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ABSTRACT

Open-conduit basaltic volcanoes are susceptible to sudden transitions from mild activity to violent explosive eruptions with little
to no warning. Such was the case at Stromboli in the summer of 2019, when two paroxysmal explosions occurred within approx-
imately two months (July 3 and August 28). We apply coda wave interferometry to identify possible transitions in behavior in
the build-up to these events, computing seismic velocity changes using five broadband seismic stations on the volcano between
2013-2022. This timeframe encompasses a range of volcanic activity including effusive activity, major explosions and parox-
ysms. Cross-correlation functions are computed both between pairs of stations and single-station cross-components in multiple
frequency bands that allow the sampling of different depths (between approximately 100-1000 m) within the plumbing system.
Shallow velocity changes (1-2 Hz and 2-4 Hz) reveal mid-to-long term precursors prior to the paroxysms in 2019. For example,
we observe that 2-4 Hz velocities recorded at the station closest to the active crater show an increase of 0.2-0.3 % relative to
velocities recorded at other stations. This increase is largely accumulated from mid-2017, coinciding with previously observed
heightened activity at the volcano, peaking approximately one month prior to the first paroxysm. A long-term decrease is also
observed in deeper velocity changes (0.5-1.0 Hz) during the same time interval. It is hypothesized that these changes represent
greater magma overpressure from increased volatile input from depth. The different response in the shallow subsurface may
reflect a local response due to the same source within the vicinity close of the crater terrace. These findings illustrate how coda
wave interferometry can provide meaningful insights into the evolving dynamics of open-conduit basaltic volcanoes.

Keyworps: Coda wave interferometry; Volcano monitoring; Seismic velocity changes.

1 INTRODUCTION level, with a maximum elevation of 924 m [Bosman et al. 2009].
The submerged part of the volcano reaches approximately
2300 m below sea level [Bosman et al. 2009]. Current activity
originates from three active craters (South-West, Central, and

Ttaly, where regular activity consists of 5-20 mild, discrete, North-East) within the crater terrace (Figure 1) of the volcano

explosions per hour [Harris and Ripepe 2007; Ripepe et al. [Salvatore et al. 2018}
2013]. Occasionally, however, mild activity is interrupted by ~ Regular (mild) Strombolian activity at Stromboli is fed by
more significant events such as effusive eruptions, major ex- crystal-rich, highly porphyritic (HP), basaltic magma residing
plosions, and large violent explosions referred to as paroxysms ~ at 2—4 km depth [Métrich et al. 2001; Landi et al. 2004; Métrich
[Métrich et al. 2005; Allard 2010; Rosi et al. 2013; Rizzo et al. et al. 2009 More explosive events, such as paroxysms and
2015; Voloschina et al. 2023]. Such transitions in activity can Major explosions, release crystal-poor, low porphyritic (LP)
occur with little to no warning, and thus represent a consider- basaltic magma originating from 7-10 km depth [Métrich et
able hazard to inhabitants and visitors [Rosi et al. 2013]. Thus, al. 2001; Francalanci et al. 2004; Métrich et al. 2009; Andronico
techniques that can provide an indication of evolving behav- ¢! al. 2021]. High CO2/SO; ratios during Strombolian explo-
for at open-vent volcanoes, and the transition to periods of SiOnS point towards a contribution of deep-derived gas from
heightened activity, are highly sought. the LP storage zone during regular activity [Burton et al. 2007,
Stromboli is a small volcanic island located in the Southern  Aluppa et al. 20‘10; Aiuppa et al. 2021}, ‘Thus it is C(_mSid'
Tyrrhenian Sea, within the northernmost part of the Aeolian ered that COQ'“Ch. gas bubbles are pergstently supphed.to
archipelago. Its formation, as with other Aeolian Islands, is the shallow plumbing system, which mix upon ascent with
related to the subduction of African plate below the Eurasian ~$35¢8 derived from the HP reservoir to drive Strombolian ac-

plate [Barberi et al. 1974]. Only part of the volcano is above sea 1Yty [Atuppa et al. 2010} For paroxysms, the trigger mech-
anism remains poorly understood, and various models have

* alexander.yates@ulb.be been considered [Aiuppa et al. 2021; Voloschina et al. 2023].

Open-vent basaltic volcanoes are characterized by persistent
explosive activity and passive degassing [Rose et al. 2013; Ed-
monds et al. 2022]. Such is the case at Stromboli volcano,
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Two commonly considered models attribute pressure build-
up to (1) the intrusion of new volatile-rich magma into the
deeper system [e.g. Métrich et al. 2001; 2005] and/or (2) the
accumulation of a foam lager at the top of the LP reservoir
due to CO, degassing, followed by rapid rise of CO; rich gas
to the surface [e.g. Allard 2010; Aiuppa et al. 2011; Aiuppa et
al. 2021]. Note that these models are not necessarily mutu-
ally exclusive, rather it may be a question of which process
is the dominant trigger force [Voloschina et al. 2023]. In any
case, there is a general agreement that they result from the
fast ascent and injection of deeply stored volatile fluids into
the shallow plumbing system [Métrich et al. 2021].

More recent activity at the volcano has been marked by two
powerful paroxysmal eruptions occurring on 3 July and 28
August 2019 [Giudicepietro et al. 2019; Inguaggiato et al. 2019;
Giudicepietro et al. 2020; Inguaggiato et al. 2020; Calvari et
al. 2021]. Both events produced eruptive columns more than
3 km high, followed by a pyroclastic flow that expanded along
the Sciara del Fuoco slope [Giudicepietro et al. 2020; Inguag-
giato et al. 2020]. The time between these events was char-
acterized by intense volcanic activity consisting of frequent
Strombolian explosions, spattering, lava overflows, and ma-
jor explosions [Inguaggiato et al. 2020]. Combined, this period
represents one of the most serious volcanic crises at Strom-
boli in the last decades [Giudicepietro et al. 2020]. Since then,
short-term (minute-scale) ground tilt has been identified as a
useful precursor for providing real-time warning of impend-
ing paroxysms [Di Lieto et al. 2020; Giudicepietro et al. 2020;
Ripepe et al. 2021]. While short-term precursors can provide
crucial warning time, identifying mid-to-long term precursors
remains an important challenge for minimizing the impact of
paroxysims.

Coda wave interferometry using the seismic ambient noise
wavefield is an increasingly popular technique used for mon-
itoring volcanoes [e.g. Sens-Schonfelder and Wegler 2006;
Brenguier et al. 2008; Mordret et al. 2010; Donaldson et al.
2017; Yates et al. 2019; Calo et al. 2021; Caudron et al. 2022].
By cross-correlating continuously recorded seismic noise, it is
possible to detect subtle changes in seismic velocity and struc-
ture of the medium through time. Such changes have been at-
tributed to increased pressurization within the volcanic system
[e.g. Brenguier et al. 2008; Mordret et al. 2010; Budi-Santoso
and Lesage 2016; Yates et al. 2019; Calo et al. 2021; Caudron et
al. 2021] and changes in fluid content [e.g. Caudron et al. 2015;
2022]. Furthermore, at Stromboli specifically, seismic velocity
changes between 2011-2014 coincided with the timing of ef-
fusive activity [Calo et al. 2021]. These changes were resolved
to regions matching previously known hydrothermal reser-
voirs, suggested to reflect pressurization in the hydrothermal
system. Thus the technique is promising towards identifying
mid-to-long term changes in volcanic systems (typically from
weeks to years).

The sensitivity of seismic velocities to external, non-
volcanic, processes often presents a challenge for monitoring
volcanic processes. For example, rainfall has been identified
to cause velocity changes at a number of volcanoes [e.g. Sens-
Schonfelder and Wegler 2006; Rivet et al. 2015; Budi-Santoso
and Lesage 2016]. Changes due to large tectonic earthquakes
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have also been observed to cause significant velocity decreases
in volcanic settings [e.g. Brenguier et al. 2014; Yi et al. 2016;
Machacca-Puma et al. 2019; Yates et al. 2019]. Outside of vol-
canic systems, changes related to temperature-induced ther-
moelasticity [e.g. Richter et al. 2014; Hillers et al. 2015a], at-
mospheric pressure loading [Silver et al. 2007; Niu et al. 2008],
tidal modulation [Yamamura et al. 2003; Takano et al. 2014],
and snow-loading [e.g. Hotovec-Ellis et al. 2014; Wang et al.
2017; Makus et al. 2023] have also been reported. While snow-
loading is not relevant at Stromboli, the sheer number of iden-
tified processes causing velocity changes highlights the sensi-
tivity of the subsurface to external forcing. Crucially, these
changes are often of similar or larger magnitude than the vol-
canic processes of interest. Thus, one of the challenges is to
carefully distinguish velocity changes related to volcanic pro-
cesses from those related to external processes.

We compute seismic velocity changes between pairs of
seismic stations and between different components of single-
stations over a nine-year period from 2013 to 2022. This pe-
riod encompasses a range of volcanic activity such as lava
flows (including a flank eruption in 2014), major explosions,
and three paroxysms. The third paroxysm, on 19 July 2020,
was much smaller than the 2019 paroxysms, falling close to
the threshold between a major explosion and a paroxysm [Cal-
vari et al. 2021]. For station-pair cross-correlations, we use
vertical component data recorded at different stations to tar-
get scattered seismic waves propagating between them in both
directions. For single-station cross-correlations, we use the
different components of a single station (east-north EN, east-
vertical EZ, north-vertical NZ) to target energy that leaves a
station before later returning as a scattered wave. The differ-
ences between both approaches lead to distinct spatial sen-
sitivities according to the travel paths of recorded scattered
arrivals, with single-station approaches shown to be highly
sensitive to local changes [e.g. De Plaen et al. 2019; Caudron
et al. 2022].

2 METHODS

Data from five broadband seismic stations (Figure 1) that be-
long to the permanent network at Stromboli, run by Istituto
Nazionale di Geofisica e Vulcanologia, were acquired during
the period 2013-2022. These consist of three seismometers
equipped with a Guralp CMG40T sensor (STRA, STR1, and
STRE, 50 Hz sampling rate) and two with a Nanometrics
Trilldedp ium 120 s sensor (ISTR and IST3, 100 Hz sampling
rate). No instrument response correction is applied given all
sensors have a flat response between frequencies of interest
(0.5—4 Hz).

2.1 Computing cross-correlation functions and velocity

changes

Using the Python software package MSNoise [Lecocq et al.
2014], cross-correlation functions are prepared using relatively
established data processing methods that will be outlined
briefly in this section. Complete parameter choices can be
found in Supplementary Material 1 Tables S1 and S2. Seismic
data for each day are grouped into continuous chunks, de-
meaned and merged into 1-day traces. Following this, traces
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Figure 1: Map of Stromboli volcano, with broadband seismic stations used in this study shown as red triangles. Crater terrace,
containing the three active craters, shaded red. Thicker black lines represent structural features (such as crater rims, lateral
collapse rims, and caldera rims, [based on Revil et al. 2023, and references therein]. Inset (top right) shows location of Stromboli

(red box) relative to broader regional setting.

are bandpassed between 0.01 and 10.0 Hz before being dec-
imated to 25 Hz. For each individual station, and their three
components, we then apply spectral whitening and 1-bit nor-
malization in 30-minute windows. In order to study velocity
changes at different frequencies, we apply whitening between
0.5-1.0 Hz, 1.0-2.0 Hz, and 2.0-4.0 Hz, providing three distinct
data sets. The 30-minute windows are then used to compute
the cross-correlation functions between various receivers. In
this study, we compute vertical-vertical (ZZ) cross-correlation
functions between pairs of stations and cross-component cor-
relations (EN, EZ, NZ) between the components of a single-
station. Finally, we perform linear stacking to give 5-day
cross-correlation functions. Thus, the cross-correlation func-
tion recorded for a specific day represents the stack of that
particular day and the preceding four days.

Velocity changes are computed using two commonly
applied approaches: the stretching technique [e.g. Sens-
Schonfelder and Wegler 2006] and the moving-window cross-
spectral analysis technique [Poupinet et al. 1984; Clarke et al.
2011]. For the stretching technique, cross-correlation functions
are stretched relative to a reference stack (stack of full time
period here). We then seek the maximum value of the cor-
relation coefficient between each current stack and reference
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stack at different levels of stretching up to factor of +1%. We
do not observe any evidence to suggest velocity changes larger
than this are present within our datasets. Once the maximum
value is identified, the corresponding stretching coefficient is
converted into an apparent velocity change and the correlation
coefficient is recorded. For the moving-window cross-spectral
analysis, delay-times between each cross-correlation function
and a reference function are computed in a series of moving
windows. The final velocity (8v/v) is calculated as the slope
of delay times (6¢/t) as 8¢/t = —8v/v.

For 0.5-1.0 Hz cross-correlation functions, the coda win-
dow is defined between 10-40 s lag time. For 1.0-2.0 Hz
and 2.0—4.0 Hz, the coda is defined between 5-25 s and 5—
15 s respectively unless otherwise stated. When applying the
moving-window cross-spectral technique, we use sliding win-
dows of 8's, 4 s, and 2 s for 0.5-1.0 Hz, 1.0-2.0 Hz, and 2.0—
4.0 Hz respectively, with a 50% overlap. These lengths cor-
respond to four cycles of the lowest frequency. Furthermore,
we exclude delay time measurements if they are greater than
0.25 s, have an error greater than 0.1 s, or a coherence be-
low 0.5. Similarly, for the stretching technique, results with a
correlation coefficient less than 0.5 are excluded.
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2.2 Complementary datasets

Daily precipitation, surface air temperature, and atmospheric
pressure changes at sea-level are acquired as comparison
datasets. Meteorological datasets for Stromboli itself were
found to contain significant gaps that render them unsuitable
for comparison with longer-term velocity changes. Thus, we
rely on information that can be obtained from nearby sta-
tions. Precipitation data are obtained for Salina island, ap-
proximately 50 km from Stromboli. Temperature and atmo-
spheric pressure data are obtained for stations at Messina and
Catanzaro respectively from the Global Surface Summary of
the Day (GSOD) dataset [National Climate Data Center 2013].
These stations show a strong similarity with values recorded
at Stromboli during times this data are available (Supplemen-
tary Material 1 Figure S1).

For the daily precipitation data, we perform an additional
step to estimate changes in pore pressure related to fluid diffu-
sion, following Wang et al. [2017]. The one-dimensional com-
plete diffusion equation established by Talwani et al. [2007]
and later adopted by Rivet et al. [2015] underpins our compu-
tation of pore pressure variations (P(r, 1)):

P(r,t) = Z Sp;erfc [r/(4c(n — i)6t)1/2 (1)
i=1

In Equation 1, r refers to the distance (in this case, depth), n
the total number of time increments 8¢ between the start the
time series (i=1) and time 7. 8p; signifies the change in the
precipitation load at the sampled instant #;. This is calculated
as pgdh;, where p is the density (1000 kgm™3), g the acceler-
ation of gravity (9.81 ms~2) and 8h; the variation in rainfall
at the instance #; from the previous day. The fluid diffusion
rate, denoted by ¢, is measured in m?s~!. For Stromboli, we
compute the average pore pressure for r values ranging from
100 m to 1000 m (noting that deeper than this will be be-
low sea-level). The optimal diffusion rate is estimated from
the measured velocity changes, where we find the diffusivity
that gives the maximum absolute value of the cross-correlation
between velocity changes with the estimated pore pressures.
This is discussed further in the Results section.

3  RESULTS

Seismic velocity changes computed using the stretching-
technique are presented for three different frequency bands in
Figure 2, where we show the average for both single-station
(averaging all stations) and station-pairs (averaging all pairs).
Results applying the moving-window cross-spectral technique
were found to be highly similar, shown in Supplementary Ma-
terial 1 Figure S2.

In all frequency bands, we observe strong similarities be-
tween the results computed using pairs of stations and single-
stations (Figure 2). Larger, approximately annual, periodicities
are observed at higher frequencies, with variations on the or-
der of +£0.5% measured at 1.0-2.0 and 2.0-4.0 Hz during the
nine-year period (Figure 2B and 2C). The annual nature of the
data are confirmed when examining the spectral content of ve-
locity changes, with a strong peak at approximately 365 days
for 1.0-2.0 and 2.0—4.0 Hz (Supplementary Material 1 Figure
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S3B and S3C). At 0.5-1.0 Hz, velocities vary between + 0.1%
(Figure 2A). The appearance of increased scatter in measure-
ments at lower frequencies in Figure 2A can be related to the
reduced amplitude of changes relative to the higher frequen-
cies. Examining the spectra does reveal a peak at 365 days for
single-station results (Supplementary Material 1 Figure S3A).
Such a peak is less apparent in station-pair results.

Annual changes in seismic velocity are visualized more
clearly by overlaying the velocity of each year in the differ-
ent frequency bands (Figure 3). At higher frequencies (1-2
and 2—4 Hz), we observe a relatively consistent trend of low
velocities in the early months of the year followed by high ve-
locities in mid-to-late months (Figure 3B, 3C, 3E, 3F). At lower
frequencies (0.5-1.0 Hz), we see a more subtle annual variation
in single-station results, with higher velocities in the middle of
the calendar year (Figure 3A). For station-pair results, minimal
annual variation is observed (Figure 3D), consistent with the
absence of a 365-day peak in the spectra (Supplementary Ma-
terial 1 Figure S3A).

Of interest is the deviation of velocities from the annual
trend in 2019. At 2.0—4.0 Hz, we observe that velocities in-
crease in the months January to April during a time when ve-
locities are usually at a minimum (Figure 3C, 3F). A similar ob-
servation is also present in the velocity changes for 1.0-2.0 Hz
(Figure 3B, 3E). It is also interesting to note that velocities in
2019 (prior to the paroxysms) at both 1.0-2.0 and 2.0-4.0 Hz
are higher than any other period during the nine gears. At 0.5—
1.0 Hz, velocities between May and July appear slightly lower
than expected from usual trends (Figure 3A, 3D). Similarly,
for the station-pair results, these velocities represent extreme
values over the nine-gear period, corresponding to the lowest
recorded (Figure 4).

Comparing the annual velocity changes at higher frequen-
cies (1-4 Hz) with the comparison datasets of temperature
(Figure 3G), pore pressure changes (Figure 3H) and atmo-
spheric pressure at sea level. (Figure 31), we find that only pore
pressures show a similar deviation from the average trend in
2019. For the pore pressures here, the diffusivity ¢ is set to
0.02 m?s~!, where this gave the maximum absolute value of
the cross-correlation between modeled pore pressure changes
and de-meaned velocity changes (2.0-4.0 Hz). Temperature
and atmospheric pressure changes, on the other-hand, show
minimal deviation from the average annual trend that can ex-
plain elevated velocity changes in the first few months of 2019.
At lower frequencies (0.5-1.0 Hz), a drop in sea level pressure
early 2019 coincides with a similar decrease in velocity. The
velocity decrease between May and July, however, does not
show a comparable change in sea level pressure. We do note
though that the slight annual trend in the sea level pressure
data is similar to that recorded at single-station, albeit inverse.

At lower frequencies (0.5-1.0 Hz), there is evidence of an
evolving long-term trend over the nine year time period (Fig-
ure 4). This is revealed when applying smoothing to the origi-
nal time series. From this an initially increasing velocity is ob-
served between 2013-2015 before plateauing between 2015—
2017 for both single-stations (Figure 4A) and station-pairs (Fig-
ure 4B). Velocities then begin to decrease from early 2017,
reaching a minimum in early 2019 using station-pairs and
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Figure 2: Velocity changes computed in three different frequency bands using stretching technique. Single-station velocities
(blue-line) correspond to the average of all single-station cross-components (EN, EZ, NZ) for all stations. Station-pair velocities
(purple) correspond to the average of all station-pairs (ZZ). Shading around velocity changes corresponds to one standard de-
viation of velocity changes—computed across different stations and/or components—before averaging. Correlation coefficient
(CC) between 5-day moving stacks and reference shown as grey shading. Volcanic activity described by red-dashed-lines =
paroxysms, orange-dashed-lines = major explosions, light-green-shading = lava flows, dark-green shading = 2014 flank eruption.
Red bars above date-axis indicate timing of raised alert level in late 2017 and late 2018. [A] 0.5-1.0 Hz. [B] 1.0-2.0 Hz. [C]

2.0-4.0 Hz.

mid-2020 using single-station. From 2021, velocities appear
to be increasing again using both pairs of stations and single
stations. This time period is also associated with larger differ-
ences between individual velocity changes used in the aver-
ages, with some stations and station-pairs experiencing large
changes during, or after, the 2019 paroxysms (Supplementary
Material 1 Figure S4). Thus we observe larger standard devi-
ations of velocity changes during this period (Figure 4).

Presses universitaires de Strasbourg

At higher frequencies (2.0-4.0 Hz), examining the velocity
changes recorded by individual stations reveals that STRA sta-
tion (located closest to the summit) deviates from the other
four stations in the months prior to the July 2019 paroxysm
(Figure 5A). This is more clearly observed when comparing
the velocity of STRA station with the average of the other
four (Figure 5B), with the largest positive difference recorded
one month before the July paroxysm (Figure 5C). It also ap-
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Figure 3: Single-station and station-pair seismic velocities (stretching technique) for each year plotted against calendar day,
from 2013-01-01 to 2022-01-01, with various meteorological datasets also shown (including pore pressures computed from pre-
cipitation). Grey lines correspond to individual years with the exception of 2019 which is highlighted as different color (blue for
single-station and purple for station-pair changes to match Figure 2), with one standard deviation shaded. For meteorological
datasets, 2019 is colored in green and in all cases the average of all years (mean), excluding 2019, is shown as black line. The
timing of the paroxysms in 2019 is indicated by red-dashed-lines. [A] single-station 0.5-1.0 Hz. [B] single-station 1.0-2.0 Hz. [C]
single-station 2.0-4.0 Hz. [D] station-pair 0.5-1.0 Hz. [E] station-pair 1.0-2.0 Hz. [F] station-pair 2.0-4.0 Hz. [G] Temperature
data. [H] Pore pressures, with ¢=0.02 m2 s~". [I] Atmospheric pressure.

pears that the deviation of STRA station from the others may
begin two years prior, with a positive difference mostly sus-
tained from early 2017. Following the paroxysm, the velocity
difference returns to approximately zero until the end of the
dataset. A similar observation is also made prior to the 2014
flank eruption, with a positive velocity difference at STRA sta-

Presses universitaires de Strasbourg

tion sustained from mid-2013. The velocity difference subse-
quently decreases to values below zero just before the onset
of the flank eruption.

These features are similarly resolved using the moving-
window cross-spectral technique, albeit with more fluctua-
tion in the daily relative difference (Supplementary Material
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Figure 4: Smoothed 0.5-1.0 Hz velocity changes for both
[A] single-station and [B] station-pairs (stretching technique).
Dashed-lines represent 90-day smoothing window. Solid lines
represent 365-day smoothing. Shading corresponds to one
standard deviation of 365-day smoothed velocities used in av-
erage. Volcanic activity described by red-dashed-lines = parox-
ysms, orange-dashed-lines = major explosions, light-green-
shading = lava flows, dark-green shading = 2014 flank eruption.
Red bars above date-axis indicate timing of raised alert level in
late 2017 and late 2018.

1 Figure S5). As with the stretching technique (Figure 5C),
the relative difference at STRA station from early 2018 is con-
sistently larger than (or approximately equal to) one standard
deviation of all calculated differences (Supplementary Material
1 Figure S5C). An increasing trend in relative velocity differ-
ence is also resolved using 1-2 Hz cross-correlation functions
between 2017 and the July 2019 (Supplementary Material 1
Figure S6). However, this is only sustained above one stan-
dard deviation from early 2019, and is not clearly elevated
relative to other time periods (Figure 5C).

Finally, we observe sudden drops of velocity associated
with the beginning of the 2014 flank eruption and the July
2019 paroxysms. This is best observed in the frequency band
of 1.0-2.0 Hz (Figure 2B), where a velocity decrease of approx-
imately 0.4 % is recorded in 2014 and 0.8% in 2019. In both
cases, the velocity does not seem to have recovered for a few
years, with recovery still ongoing following the 2019 parox-
ysm by the start of 2022. At higher frequencies (2.0-4.0 Hz,
Figure 2C), in contrast, minimal change is observed follow-
ing the 2014 flank eruption and a 0.4 % velocity decrease is
recorded following the July 2019 paroxysm. Drops in the cor-
relation coefficient between 5-day cross-correlation functions
and the reference are observed in both frequency bands.

4 DiscussIiON
4.1

Two time periods are identified where the difference between
2—4 Hz seismic velocities recorded at STRA and the average of
the four other stations are consistently above zero. These are:
(1) from mid-2013 until just before the 2014 flank eruption, and

Deviating velocity at near-summit station
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(2) from early 2017 until the July 2019 paroxysm (Figure 5).
From 2018 in particular, the relative difference is consistently
above (or approximately equal to) one standard deviation of
all calculated differences over the nine years. This peaks one
month prior to the first paroxysm. During other time periods,
including immediately following the onset of the 2014 flank
eruption and the July 2019 paroxysm, the velocity difference
stays closer to zero.

The position of STRA closer to the crater region should
make it more sensitive to local changes around this part of the
volcano. This can be demonstrated through the computation
of 2D sensitivity kernels [e.g. Obermann et al. 2013; Planes
et al. 2014; Budi-Santoso and Lesage 2016] using the analyti-
cal expression for the case of isotropic scattering of acoustic
waves in the diffusion approximation, introduced by Pacheco
and Snieder [2005] as:

t
/(’) p (s15x09u)p (.X(),SQ,[ —M) dl/i
p (s1,52,1)

K (s1, 52, %0,1) = . (2
where 51 and s7 are the positions of the station, x( the position
of a velocity perturbation, ¢ the center of the lag time window
used, and u the intermediate time interval over which the inte-
gration is performed. Thus K (s, s2, X0, ?) is the distribution
of travel times of multiply scattered waves travelling from s;
to so after visiting x¢. For single-station kernels, we assign s
and s as the same position [e.g. Caudron et al. 2022]. The
function p(sy, 59, t) represents the time-dependant ¢ intensity
at position s, due to a unit intensity impulse at s;. For short
times and when perturbations are close to the source or re-
ceiver, this can be described using the solution to the radia-
tive transfer equation for the case of isotropic scattering media
[Sato 1993; Paasschens 1997; Planes et al. 2014] following:

—ctl

2nr

p(r,t) = O(ct —r)+

] O(ct —r),
()

where r is the distance between s; and s, € is the transport
mean free path, ¢ is the wave speed, 8 the Dirac function,
and O the Heaviside function. We set the transport mean free
path ¢ to be 200 m, following estimates of Prudencio et al.
[2015] at Stromboli, and 1 kms~! for the wave speed ¢ based
on approximate maximum velocity of surface waves above
2 Hz estimated by Chouet et al. [1998]. Sensitivity kernels cor-
responding to a central lag time ¢+ = 10 s are shown for all
station-pairs combined (Figure 6A), single-stations combined
(Figure 6B), STRA station alone (Figure 6C), and the four sta-
tions IST3, ISTR, STR1, STRE (Figure 6D). When combining
the kernels for multiple source/receiver pairs, the individual
kernels are summed. The final presented kernels are then
normalized by dividing by the maximum value.

From the kernels, we observe that the sensitivity for pairs
of stations (Figure 6A) and the single-stations (Figure 6B) are
highly similar, with far greater sensitivity to the North-Eastern
portion of the edifice. This can explain the high similarity
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Figure 5: Comparing 2.0-4.0 Hz velocities (stretching technique) recorded at STRA station with other four stations. Volcanic
activity described by red-dashed-lines = paroxysms, orange-dashed-lines = major explosions, light-green-shading = lava flows,
dark-green shading = 2014 flank eruption. Red bars above date-axis indicate timing of raised alert level in late 2017 and late
2018. [A] Single-station seismic velocities for all stations. [B] Velocities for STRA station compared with average of IST3, ISTR,
STR1, and STRE stations. [C] Difference between average velocity of STRA and other four stations. Grey dashed-lines represent
one standard deviation of all calculated differences over the nine years either side of zero (black dashed-line).

between the station-pair and single-station results at Strom-
boli (Figure 2). There is a slightly greater sensitivity over the
central and western portion of the edifice using station-pairs,
however this is low relative to the north-eastern portion. Ex-
amining the kernel for STRA, we observe that there is a strong
sensitivity to the crater region and the area just north-east of
this (Figure 6C). In comparison, the combined sensitivity of
the other four stations has very little sensitivity to the crater
area (Figure 6D).

The observation of a larger velocity difference at STRA
station in the 2—4 Hz frequency band—relative to 1-2 Hz—
suggests differences in the shallow subsurface are important.
The hypothesis is supported when examining the relationship
of measured velocities with lag time (Supplementary Material
1 Figure S7). For example, the velocity changes measured at
the four other stations show minimal variation when using
later coda windows (Supplementary Material 1 Figure S7B).
For STRA station, however, there is a clear decrease in the
measured velocity between 2017 and the July 2019 parox-
ysm later into the coda (Supplementary Material 1 Figure S7A).

Presses universitaires de Strasbourg

Thus the difference in velocity between STRA and the other
four stations also decreases at greater lag times (Supplemen-
tary Material 1 Figure S7C). Two possible explanations for
this are considered. The first relates to the greater overlap
in sensitivity kernels with increasing lag time. For example,
using a central lag time of 20 s instead of 10 s shows that
station STRA station becomes increasingly sensitive to veloci-
ties in the proximity of the other north-eastern stations (STR1,
STRE, and IST3) (Supplementary Material 1 Figure S8C). Sim-
ilarly, the average of the other four stations begin to show
slightly greater sensitivity to velocity changes in the crater re-
gion (Supplementary Material 1 Figure S8D). Thus, it could
be expected that the difference between stations will reduce
with increasing lag time. Alternatively, it has been suggested
that the contribution of body waves increases at later lag times
[Obermann et al. 2013]. The effect of this is to increase depth
sensitivity later into the coda. Thus, the decreasing velocities
measured at STRA station with lag time between 2017 and
July 2019 imply the shallow subsurface around STRA is re-
sponsible for the velocity difference between this station and
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Figure 6: Lateral sensitivity kernels based on 10 s central lag time in the coda. All kernels are normalized with respect to the
maximum value, and the color scale clipped at 0.15 for visualization (15 % of the maximum sensitivity). Higher values (darker
colors) thus indicate areas more strongly contributing to measured seismic velocity changes. In each subplot, only contributing
stations (triangles) are filled (white). [A] combined sensitivity of station-pairs, with transparent lines drawn that connect these
pairs, [B] combined sensitivity of single-stations, [C] STRA station sensitivity only, [D] combined sensitivity of IST3, ISTR, STR1,

STRE stations.

other stations. Note that the relationship between measured
velocities and lag time is less clear for the period prior to the
2014 flank eruption at STRA (Supplementary Material 1 Figure
S7A).

4.2 Environmentally-induced velocity changes

Annual velocity changes dominate higher frequency veloc-
ity changes at Stromboli, with measurements on the order of
+0.5% recorded between 1-4 Hz (Figure 2). The relation to
a seasonal process is strongly suggested by the approximate
365-day periodicity of these changes (Supplementary Material
1 Figure S3). This is consistent with previous work of Calo
et al. [2021], who identified seasonal changes at Stromboli at
frequencies between 1.5-2.5 Hz between 2010 and 2013. At
lower frequencies, evidence of seasonality is also identified
when smoothing velocities to bring out the longer-term trend
(Figure 4), noting that amplitudes are much smaller.

Seasonal changes in seismic velocity have been related to a
number of meteorological processes. These include precipita-
tion (groundwater changes) [e.g. Sens-Schonfelder and Wegler
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2006; Rivet et al. 2015; Lecocq et al. 2017; Wang et al. 2017,
Clements and Denolle 2018; Feng et al. 2021], temperature-
induced thermoelastic strain [e.g. Meier et al. 2010; Richter et
al. 2014; Hillers et al. 2015a; Lecocq et al. 2017}, and variations
in wind speed [Hillers et al. 2015a]. In the latter case, this is
a non-physical change due to bias in velocity changes mea-
surements caused by systematic noise excitation [Hillers et al.
2015a]. This is considered unlikely here, with the consistency
between velocities computed using the stretching and mov-
ing window cross-spectral techniques (Supplementary Ma-
terial 1 Figure S2) suggesting they reflect medium changes.
This follows the assumption that, unlike the stretching method
performed in the time-domain, the moving-window cross-
spectral technique is less sensitive to variable frequency or
amplitude of seismic sources [Zhan et al. 2013; Hillers et al.
2015b; Mao et al. 2020]. Atmospheric pressure changes have
also been observed to influence seismic velocities on shorter-
time scales [e.g. Silver et al. 2007; Niu et al. 2008]. However,
the observation that daily fluctuations in atmospheric pressure
are often larger than any seasonal trend suggests it is not the
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dominant mechanism for higher frequency changes at Strom-
boli (Figure 3).

Precipitation and temperature-induced changes are both
plausible mechanisms that may contribute to seasonal veloc-
ity changes at the volcano. Comparing these datasets with
2—4 Hz velocity changes—which recorded the largest sea-
sonal variations—suggests a good fit with both datasets (Fig-
ure 7), with absolute correlation coefficients of 0.68 and 0.75
for precipitation (pore pressure changes) and temperature re-
spectively. Note that this is negative for the comparison
with pore pressure changes, indicating an inverse relationship.
The corresponding delay time between velocity changes and
these datasets is 44 days for temperature (Figure 7A) and 14
days for pore pressure changes (Figure 7B). For temperature-
induced changes, such a delay between the source temper-
ature field and resultant thermoelastic strain—approximately
two to three months for annual changes [Ben-Zion and Leary
1986; Richter et al. 2014]—is anticipated. This relates to a num-
ber of factors, including the thermal diffusivity coefficient with
depth and the presence of an unconsolidated surface layer
[Ben-Zion and Leary 1986]. For precipitation-induced changes,
some delay could be expected due to the time it takes water to
percolate through the near-surface. For example, Andajani et
al. [2020] observed delays of up to 1-3 weeks across many sites
in south-west Japan, including through igneous rock. How-
ever, since a diffusion rate term is included in our estima-
tion of pore pressure changes (in Equation 1), the observed
delay more likely represents model misfit. This could relate
to the contribution of other factors, such as aforementioned
temperature-induced changes, but also to the limitations of
the simple empirical model used here.

One argument potentially supporting an influence from
rainfall may be the higher velocities recorded in 2019 relative
to the average annual trend. At least for the first few months
of 2019, the increase in seismic velocities (Figure 3B—3C and
Figure 3E-3F) coincides with a decrease in pore pressures
(Figure 3H). Yearly temperature measurements, in contrast,
are far more consistent and thus provide no clear explana-
tion to support any strong deviation in velocities from the an-
nual trend. Thus our results might suggest both temperature-
induced thermoelastic changes and precipitation-induced pore
pressure changes contribute to measured seismic velocities.
Determining the relative contribution of these two processes—
at both 1-2 Hz and 2—4 Hz—is, however, outside the scope of
this study.

At lower frequencies (0.5-1.0 Hz), a seasonal trend is clearly
observed using single-station results (Figure 3A). The trend of
these changes showed some similarity to the inverse trend
of seasonal atmospheric pressures. A comparison of the two
datasets (Supplementary Material 1 Figure S9) does not show
a clear connection however, noting that atmospheric pressure
changes are expected to be near instantaneous. Thus differ-
ences in phase between seasonal peaks suggest an alternative
mechanism. Exploring this further is complicated without im-
proved meteorological datasets (noting that these come from
other more distant locations due to significant gaps at Strom-
boli).
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Regarding the difference in sensitivity to seasonal processes
using the single-station versus station-pair approach, this may
relate to subtle differences in lateral sensitivity. Examining
the velocities recorded by individual stations at low frequen-
cies (0.5-1.0 Hz) shows a strong seasonal trend at IST3 sta-
tion (Supplementary Material 1 Figure S10A). Comparatively,
a seasonal trend is less evident at the other stations. This is
confirmed when examining the spectra of velocity changes at
individual stations (Supplementary Material 1 Figure S11. Pre-
viously computed lateral sensitivity kernel maps showed that
the station-pair velocity changes had slightly greater sensitivity
to the upper and western edifice of the volcano (Figure 6A) rel-
ative to the single-station velocity changes (Figure 6B). Thus,
if the lack of a strong seasonal influence in low frequency ve-
locity changes at STRA station is representative of the upper
edifice response, it could be expected that a seasonal trend
would be less clearly resolved by the station-pairs. Alterna-
tively, it could be that there are slight differences in the depth
sensitivity of the two approaches, considering only the ver-
tical component was used for the station-pair approach. In
contrast, the single-station approach uses the horizontal com-
ponents which, unlike vertical components, have increased
sensitivity to Love waves. This could result in the single-
station sampling a shallower portion of the subsurface relative
to the station-pairs. However, the lower amplitudes of velocity
changes recorded at lower frequency, and thus difficulty dis-
tinguishing between medium changes and measurement error,
make it challenging to draw strong conclusions.

Finally, we consider whether long-term trends in pore pres-
sure changes can explain anomalous seismic velocities before
the 2019 paroxysms. This includes both increasing and de-
creasing trends at high (Figure 3B-3C and Figure 3E-3F) and
low (Figure 4) frequencies respectively, and the deviating ve-
locity at STRA station (Figure 5). Examining the long-term
trend of the modeled pore pressure changes (Figure 7C) re-
veals lower values from 2016 compared to previous years
(2013-2015). However, much of this difference results from a
large decrease in pore pressures from mid-2016 to early 2017
following a relatively dry year. Pore pressures then subse-
quently increase again through most of 2017, albeit still below
pre-2016. In contrast, 2—4 Hz velocity changes record a long-
term increase through both periods of pore pressure increase
and decrease, peaking in early 2019 (Figure 7C). This is simi-
larly true of the long-term decrease observed at lower frequen-
cies (Figure 4). Thus, we consider that the long-term velocity
anomalies observed prior to the 2019 paroxysms cannot be
entirely explained by environmental factors.

4.3 Interpretation of velocity changes

The period from 2017 up until the 2019 paroxysms was
marked by a re-awakening phase of the volcano, with vari-
ous mid-to-long-term observations summarized in Figure 8A.
From approximately May 2017, the volcano began to experi-
ence greater explosive activity, with increases in seismic sig-
nals such as volcanic tremor and Very Long Period (VLP)
earthquakes (< 0.5 Hz [Giudicepietro et al. 2019]). The pe-
riod also coincided with significant increases of CO; soil flux,
following a long-term slowly increasing trend going back to
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Figure 7: Single-station velocity changes at 2.0-4.0 Hz (avg. all stations, purple-line) compared with different meteorological
data (black-lines). Correlation coefficient (CC) between datasets shown, computed at optimal lag/delay (also indicated). This
reflects the time delay between [A] Velocities compared with temperature data. [B] Velocities compared with calculated pore
pressure changes. Precipitation data used in pore pressure computations shown by blue bar-chart, binned by month. [C] Com-
parison between long-term (365-d smoothed) pore press changes and velocity changes, including the deviation of STRA station
velocities as shown in Figure 5 (with a black dashed-line as zero %). Red-dashed-lines = paroxysms.

2005 [Inguaggiato et al. 2017; 2019; 2020]. In particular, the
start of 2017 and late 2017/early 2018 (during the time period
the volcanic alert level was raised from green to orange) were
associated with significant increases in COy soil flux [Giudi-
cepietro et al. 2019; Inguaggiato et al. 2019; 2020} A further
trend of increasing soil gas flux was identified starting in late
2018, again associated with increases in volcano seismicity
and, as a consequence, an increase in the volcanic alert level
[Giudicepietro et al. 2019; 2020; Inguaggiato et al. 2020]. While
the CO, flux was lower during this time period than the pre-
vious episodes in 2017 and early 2018, the rate of increase that
continued up to the July 2019 paroxysm was greater than the
overall trend in 2017-2018 [Inguaggiato et al. 2020]. Increased
CO; plume degassing was also recorded from late 2019, peak-
ing just before the paroxysm [Aiuppa et al. 2021]. Significant
changes were similarly measured in VLP and tremor dynam-
ics in the month prior to the onset of the July paroxysm [Giu-
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dicepietro et al. 2020]. These were interpreted to reflect higher
gas content in the Strombolian explosive activity.

The observation of increasing CO, flux suggests a greater
contribution from deeper stored magma, owing to its reduced
solubility relative to other volcanic gases [lwasaki et al. 1962;
Aiuppa et al. 2010; Allard 2010]. Thus, periods of increas-
ing CO, flux, coinciding with heightened explosive activity
at the volcano, have been linked to the input of new CO;-
rich magmatic fluids into the deeper storage zone [Inguaggiato
et al. 2019; 2020; Aiuppa et al. 2021; Inguaggiato et al. 2021].
This is also supported by an increased magmatic signature
from low porphyritic (LP) magma in groundwater from mid-
2017, increasing into 2018 [Federico et al. 2023]. The depth of
this storage zone (7—10 km) is far deeper than the main depth
sensitivity of measurements in this study (approximately <1
km, Supplementary Material 1 Figure S12). At the highest fre-
quencies used (2—4 Hz), sensitivity is predominantly in the up-
per 200 m, with 1-2 Hz most sensitive within approximately
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100—400 m, and 0.5-1.0 Hz within approximately 400—-1000 m.
Thus, our results are not directly sensitive to changes within
the deeper LP storage zone. However, the relative increase in
velocities at STRA station coinciding with increased explosive
activity and COy flux from 2017 up to the July 2019 parox-
ysm (Figure 5C) suggest we are sensitive to the response of the
shallow system to volatile input from depth. These changes
also coincide with a long-term velocity decrease during the
same time period at lower frequencies (0.5-1.0 Hz, Figure 4).
Thus we consider various mechanisms that can explain these
observations in response to increased volatile input at depth.

Increased pressurization within the shallow plumbing sys-
tem is one mechanism proposed to induce seismic velocity
changes. Early studies at volcanoes identified velocity de-
creases in response to pressurization of the shallow plumb-
ing system and inflation of the edifice [Brenguier et al. 2008;
Duputel et al. 2009; Obermann et al. 2013; Rivet et al. 2014;
Bennington et al. 2015; Cubuk-Sabuncu et al. 2021]. This is
interpreted to result from an increase in the density of microc-
racks and thus causing a velocity decrease [Nur and Simmons
1969; Lockner et al. 1977; Brenguier et al. 2008] However,
some studies have identified velocity increases in response to
pressurization. For example, velocity increases have been de-
tected at Whakaari volcano (New Zealand) [Yates et al. 2019;
Caudron et al. 2022], Ontake volcano (Japan) [Caudron et al.
2022), and Kilauea (Hawai'i) [Donaldson et al. 2017; Hotovec-
Ellis et al. 2022]. In this case, the interpretation is the closure of
pre-existing microcracks under increasing pressure, thus caus-
ing a velocity increase [Nur 1971]. This difference reflects one
of the challenges associated with interpreting seismic velocity
changes at volcanoes, where both increases and decreases in
velocity are possible. One explanation relates to the transition
between elastic and plastic deformation with increasing strain.
At small strains, velocities increase as microcracks close un-
der increasing stress [Nur 1971], corresponding to the elastic
regime. At larger strains, new cracks begin to develop and
seismic velocities decrease [Nur and Simmons 1969; Lockner
et al. 1977], indicative of plastic deformation. Thus, the ob-
servation of a velocity increase or decrease may relate to the
relative position of the seismic stations to the pressure source.
This was considered a possible mechanism at Merapi (Indone-
sia), where velocities decreased in the upper part of the edifice
while velocities increased in the lower part of the edifice [Budi-
Santoso and Lesage 2016]. Alternatively, the influence of the
free surface, topography, and heterogeneity of volcanoes can
induce both tensional and compressional stresses in different
places [Got et al. 2013; Budi-Santoso and Lesage 2016]. Finally,
it has been suggested that the mode of velocity change may be
influenced by preferential crack orientation. This is suggested
at Kilauea, where a sensitivity to radial strain, rather than vol-
umetric strain, is inferred as the cause of a velocity increase
during pressurization rather than a decrease [Hotovec-Ellis et
al. 2022; Muzellec et al. 2023].

An increase in magma overpressure at Stromboli, related
to volumetric expansion due to the influx of COj-rich gas
[Apuani and Corazzato 2009; Di Traglia et al. 2014; Inguag-
giato et al. 2017], provides a plausible mechanism for induc-
ing velocity changes. If this is accompanied by an increase in
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lava level within the conduit, an increase in the magmastatic
pressure also acts on the conduit [Apuani and Corazzato 2009;
Casagli et al. 2009; Di Traglia et al. 2014; Calvari et al. 2022].
This has been invoked to explain surface deformations within
the summit area [Casagli et al. 2009; Di Traglia et al. 2013;
2014], with high CO; soil degassing also indicative of greater
overpressure from new volatile-rich LP magma [Inguaggiato
et al. 2011; Di Traglia et al. 2013; Inguaggiato et al. 2017;
2019]. Shorter-term fluctuations in deformation rates have also
been related to variations in the magma flow rate within the
plumbing system [Di Traglia et al. 2014]. During the period
between April 2015 to June 2019, Synthetic Aperture Radar In-
terferometry (InSAR) measurements recorded small inflations
of the crater terrace. This primarily occurred between Decem-
ber 2017 and January 2018 and December 2018 and January
2019 [Schaefer et al. 2019; Di Traglia et al. 2021]. Northward
displacement of GPS station starting late 2016/early 2017—
located towards the northern end of the island—also suggests
modest inflation of the edifice occurred [Giudicepietro et al.
2019]. Similarly, inflation was recorded in the months prior
to the 2014 flank eruption [Di Traglia et al. 2015; 2018]. Thus,
there is evidence for increased magma overpressure acting on
the conduit that could be responsible for observed velocity
changes.

Long-term velocity changes measured at frequencies (0.5—
1.0 Hz) are consistent with previous studies that identify a ve-
locity decrease during pressurization of the shallow volcanic
system [e.g. Brenguier et al. 2008; Rivet et al. 2014; Benning-
ton et al. 2015; Calo et al. 2021]. In this scenario, the input of
new, volatile-rich, magmatic fluid, creates an overpressure in
the shallow system. For a spherical body, if the distribution
of cracks in the surrounding rock is isotropic, a pressure in-
crease induces tensile mean normal stresses [McTigue 1987,
promoting a seismic velocity decrease. Thus, we suggest that
the decreasing trend starting from early 2017 at low frequen-
cies captures increased volatile input into the shallow volcanic
system at Stromboli, consistent with other observables during
the same time period [e.g. Giudicepietro et al. 2019; Inguag-
giato et al. 2019].

For the increasing velocity recorded by the summit station
at higher frequencies, it is important to consider the use of the
relative velocity difference between seismic stations. A devi-
ating velocity at STRA station doesn’t necessarily imply the
source is close to the crater area. For example, a velocity de-
crease present at all stations, with reduced influence closer to
the summit area, would also record a relative increase at STRA
station. Similarly, a broad velocity increase, with greater in-
fluence at the summit, would show the same effect. Thus it
is necessary to consider both scenarios i.e. a localized velocity
increase in the vicinity of the crater terrace (Figure 8B) or a
broad velocity decrease (or increase) over the edifice with re-
duced (or greater) influence within the crater terrace area (e.g.
Figure 8C).

Localized velocity increases have been previously identified
close to active craters at both Whakaari and Ontake volcanoes
[Yates et al. 2019; Caudron et al. 2021; 2022]. These were in-
terpreted as due to gradual sealing of eruptive vents within the
shallow hydrothermal system and subsequent pressure build-
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Figure 8: Various mid-to-long term observations at Stromboli and two conceptual models that may explain relative increase at
STRA station in response to increased magma overpressure. [A] Observations at Stromboli prior to 2019 paroxysms compared
with relative increase of velocity at STRA station (smoothed using 365-d moving window for visual simplicity). Red-dashed-
lines = paroxysms, dark-green shading = 2014 flank eruption. [B] Model one: Local velocity increase near the crater terrace with
velocity decrease at depth. [C] Model two: Broad velocity decrease, with reduced influence near the crater terrace.

up. At Stromboli, the existence of a seal within the hydrother-
mal system has been identified—just west of the active craters
(in the Fossetta)}—based on low levels of soil COj in this area
[Finizola et al. 2002; Revil et al. 2011]. However, there is no
suggestion that significant buildup of pressure occurs beneath
this seal, with structural boundaries only considered to impede
and re-direct fluids [Revil et al. 2004; 2023]. Alternatively, it
has been suggested that a crystal-rich, semi-permeable, plug
exists in the upper several hundred meters of the conduit at
Stromboli [Suckale et al. 2016; McRee et al. 2022]. This can
act as a mechanism for gas accumulation, where gas can be-
come trapped in pore spaced between crystals within the plug
or at the base of the plug [Belien et al. 2010; Oppenheimer
et al. 2015; Oppenheimer et al. 2020]. The build-up of over-
pressure due to gas accumulation and eventual overcoming
of the plug yield strength is then thought to be the trigger
for regular Strombolian explosions [Suckale et al. 2016; Op-
penheimer et al. 2020; McKee et al. 2022]. However, it is not
expected that significant overpressure can be sustained within
the plug [Suckale et al. 2016]. Thus it is difficult to explain a
long-term pressure build-up beneath a crystal plug within the
upper conduit as the cause for the increasing relative velocity
over approximately two years.

There is some suggestion that the timing of inflation events
in the crater terrace area—coinciding with raised alert levels in
late 2017/early 2018 and late 2018/early 2019—is related to the
increasing relative velocity at STRA station. For example, it is
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during both of these periods that the relative difference rises
above one standard deviation of all calculated differences (Fig-
ure 5C). However, it can also be argued that the start of these
periods of heightened activity (marked by red bars in Figure 5)
are associated with sharp, temporary, velocity decreases at all
stations. This same result was found when computing ve-
locity changes using highly similar cross-correlation functions
produced during heightened activity [Yates 2023] and is also
consistent with the results of Calo et al. [2021] They iden-
tified short-term velocity decreases across the whole edifice
associated with periods of heightened activity within a similar
frequency band (1.5-2.5 Hz [Calo et al. 2021]). Thus an in-
terpretation of increasing seismic velocities around the crater
terrace due to increasing magma overpressure appears con-
trary to previous interpretations.

One possibility could be differences in how the crater ter-
race area responds to pressurization relative to the rest of the
volcanic edifice. The magnitude of magmastatic pressure is
expected to be minimal at the surface [Iverson 1995; Apuani
and Corazzato 2009], instead increasing with depth. Thus, a
velocity decrease due to increased in magma overpressure—
as suggested at lower frequencies—could have a smaller in-
fluence near the summit (e.g. Figure 8C). Furthermore, previ-
ous numerical modeling of deformation based on magmastatic
pressure supports that the response to stresses could be highly
localized at Stromboli [Apuani and Corazzato 2009]. Alterna-
tively, structural features may play a role in how the edifice re-
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sponds to pressurization. The summit area of Stromboli con-
tains many fractures (ring faults) associated with old collapse
events [Finizola et al. 2009], shown in Figure 1. Measurements
of dilation direction based on these features indicate a dilation
direction perpendicular to these collapse scarps [Tibaldi et al.
2003 If micro-cracks responsible for velocity changes are
similarly orientated with these larger features, it may be that
radial strain is a more important factor than tensile strain in
the response to pressurization near the crater terrace [Hotovec-
Ellis et al. 2022; Muzellec et al. 2023]. The velocity change at
STRA station may then be different relative to parts of the ed-
ifice with a more isotropic crack orientation. This could be
either a localised velocity increase due to dominant sensitivity
to radial compressive stresses (e.g. Figure 8B), or simply a re-
duced sensitivity to tensile stresses (e.g. Figure 8C). Numerical
modeling of the volcanic system would be necessary to fur-
ther test these hypotheses, combined with a more complete
understanding of microcrack orientations/anisotropy.

A final consideration is how a change in the ratio of gas
might influence seismic velocity changes. Increased gas satu-
ration is expected to decrease P-wave velocities, with limited
influence on S-wave velocities [Nur and Simmons 1969; Lum-
ley 2010; Clarke et al. 2020]. Since the coda are primarily sen-
sitive to shear-wave velocity [Snieder 2006}, it is not expected
changes in the proportion of gas would have a significant in-
fluence. However, if pore water were to convert to steam—
through the interaction of rising, high temperature, volatiles—
an increase in pore pressures could be expected followed by
a velocity decrease (through lowering of the effective stress)
[Grét et al. 2006; Caudron et al. 2015]. It is therefore difficult
to explain either a velocity increase close to the crater terrace—
where high temperatures are observed [Revil et al. 2023]—or
a velocity decrease at other parts of the edifice where tem-
peratures are much lower [Revil et al. 2023]. Thus we do not
consider a change in the proportion of gas a likely mechanism
to explain the observed velocity changes.

These observations highlight the challenges in interpreting
seismic velocity changes in volcanic regions, where the style
of change can be highly variable in different locations on the
edifice. We consider that increases in magma overpressure
provide the most likely explanation for velocity decreases at
lower frequencies. The observation of increasing velocities at
STRA station relative to other stations may be explained by
a local response to the same source within the vicinity of the
crater terrace. Following this, the subsequent decreases rela-
tive to other stations following major eruptive events—such as
the 2014 flank eruption and 2019 paroxysms—could represent
a release of pressure within the upper part of the conduit. This
interpretation should, however, clearly be explored in further
detail, ideally with the use of modeling that can capture varied
behaviour over different parts of the edifice.

An interesting observation is that the difference between
velocities at STRA station and the other stations remains at
approximately zero, or lower, following the 2019 paroxysms.
This is despite significant volcanic activity continuing, with
a further paroxysm recorded mid-2020 (albeit much smaller
than the 2019 paroxysms) [Calvari et al. 2021]. Similarly, CO,
flux remained high following the 2019 paroxysms, with fur-
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ther increases from mid-2020 [Inguaggiato et al. 2021]. This
therefore contrasts with the 2017-2019 time period, where
heightened activity resulted in higher relative velocities at
STRA station. We interpret that this relates to significant
changes in the shallow plumbing system following the 2019
paroxysms. This is evidenced by significant decreases in ve-
locity and corresponding correlation coefficients above 1 Hz
following the first paroxysm in July (largest in the 1-2 Hz
range, Figure 2B). Thus, we interpret that the 2019 paroxysms
damaged the shallow conduit, with consistent activity over the
years following preventing the volcano returning to a ‘back-
ground’ state. This can also explain the lack of a significant
velocity decrease associated with both the August 2019 and
July 2020 paroxysms, as the system was already damaged.
This observation is similar to velocity changes observed at
Whakaari volcano, where only the first of two tectonic earth-
quakes in late 2016 induced a velocity decrease despite the
second having stronger ground shaking [Yates et al. 2019]. In
contrast, the results at 0.5-1.0 Hz (Figure 2A) do not sug-
gest large structural changes due to the paroxysms. Thus,
we consider that the deeper portion of the volcanic conduit
(approximately 400—-1000 m) was not significantly damaged
by the paroxysms. The low velocities that continue through
2020-2022 (Figure 4) could then reflect the continued input of
COy-rich volatiles that drive more significant eruptive activity
during this time period. This may also explain more extreme
values in low frequency velocities recorded by some individ-
ual stations (e.g. STRE, IST3; Supplementary Material 1 Fig-
ure S10A) and station-pairs (e.g. STRA-STRE; Supplementary
Material 1 Figure S10B). However, we exercise caution inter-
preting these specific changes without more detailed analysis
to verify their reliability, instead choosing to focus on changes
prior to the 2019 paroxysms.

4.4 Implications for monitoring

The results of this study highlight how coda wave interferom-
etry can be a useful complementary tool towards monitoring
the state of open-conduit volcanoes. By examining the relative
difference in velocities at the summit station (STRA), closest
to the crater terrace, clear changes were revealed consistent
with previous observations of unrest in the years preceding
the 2019 paroxysms (e.g. increased CO; flux, VLP occurence,
tremor). Similarly, a long-term velocity decrease was observed
at lower frequencies in the build-up to the 2019 paroxysms.
These changes are thought to reflect the interaction of the
shallow plumbing system to increased volatile input at depth.

It is of interest that the largest difference in seismic veloc-
ities (2-4 Hz) recorded between STRA station and the other
four stations occurs in the month prior to the July 2019 parox-
ysm. Similarly, the lowest velocities recorded at lower fre-
quencies (0.5-1.0 Hz) using station-pair results—found to be
less sensitive to seasonal changes—were between January and
July 2019. It is widely agreed that paroxysms result from the
fast ascent and injection of deeply stored volatile fluids (2-10
days prior) from the deeper LP storage system (7—10 km) into
the shallow plumbing system (2—4 km) [Métrich et al. 2021,
Voloschina et al. 2023]. For this reason it is not anticipated that
seismic velocity changes are sensitive to this process. How-
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ever, changes in the shallow volcanic system could still be
useful towards monitoring the likelihood of more dangerous
events. For example, increased pressurization within the shal-
low volcanic system towards more critical values may indicate
greater disequilibrium in the input and output of CO; rich
gas at depth [Inguaggiato et al. 2019; 2020; Aiuppa et al. 2021].
Maximum differences in the velocities recorded at STRA sta-
tion in the months prior to the 2019 paroxysms may then be
a reflection of a deeper plumbing system that is becoming in-
creasingly unstable. However, it is unclear how much of a
role this plays in the eventual triggering of the 2019 parox-
ysm, where it has also been suggested a blockage within the
shallow conduit only a few minutes before the event may have
been the triggering process [Viccaro et al. 2021].

Finally, the detection of an anomalous velocity change in the
shallow subsurface only by relative comparison between the
station closest to the crater terrace with the other stations has
important implications for monitoring shallow changes. Sea-
sonal changes dominated the velocity changes above 1 Hz at
all stations, with amplitudes of approximately +0.5%. In com-
parison, the relative differences measured at STRA station—
compared to other stations—varied by approximately +0.2 %.
Thus, it remains a challenge to distinguish volcanic changes
from seasonal processes, with the identification of an anoma-
lous signal possible here only with the use of a station approx-
imately 500 m from the crater terrace. These findings suggest
two things towards monitoring volcanoes with coda wave in-
terferometry: (1) the need for better tools for correcting sea-
sonal trends and (2) the need for stations close to active vents
in order to detect subtle changes within the shallow plumbing
system. This will greatly improve the ability to detect anoma-
lous behavior that could suggest an increased probability of
major events at the volcano.

5 CONCLUSIONS

Coda wave interferometry was applied towards the goal of
computing seismic velocity changes over a nine-year period
at Stromboli, encompassing various styles of volcanic activity.
Particular attention is given to two paroxysms in 2019, which
occurred with minimal warning approximately two months
apart.

Velocity changes were computed in three frequency bands
(0.5-1.0 Hz, 1.0-2.0 Hz, and 2.0-4.0 Hz), between pairs of
seismic stations and also between components of individual
single seismic stations. Results were comparable between
both datasets, with seasonal processes dominating the velocity
changes (especially above 1 Hz) with amplitudes of approx-
imately +0.5%. Precipitation-induced changes are consid-
ered the most likely contributing process, though temperature-
induced changes cannot be ruled out. Two key features of in-
terest are identified that are not readily explained by a seasonal
process. The first feature is a long-term velocity decrease from
early 2017 at lower frequencies (0.5-1.0 Hz), reaching a min-
imum in early 2019. Lower velocities are also recorded prior
to the 2014 flank eruption and following the 2019 paroxysms.
The second feature is an increasing velocity at the station
closest to the summit (STRA) relative to the other stations at
higher frequencies (primarily 2—4 Hz). This increasing trend
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begins in 2017 and reaches a maximum approximately one
month before the July 3 paroxysm. Post-paroxysm, the dif-
ference between STRA station and other stations returns to
approximately zero, considered to reflect a decrease of pres-
sures within the shallow plumbing system. Notably, this
difference remains at zero despite ongoing eruptive activity,
which—combined with significant decreases in seismic veloc-
ities and corresponding correlation coefficients following the
2019 paroxysms—suggests lasting damage to the shallow con-
duit. In contrast, at lower frequencies, velocities remain rela-
tively low through 2020 and 2021, with no significant struc-
tural damage inferred. Low velocities through this time period
may therefore reflect continued volatile input that sustains el-
evated eruptive activity.

The long-term velocity decreases at lower frequencies from
early 2017, combined with the increasing velocity at STRA
station (relative to other stations) at higher frequencies, are
aligned with previous observations of increasing activity dur-
ing the same time period. This is thought to reflect the re-
sponse of the shallow volcanic system to increased volatile
input following the injection of new CO,-rich magmatic flu-
ids into the deeper storage zone. We consider that increases in
magma overpressure in response to the input of new volatiles
provides the most likely explanation for velocity decreases at
lower frequencies. The increasing velocity at STRA station
relative to other stations is thought to be due to a local re-
sponse to the same pressure source within the vicinity of the
crater terrace. However, we suggest that this interpretation
should be further explored.

The results highlight how coda wave interferometry can be
a useful complementary tool towards monitoring the state of
open-conduit volcanoes. While sensitivity to deeper magma
storage zones is not expected, increased pressurization within
the shallow volcanic system towards more critical values
may reflect an increasingly unstable deeper plumbing system.
Thus, monitoring seismic velocity changes may be useful to-
wards anticipating the likelihood of significant volcanic events
while enhancing our understanding of the subsurface changes
that precede such episodes.
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