3.2.3 Combined relative eruption rates
For any given individual earthquake, the eruption rates 𝐵𝑖 and
𝐴𝑖 are generally low (<10 eruptions) over our timescales of up
to five years. Statistical analyses on such small sample sizes
are limited, so evidence for eruption triggering is unlikely to
be found by analysing earthquakes individually. Therefore, to
provide more meaningful results, we follow the approach of
previous studies by summing the eruption rates from all of the
selected earthquakes [Nishimura 2017; Sawi and Manga 2018;
Jenkins et al. 2021]. For 𝑛 selected earthquakes, the combined
eruption rates associated with those earthquakes are therefore
given by

𝐵 =

𝑛∑︁
𝑖=1

𝐵𝑖 , (2)

𝐴 =

𝑛∑︁
𝑖=1

𝐴𝑖 , (3)

µ =

𝑛∑︁
𝑖=1

µ𝑖 . (4)

From these, we calculate the combined pre-earthquake erup-
tion rate relative to the average eruption rate (𝐵/µ) and the
combined post-earthquake eruption rate relative to the aver-
age eruption rate (𝐴/µ). Relative eruption rates <1 represent
below-average eruption rates and relative eruption rates >1
represent above-average eruption rates.

3.2.4 Quantifying statistical significance
To quantify the significance of observed deviations of pre-
earthquake or post-earthquake eruption rates from average
eruption rates, we use 1000-run Monte Carlo simulations. In
each simulation, we calculate the relative eruption rates as-
sociated with large earthquakes using the same parameters
and methods as for the real data but with randomised erup-
tion dates instead. The simplest way to randomise the erup-
tion dates is to assign each selected eruption a completely
random date within the catalogue boundaries [e.g. Sawi and
Manga 2018]. However, this generates simulated eruption cat-
alogues with different time distributions of eruptions than the
observed eruption catalogue. Therefore, we randomly permu-
tate the selected eruption dates instead (i.e. pool together the
selected eruption dates and then randomly redistribute them
back to the selected eruptions). Random permutation main-
tains the time distribution of the observed eruption catalogue
and is therefore a more robust test of the statistical signifi-
cance because it accounts for any global eruption rate varia-
tions unrelated to eruption triggering [e.g. Jenkins et al. 2021].
A potential issue with both randomly permutating the eruption
dates and completely randomising the eruption dates is that
the time distributions of eruptions at any given volcano are
not maintained, which could result in unrealistically clustered
simulated eruptions (e.g. two eruptions recorded on consec-
utive days at the same volcano, which in reality would be
classified as a single eruption). However, by imposing limits
on the recurrence of eruptions at any one volcano, we show
that this does not significantly affect the results (Supplemen-
tary Material 1).
Using randomised simulations, the significance of an ob-
served relative eruption rate (𝐵/µ or 𝐴/µ) is shown by its
percentile score (𝑃) relative to the 𝑗 = 1000 simulated relative
eruption rates (𝐵 𝑗/µ 𝑗 or 𝐴 𝑗/µ 𝑗 ),

𝑃 = 100

(∑1000
𝑗=1 1[(𝐵/µ) ≥ (𝐵 𝑗/µ 𝑗 )]

1000

)
, (5)

𝑃 = 100

(∑1000
𝑗=1 1[(𝐴/µ) ≥ (𝐴 𝑗/µ 𝑗 )]

1000

)
, (6)

where a percentile score of 100 represents the case where the
observed relative eruption rate is greater than or equal to all
of the simulated relative eruption rates, and a percentile score
of 0 represents the case where the observed relative eruption
rate is lower than all of the simulated relative eruption rates.
Relative eruption rates associated with earthquakes can be

>1 (above-average eruption rates) or <1 (below-average erup-
tion rates), so percentile scores close to either 100 (signifi-
cantly above-average eruption rates) or 0 (significantly below-
average eruption rates) are considered significant. As we test a
range of parameters and timescales, some percentile scores are
expected to be significant purely by chance. For this reason,
we focus on relationships where the percentile scores consis-
tently indicate a significant result across a range of timescales
or parameter choices.
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Figure 1: Combined VEI ≥ 2 eruption rates within 750 km and up to five years before and after 𝑀𝑤 ≥ 7 earthquakes, relative
to average eruption rates. This includes repeat eruptions from a single volcano but excludes eruptions with an uncertain start
date. No foreshock or aftershock filtering is applied. The percentiles of the simulated eruption rates calculated using random
permutation of the observed eruption dates are shown. The amount of data used to calculate the eruption rates are also shown
(Eq gives the number of earthquakes, E gives the number of unique eruptions, V gives the number of unique volcanoes; see
Supplementary Material 2 for more detail). [A] Relative eruption rates over cumulative timescales. [B] Relative eruption rates
over yearly binned timescales.

4 RESULTS
4.1 Principal results
For simplicity, the results given in the main text consider only
VEI ≥ 2 eruptions, with repeat eruptions from a single volcano
included but eruptions with uncertain start dates excluded,
and no foreshock or aftershock filtering of earthquakes ap-
plied. Sensitivity testing shows that changing these parame-
ters does not affect the main findings (Supplementary Mate-
rial 1). Overall, we find that volcanic eruption rates deviate
significantly from average eruption rates within 750 km and
up to several years of earthquakes with a minimum 𝑀𝑤 of
7 (Figure 1A). This primarily consists of above-average post-
earthquake eruption rates, with relative eruption rates of 1.64
within 750 km and 30 days following 𝑀𝑤 ≥ 7 earthquakes,
decreasing to 1.27 at one year, and 1.19 to 1.12 at two to five
years. There are also below-average pre-earthquake eruption

rates, with relative eruption rates of 0.87 to 0.91 within 750 km
and 30 to 182 days before 𝑀𝑤 ≥ 7 earthquakes. These devia-
tions from average eruption rates are only recorded at subduc-
tion zones, as all of the 𝑀𝑤 ≥ 7 earthquakes that occurred near
active volcanoes between 1976–2020 were located in subduc-
tion zones (Supplementary Material 1).
To understand the significance of the observed eruption
rates, Figure 1A also shows the percentiles of the simulated
eruption rates calculated by randomly permutating the erup-
tion dates. Compared to the simulations, the above-average
post-earthquake eruption rates have percentile scores of >99 %
over timescales of 30 days and one year, suggesting that it is
very unlikely that these above-average eruption rates occur by
chance. The above-average post-earthquake eruption rates
over all of the other timescales also have percentile scores
of >95 %, except at five years. For the below-average pre-
earthquake eruption rates, the percentile score of 7 % over
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a timescale of 182 days suggests that there is a reasonably
low chance that this below-average eruption rate occurs by
chance. However, the below-average pre-earthquake eruption
rates over timescales of 30 days, 91 days, and one year have
percentile scores of 17–31 %, suggesting that these below-
average eruption rates are more consistent with those ex-
pected by chance.
Figure 1A shows eruption rates over cumulative timescales,
so deviations from the average eruption rate over short
timescales before or after earthquakes could appear smeared
out over longer timescales. Therefore, Figure 1B shows
eruption rates in one year bins instead. The binned post-
earthquake relative eruption rates are 1.27 over a timescale
of one year, 1.08 to 1.15 over one to four years, and close to 1
over four to five years. However, compared to the simulations,
the binned post-earthquake eruption rates over timescales of
one to four years have percentile scores of 56–81 %, suggest-
ing that eruption rates over timescales of one to four years are
actually more consistent with those expected by chance than
is shown when using the cumulative timescales approach.

4.2 Effects of 𝑀𝑤, distance, and time
The main parameters considered by previous eruption
triggering studies were earthquake magnitude and the
distance and timescale between earthquakes and eruptions.
As previous studies have produced contrasting results, we
now provide a systematic investigation into how these key
parameters affect eruption rates associated with earthquakes.
Figure 2 shows eruption rates over cumulative timescales of
up to five years before and after earthquakes as a function
of earthquake magnitude (𝑀𝑤 6, 𝑀𝑤 7, and 𝑀𝑤 ≥ 8) and
the distance from earthquakes (0–250 km, 250–500 km,
500–750 km, and 750–1000 km). Within five years of 𝑀𝑤 6
earthquakes, relative eruption rates are generally between
1 and 1.10, regardless of distance and timescale. However,
the eruption rates associated with 𝑀𝑤 6 earthquakes exhibit
few high or low percentile scores compared to the simulated
eruption rates. Due to the lack of consistently significant
percentile scores, the eruption rates associated with 𝑀𝑤 6
earthquakes are likely consistent with those expected by
random chance.

By contrast, post-earthquake eruption rates within 750 km
and one to five years of 𝑀𝑤 7 earthquakes are consistently
above average, with relative eruption rates between 1.10 to
1.35. Post-earthquake eruption rates within 750 km and less
than one year of 𝑀𝑤 7 earthquakes are also mostly above av-
erage, although there is more variation, including very high
relative eruption rates of 2.44 within 30 days and 250–500 km
and very low relative eruption rates of 0.56 within 0–250 km
and 30 days. This variation likely reflects the lower numbers
of eruptions being counted over short timescales, which limits
the statistical analysis (Supplementary Material 2). Nonethe-
less, the generally above-average post-earthquake eruption
rates within 750 km of 𝑀𝑤 7 earthquakes have consistently
high percentile scores compared to the simulations, often be-
ing >95 %. It is therefore unlikely that these above-average
eruption rates occur by chance. By contrast, pre-earthquake

eruption rates within 750 km of 𝑀𝑤 7 earthquakes are more
variable as a function of distance and timescale, while beyond
750 km, eruption rates associated with 𝑀𝑤 7 earthquakes are
generally close to average.

𝑀𝑤 ≥ 8 earthquakes exhibit variable post-earthquake erup-
tion rates as a function of distance and timescale, with relative
eruption rates ranging from 0.71 to 1.78 within one to five
years and 750 km. This variability likely reflects the much
lower numbers of 𝑀𝑤 ≥ 8 earthquakes in the record, which
limits the statistical analysis (Supplementary Material 2). The
variable post-earthquake eruption rates following 𝑀𝑤 ≥ 8
earthquakes display variable percentile scores compared to
the simulations, suggesting that these eruption rates are consis-
tent with those expected by chance. However, pre-earthquake
eruption rates within 500 km of 𝑀𝑤 ≥ 8 earthquakes are gen-
erally below average, especially within 0–250 km, where rel-
ative eruption rates are 0 to 0.22. The below-average pre-
earthquake eruption rates within 500 km of 𝑀𝑤 ≥ 8 earth-
quakes have low percentile scores, often being <10 %. It is
therefore relatively unlikely that these below-average eruption
rates occur by chance. By contrast, pre-earthquake eruption
rates within 500–1000 km of 𝑀𝑤 ≥ 8 earthquakes are more
variable and have less significant percentile scores, suggest-
ing that they are consistent with eruption rates expected by
chance.

4.3 Effects of earthquake depth and slip orientation
The effects of earthquake depth and slip orientation on erup-
tion rates associated with earthquakes have not previously
been studied. Therefore, we investigate how these parame-
ters affect our principal results. Figure 3 compares eruption
rates within 750 km of shallow (<70 km) and deep (≥70 km)
𝑀𝑤 ≥ 7 earthquakes. While shallow and deep earthquakes
show similar eruption rates, deep earthquakes exhibit both
greater magnitude deviations from the average eruption rate
and more significant percentile scores than shallow earth-
quakes. In particular, below-average pre-earthquake erup-
tion rates within 30 to 182 days and within two years before
deep earthquakes have percentile scores of <5 % relative to
the simulations, so these below-average eruption rates are un-
likely to occur by chance. Deep earthquakes also generally
have more significant percentile scores for the above-average
post-earthquake eruption rates than shallow earthquakes, al-
though the post-earthquake percentile scores are most signif-
icant when considering earthquake of all depths.
Figure 4 shows eruption rates within 750 km of 𝑀𝑤 ≥ 7
earthquakes depending on their slip orientation. As the ori-
entation of the earthquake fault planes are generally un-
known, our purpose for dividing earthquakes by slip orien-
tation is to investigate the effects of different subduction zone
stress regimes, rather than the effects of earthquake-driven
stress changes. The focal mechanisms of deep earthquakes
within subducted slabs might not reflect the crustal stress
regime, so Figure 4 only includes shallow (<70 km) earth-
quakes. Figure 4 shows that, over all timescales, shallow re-
verse earthquakes generally display above-average eruption
rates with high percentile scores, while shallow normal earth-
quakes generally display below-average eruption rates with
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Figure 2: Top panels: Observed combined VEI ≥ 2 eruption rates over cumulative timescales up to five years before and after
earthquakes as a function of earthquake magnitude, relative to average eruption rates. This includes repeat eruptions from a
single volcano but excludes eruptions with an uncertain start date. No foreshock or aftershock filtering is applied. Relative
eruption rates of >2 are indicated by labelling. The amount of data used to calculate the eruption rates are also shown (Eq gives
the number of earthquakes, E gives the number of unique eruptions, V gives the number of unique volcanoes; see Supplementary
Material 2 for more detail). Bottom panels: the corresponding percentile scores for the observed eruption rates with respect to
simulations using random permutation of the observed eruption dates. Lighter shading for percentile scores near 0 % or 100 %
suggests significant deviations from average eruption rates. Error bars show where the observed eruption rate is equal to the
simulated eruption rates across multiple percentiles. Each pair of panels shows a different distance range from earthquakes
over which eruption rates are calculated: [A] 0–250 km, [B] 250–500km, [C] 500–750km, and [D] 750–1000 km.

low percentile scores. By contrast, shallow strike-slip earth-
quakes generally show below-average pre-earthquake erup-
tion rates but above-average post-earthquake eruption rates.
The greater variability in the eruption rates associated with
shallow normal and strike-slip earthquakes likely reflects the
lower numbers of these earthquakes in the record, compared
to shallow reverse earthquakes.

4.4 Eruption rates after versus before earthquakes
To facilitate more direct comparison with previous eruption
triggering studies [Nishimura 2017; Sawi and Manga 2018;
Jenkins et al. 2021], we also compare post-earthquake erup-
tion rates with pre-earthquake eruption rates calculated over
the same timescale (i.e. 𝐴/𝐵). Figure 5 shows that, within
750 km and up to five years of 𝑀𝑤 ≥ 7 earthquakes, the post-
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Figure 3: Top panel: Observed combined VEI ≥ 2 eruption rates within 750 km and cumulative timescales of up to five years
before and after 𝑀𝑤 ≥ 7 earthquakes, relative to average eruption rates. Eruption rates are shown for all earthquakes, shallow
earthquakes (<70 km), and deep earthquakes (≥70 km). This includes repeat eruptions from a single volcano but excludes
eruptions with an uncertain start date. No foreshock or aftershock filtering is applied. The amount of data used to calculate the
eruption rates are also shown (Eq gives the number of earthquakes, E gives the number of unique eruptions, V gives the number
of unique volcanoes; see Supplementary Material 2 for more detail). Bottom panel: the corresponding percentile scores for the
observed eruption rates with respect to simulations using random permutation of the observed eruption dates. Lighter shading
for percentile scores near 0 % or 100 % suggests significant deviations from average eruption rates.

earthquake eruption rates relative to pre-earthquake eruption
rates show similar values to the post-earthquake eruption rates
relative to average eruption rates (Figure 1). In particular, post-
earthquake eruption rates are 1.28 times the corresponding
pre-earthquake eruption rates within 750 km and one year,
with a percentile score of 98 % compared to simulations with
randomly permutated eruption dates. By comparison, post-
earthquake eruption rates are 1.27 times the average eruption
rate within 750 km and one year, with a percentile score of
99 %.

5 DISCUSSION
5.1 Effects of 𝑀𝑤, distance, and timescale
Given the variability in the calculated eruption rates associ-
ated with earthquakes across the studied parameter space,
we now consider whether the observed eruption rates show
physically realistic behaviours as a function of 𝑀𝑤, distance,

and timescale. Specifically, the mechanisms responsible for
eruption triggering invoke stress changes imparted to volca-
noes by earthquakes, either due to the static elastic relax-
ation of the crust or the dynamic passage of seismic waves
[Seropian et al. 2021]. For both static and dynamic trigger-
ing mechanisms, the stress changes experienced by volcanoes
are greater for larger magnitude earthquakes and for smaller
distances from the earthquake. Therefore, larger magnitude
earthquakes at smaller distances should have a greater ef-
fect on eruption rates. By contrast, the importance of the
timescale between earthquakes and eruptions is more com-
plicated, as the timescales over which eruptions initiate are
variable [Chamberlain et al. 2014; Kilgour et al. 2014; Metcalfe
et al. 2021], and earthquake-related processes such as afterslip
and visco-elastic relaxation can alter the crustal stress field
over timescales far longer than the earthquake rupture [Wang
et al. 2012; Copley 2014].
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Figure 4: Top panel: Observed combined VEI≥ 2 eruption rateswithin 750 kmand cumulative timescales of up to five years before
and after 𝑀𝑤 ≥ 7 earthquakes, relative to average eruption rates. The eruption rates are shown for shallow depth (<70 km)
reverse, normal, and strike-slip earthquakes. This includes repeat eruptions from a single volcano but excludes eruptions with
an uncertain start date. No foreshock or aftershock filtering is applied. Relative eruption rates of >2 are indicated by labelling.
The amount of data used to calculate the eruption rates are also shown (Eq gives the number of earthquakes, E gives the number
of unique eruptions, V gives the number of unique volcanoes; see Supplementary Material 2 for more detail). Bottom panel: the
corresponding percentile scores for the observed eruption rates with respect to simulations using random permutation of the
observed eruption dates. Lighter shading for percentile scores near 0 % or 100 % suggests significant deviations from average
eruption rates.

Figure 2 shows that eruption rates associated with 𝑀𝑤 6
earthquakes do not show significant deviations from average
eruption rates, whereas post-earthquake eruption rates within
750 km and several years of 𝑀𝑤 7 earthquakes deviate
significantly from average eruption rates. However, post-
earthquake eruption rates following 𝑀𝑤 ≥ 8 earthquakes
do not show significant deviations from average eruption
rates, although pre-earthquake eruption rates for 𝑀𝑤 ≥ 8
earthquakes are consistently below average. The lack of
significant post-earthquake eruption rate deviations following
𝑀𝑤 ≥ 8 earthquakes might be explained by the low number
of 𝑀𝑤 ≥ 8 earthquakes in our record (Supplementary
Material 2). Consequently, eruption rates may follow the
expected behaviour with earthquake magnitude, but more
data for 𝑀𝑤 ≥ 8 earthquakes is needed to test this.

Above-average post-earthquake eruption rates associated
mainly with 𝑀𝑤 7 earthquakes are observed for all distances
up to, but not beyond, 750 km (Figure 2). Similarly, below-
average pre-earthquake eruption rates associated mainly with
𝑀𝑤 ≥ 8 earthquakes are observed up to 500 km, and pos-
sibly up to 750 km, but not beyond 750 km. Therefore, ap-
proximately 750 km from 𝑀𝑤 ≥ 7 earthquakes appears to be
the limit to which significant deviations from average erup-
tion rates occur. Given that static stress changes from earth-
quakes are typically viewed as important at distances of up
to a few fault rupture lengths away [King et al. 1994; Stein
1999; Freed 2005], 750 km spans the range where static stress
changes should be significant, and the range where static
stress changes are insignificant and dynamic stress changes
are more dominant. However, determining whether static
or dynamic stress changes are responsible is challenging.

Presses universitaires de �rasbourg Page 174

https://doi.org/10.30909/vol.07.01.165179
https://doi.org/10.30909/vol.07.01.165179
https://doi.org/10.30909/vol.07.01.165179


VOLC

V

NIC

V

7(1): 165–179. https://doi.org/10.30909/vol.07.01.165179

Figure 5: Combined VEI ≥ 2 post-earthquake eruption rates within 750 km and up to five years after 𝑀𝑤 ≥ 7 earthquakes, relative
to combined pre-earthquake eruption rates calculated over the same distance and timescale. This includes repeat eruptions
from a single volcano but excludes eruptions with an uncertain start date. No foreshock or aftershock filtering is applied. The
percentiles of simulated eruption rates calculated using random permutation of the observed eruption dates are also shown. The
amount of data used to calculate the eruption rates are also shown (Eq gives the number of earthquakes, E gives the number of
unique eruptions, V gives the number of unique volcanoes; see Supplementary Material 2 for more detail). [A] Relative eruption
rates over cumulative timescales. [B] Relative eruption rates over yearly binned timescales.

Furthermore, post-earthquake eruption rates following 𝑀𝑤 7
earthquakes do not clearly follow the expected relationship
with distance within 750 km; relative eruption rates follow-
ing 𝑀𝑤 7 earthquakes are generally greatest at 0–250 km, but
the relative eruption rates at 500–750 km are generally both
greater and more significant than those at 250–500 km.
Within 750 km of 𝑀𝑤 ≥ 7 earthquakes, post-earthquake
eruption rates progressively decrease from a high of 1.64 times
the average eruption rate within 30 days to 1.12 times the
average eruption rate within five years (Figure 1). This sug-
gests that the greatest deviations from average eruption rates
occur within the shortest timescale of earthquakes. However,
this result is not consistent for all distances and magnitudes
(Figure 2). The low numbers of eruptions associated with
earthquakes at shorter timescales (Supplementary Material 2)
also means that large deviations from the average eruption

rate do not always correspond to significant percentile scores.
Constraining the timescales over which earthquakes affect
eruption rates therefore remains challenging.

5.2 Effects of earthquake depth and slip orientation
Figure 3 shows that deep earthquakes (≥70 km) display
greater deviations from average eruption rates than shallow
earthquakes. This is true for both the above-average post-
earthquake eruption rates and especially the below-average
pre-earthquake eruption rates. The reasons for this are un-
clear, although because deep earthquakes are restricted to sub-
ducted slabs, there appears to be a link between deep sub-
duction earthquakes and magmatism. This may relate to the
location of deep earthquakes below volcanic arcs, which may
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cause them to have more impact on fluid and magma trans-
port across the entire transcrustal magmatic system (Figure 6).
Similarly, Figure 4 hints at a potential relationship between
the slip orientation of shallow earthquakes and the eruption
rates associated with earthquakes. Overall, Figure 4 shows
that post-earthquake eruption rates are generally greater than
pre-earthquake eruption rates for all earthquake slip orien-
tations. However, eruption rates are generally above av-
erage within several years of shallow reverse earthquakes
and generally below average within several years of shal-
low normal earthquakes. Only shallow strike-slip earthquakes
show the below-average pre-earthquake eruption rates and
above-average post-earthquake eruption rates displayed by
considering all earthquakes (Figure 1). Given that all of the
𝑀𝑤 ≥ 7 earthquakes that occurred near active volcanoes be-
tween 1976–2020 were located in subduction zones (Supple-
mentary Material 1), there appears to be a relationship be-
tween the local to regional tectonic setting within the broader
subduction zone environment and the eruption rates associ-
ated with large earthquakes (Figure 6). The reasons for this are
unclear, and we note that using slip orientation as a proxy for
the crustal stress regime is not perfect as earthquakes with dif-
ferent focal mechanisms can occur closely in time and space.
Additionally, the relatively low numbers of shallow normal
and strike-slip earthquakes in the record limit this analysis
(Supplementary Material 2). The different spatial distributions
of (static) stress changes caused by earthquakes with different
slip orientations may also be important, although testing this
is difficult due to ambiguity in the fault plane orientation from
focal mechanism solutions.

Figure 6: Schematic representation of the locations of earth-
quakes with different depths and slip orientations within sub-
duction zones. For example, A represents shallow megathrust
earthquakes at the plate interface, B shows earthquakes within
volcanic arcs, such asmajor arc-parallel strike-slip faults, while
C shows deep slab earthquakes, which often have normal or
strike-slip focal mechanisms. These earthquake distributions
may provide clues regarding the distinct eruption rates associ-
ated with different earthquakes.

5.3 Comparison with previous studies
Figures 1 and 2 show that volcanic eruption rates deviate sig-
nificantly from average eruption rates within 750 km of earth-
quakes with a minimum 𝑀𝑤 of 7. This consists primarily

of post-earthquake eruption rates that are around 1.25 times
the average eruption rate over timescales of at least one year,
and possibly to a lesser extent over two to four years, mainly
following 𝑀𝑤 7 earthquakes. However, we also find that pre-
earthquake eruption rates are around 0.9 times the average
eruption rate over timescales of at least 182 days, and possibly
to a lesser extent over one year, mainly before 𝑀𝑤 ≥ 8 earth-
quakes and possibly also before 𝑀𝑤 7 earthquakes. Although
decreased eruption rates prior to earthquakes were first pro-
posed by Carr [1977], we currently have no physical explana-
tion for this borderline statistically significant finding. By con-
trast, Lemarchand and Grasso [2007] suggested that eruption
rates increase during the six to ten days both before and after
earthquakes, within a distance of up to ten times the earth-
quake rupture length. However, as Lemarchand and Grasso
[2007] used a minimum earthquake magnitude of 4.8, their
study likely included volcanotectonic earthquakes, for which
a short-term correlation between earthquakes and eruptions
is expected.
Compared with recent global statistical studies on eruption
triggering, our post-earthquake eruption rates of around 1.25
times the average eruption rate (i.e. 25 % above the aver-
age eruption rate) are greater than the approximately 10 %
increase found by Sawi and Manga [2018] but lower than the
50 % increase suggested by Nishimura [2017]. However, the
parameter ranges investigated by Sawi and Manga [2018] and
Nishimura [2017] were more restricted than we present here.
Using our methodology and datasets with the parameters in-
vestigated by Sawi and Manga [2018] (𝑀𝑤 ≥ 6 , <800 km
between earthquakes and eruptions, two months to two years
timescales), we find that post-earthquake eruption rates are 6–
7 % above average. This is consistent with the 5–12 % increase
in eruption rates reported by Sawi and Manga [2018]. How-
ever, when comparing post-earthquake eruption rates with
pre-earthquake eruption rates using the parameters of Sawi
and Manga [2018], we find eruption rate increases of only 3–
4 %.
Using our methodology and datasets with the parameters
reported by Nishimura [2017] (𝑀𝑤 ≥ 7.5, <200 km between
earthquakes and eruptions, five year timescale), we find that
post-earthquake eruption rates are 23 % below average. We
also find that post-earthquake eruption rates decrease by
4 % relative to pre-earthquake eruption rates over the same
distance and timescale. These values differ significantly from
the 50 % increase in post-earthquake eruption rates reported
by Nishimura [2017]. Inspection of our results reveals that
this discrepancy is mostly caused by differences in the
earthquake locations used by up to half a degree of latitude
and longitude; we obtain these values from the earthquake
centroid location, whereas Nishimura [2017] used the earth-
quake epicentre location. For a small distance of 200 km from
each 𝑀𝑤 ≥ 7.5 earthquake, these variations of several tens of
kilometers significantly alter which eruptions are associated
with each earthquake. By contrast, our principal results
(within 750 km of 𝑀𝑤 ≥ 7 earthquakes) are not sensitive to
which earthquake location is used (Supplementary Material 1).
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While we do not disagree with the findings of Nishimura
[2017] and Sawi and Manga [2018], our results argue for
post-earthquake eruption rates intermediate between those
reported by Nishimura [2017] and Sawi and Manga [2018].
However, by only investigating a smaller parameter range,
Nishimura [2017] and Sawi and Manga [2018] were not able
to fully characterise the volcanic eruption rates associated
with large earthquakes. In particular, we show that calculated
eruption rates can differ significantly as a function of the
earthquake magnitudes, distances, and timescales considered
(Figure 2). The difference between our results and those
of Nishimura [2017], caused by using slightly different
earthquake locations, also illustrates this point and highlights
the importance of considering the whole parameter space in
order to reach more reliable conclusions.

5.4 Implications for forecasting
Assuming a causative relationship between earthquakes and
the observed deviations from average eruption rates, we find
that𝑀𝑤 ≥ 7 earthquakes promote eruptions at volcanoes up to
750 km away within the following year to several years, while
eruptions are also inhibited for several months to half a year
within 750 km before 𝑀𝑤 ≥ 7 earthquakes. Consequently,
at the regional scale, below-average volcanic eruption rates
correspond to an increased likelihood of a large earthquake
occurring, while a large earthquake increases the likelihood of
volcanic eruptions. However, the scope for using these rela-
tionships predictively is limited. For example, our finding that
volcanic eruption rates are 1.27 times the average eruption rate
within 750 km and one year following 𝑀𝑤 ≥ 7 earthquakes
is derived from there being 248 observed eruptions compared
to an average eruption rate of only 195 eruptions (Supplemen-
tary Material 2). In other words, there were 53 extra or po-
tentially “triggered” VEI ≥ 2 eruptions within 750 km and one
year of the 𝑀𝑤 ≥ 7 earthquakes in our catalogue. Given that
our catalogue contains 533 𝑀𝑤 ≥ 7 earthquakes, of which
426 occurred within 750 km of an active volcano, this cor-
responds to, on average, an extra 0.12 eruptions within one
year following each 𝑀𝑤 7 earthquake. As around 10 𝑀𝑤 ≥ 7
earthquakes occur near active volcanoes annually at the global
scale, on average only one or two eruptions may be promoted
by earthquakes each year. For comparison, global VEI ≥ 2
eruption rates are around 20–40 eruptions each year.

6 CONCLUSIONS
Overall, we find that 𝑀𝑤 ≥ 7 earthquakes are associated with
post-earthquake eruption rates of around 1.25 times the av-
erage eruption rate within 750 km and one year, as well as
pre-earthquake eruption rates of around 0.9 times the aver-
age eruption rate within 750 km and half a year (Figure 1A).
Randomised simulations show that the probability of the ob-
served above-average post-earthquake eruption rates occur-
ring by chance is very low (<1 %), while the probability of
the observed below-average pre-earthquake eruptions rates
occurring by chance is also low (<10 %). Post-earthquake
eruption rates may also remain above average for two to four
years following earthquakes, while pre-earthquake eruption

rates may be below-average for up to one year before earth-
quakes, although these deviations are less statistically signifi-
cant (Figure 1B). Over shorter timescales, quantifying the sig-
nificance of eruption rates is challenging due to the small sam-
ple sizes currently available in modern global records (Figure 2
and Supplementary Material 2). However, we do find some
preliminary evidence for short-term (30 to 182 days) increases
in post-earthquake eruption rates following nearby 𝑀𝑤 ≥ 7
earthquakes (Figure 1).
Assuming a causative relationship between earthquakes
and the observed deviations from average eruption rates, we
conclude that large earthquakes promote eruptions at nearby
volcanoes, while eruptions also appear to be inhibited shortly
before nearby large earthquakes. However, this general ob-
servation may not apply to individual earthquakes, as we find
that deep earthquakes more strongly affect eruption rates than
shallow earthquakes, while earthquakes with different slip ori-
entations affect eruption rates differently. Further study of
these relationships represents a good opportunity to further
our understanding of tectono-magmatic processes. Similarly,
additional earthquake and eruption data gathered over the
coming decades will help clarify the statistical relationships
described here, such as whether eruption rates show phys-
ically realistic behaviours as a function of earthquake mag-
nitude and distance from earthquakes. More data will also
facilitate the use of a binned approach instead of the cumu-
lative approach where data are currently sparse, such as for
short timescales (less than one year) and 𝑀𝑤 ≥ 8 earthquakes.
There is particular potential in this regard with the volcanic
record, where increased remote sensing can provide more
complete eruption records and also enable investigation into
potential relationships between earthquakes and non-eruptive
volcanic phenomena [e.g. Takada and Fukushima 2013; Hill-
Butler et al. 2020].
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used by this study and Jenkins et al. [2021] can be downloaded
from github (https://github.com/ex18983/EqVolc).
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