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Key Points:

e We identify possible premonitory signals ~2 hours before the main eruptive phase of
Sierra Negra.

e We quantify the migration of the eruption down the north flank of the volcano.

e We document new sources of infrasound in an area where access is challenging, and
eruptive fissures have not been mapped.
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Abstract

The 2018 eruption of Sierra Negra volcano, Galapagos, Ecuador has provided new insights
into the mechanisms of caldera resurgence, subsidence, and fissuring at basaltic shield
volcanoes. Here, we integrate local (~0.4 km) seismo-acoustic records and regional (~85 km)
infrasound array data to present new observations of the 2018 Sierra Negra eruption with
improved time and spatial resolutions. These observations include: air-to-ground coupling ~2
hours before the time of the eruption onset, migration of the infrasound tremor from 22:54 June
26 to 12:31 June 27 UT (all times in UT), and persistent infrasound detections during the weeks
between 5 July and 18 August from an area that does not coincide with the previously
documented eruptive fissures. We interpret air-to-ground coupling as infrasound tremor
generated in the nearby fissures before the main eruptive phase started, although ambiguity
remains in interpreting a single seismic-infrasonic sensor pair. The progressive location change
of the infrasound tremor agrees with the migration of the eruption down the north flank of
Sierra Negra at a rate of ~0.15 + 0.04 m/s. The weeks-long persistent detections coincide with
a region that has thermal anomalies, co-eruptive deformation, lava fields, and geological
features that could be interpreted as multiple lava tube skylights. Our observations and
interpretations provide constraints on the mechanisms underlying fissure formation and
magma emplacement at Sierra Negra.

Plain Language Summary

During volcanic eruptions, the expulsion of molten rock and gases produces vibrations of the
ground and the atmosphere. These vibrations are known as seismic and infrasound waves,
which we record in specialized sensors. Using these records, along with deformation data and
satellite imagery, we study the 2018 eruption of Sierra Negra in the Galapagos Islands in detail.
We utilize seismic and infrasound records to a) identify premonitory signals ~2 hours before
the main eruptive phase of Sierra Negra, b) quantify the migration of the eruption down the
north flank of the volcano, and ¢) document new sources of infrasound in an area where access
is challenging, and eruptive fissures have not been mapped. Our observations contribute to an
improved understanding of the mechanisms during fissure opening, eruption, and migration.
Such mechanisms are perhaps unique to the volcanoes in the Galdpagos since fissure
development is not limited by shallow rift zones as occurs at many other basaltic systems (e.g.,
Kilauea, Piton de la Fournaise, Cumbre Vieja). We highlight the advantage of integrating
seismic, infrasound, deformation, and satellite observations for improved geophysical volcano
monitoring at shield volcanoes.
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1. Introduction

Advances in infrasound infrastructure and methods have allowed the characterization of the
volcanic acoustic wavefield from local (<15 km) to regional (15-250 km) to remote (>250 km)
ranges (e.g., Johnson and Ripepe, 2011; Fee and Matoza, 2013; Matoza et al., 2018; Johnson,
2019; Marchetti et al., 2019; Watson et al., 2022; Matoza and Roman, 2022). Most studies of
regional and remote range volcanic infrasound observations have naturally focused on explosive
eruptions, as these are more energetic and capable of producing infrasound that can be detected
above noise at these distances (e.g., Fee et al., 2010; Matoza et al. 2011; Matoza et al., 2022; Perttu
et al., 2023, McKee et al., 2021). Effusive eruptions are less commonly detected at ranges >15 km
since their lower-amplitude signals are less likely to be recorded in the tropospheric diffraction
zone and beyond (e.g. Garcés et al., 2003; Fee and Garcés, 2007; Matoza et al., 2009, 2010; Ripepe
etal., 2018; Barriere et al., 2023). The majority of infrasound studies of effusive eruptions recorded
locally (<15 km) have focused on Kilauea, Hawaii and associated vents. Kilauea infrasound studies
have demonstrated the capabilities of infrasound arrays to detect continuous infrasound tremor
originating at Pu'u’O'0 and lava tubes (Garcés et al., 2003; Matoza et al., 2010). More recently
infrasound from Kilauea has been used to track fissure migration (Fee et al., 2011; Thelen et al.,
2022), monitor caldera collapses (Thelen et al., 2022), differentiate activity originating at the vent
from high-speed lava flows interacting with the atmosphere (Lyons et al., 2021), and estimate lava
fountain jet velocity and diameter (Gestrich et al., 2022). The seismo-acoustic study by Lai et al.,
(2021) provided evidence of the shallow seismic sources during the 2018 Kilauea activity,
including constraints on magma migration, source location, and length of the conduit above the
Halema'uma'u reservoir.

Sierra Negra, an 1140 m high basaltic shield volcano, in the Galapagos, Ecuador has been much
less studied and characterized than Kilauea or Piton de la Fournaise in the literature to date (e.g.,
Patrick et al., 2019; Hilbert et al., 2015; Peltier et al., 2022), and this provides new opportunities
to improve knowledge of the seismo-acoustics of basaltic shield volcanoes and their eruption
mechanisms. Moreover, considering that at volcanoes in the Galapagos, lava extrusion occurs at
radial and circumferential fissures widely scattered around the calderas without showing a
dominant location or direction (Chadwick and Howard, 1991), it becomes necessary to develop
methods and test geophysical networks for determining the location of active fissures during
ongoing eruptions. This is especially true when compared to other shield volcanoes (e.g., Mauna
Loa, Kilauea, Cumbre Vieja, Piton de la Fournaise), where magma migration and emplacement
are predominantly controlled by shallow rift zones (Dieterich, 1988; Tilling and Dvorak, 1993;
Carracedo, 1994; Anguita and Herndn, 2000), which generally limit the area for the opening of
new eruptive fissures and vents. As a result, forecasting where and when new eruptive fissures will
open has proven to be challenging, and near (< 1 km) seismo-acoustic observations have remained
elusive in the Galdpagos and elsewhere. Hence, our very near-to-source (~0.4 km) and regional
(~85 km) seismo-acoustic observations of fissure activity in 2018 provide insights into the
geophysical processes ocurring during the phase preceding the eruption, the lava fountain, and the
migration of the eruption down the flank of Sierra Negra volcano. Additionally, our study helps
understand the evolution of fissures, identify their geophysical signatures, and interpret degassing
mechanisms that might have taken place during their opening.
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Sierra Negra has the largest caldera (9.5x7.5 km wide and 100 m deep) among the volcanoes in
the Galapagos islands (Figure 1). Eruptions at Sierra Negra in 2005 and 2018 were preceded by
years of inflation, indicating the progressive magma recharge of a flat-topped sill-like reservoir
located ~2 km below the caldera floor (Jonsson et al., 2005; Yun et al., 2006; Bell et al., 2021b).
In 2005 and 2018, earthquakes of moment magnitude (Mw) 5.5 and 5.4, respectively, occurred
hours before the eruptions (Geist et al., 2008; Bell et al., 2021a). These earthquakes resulted from
the rupture and slip of the intra-caldera fault system (Geist et al., 2008; Bell et al., 2021a), which
acts as a trapdoor fault (Amelung et al., 2000). During the 2005 eruption, most of the lava flows
were constrained inside the caldera, as all five vents feeding the eruption were also located inside
the caldera; only a small area on the north flank was covered by lava that resulted from spatter of
two energetic vents (Geist et al., 2008). In 2018, the focus of this study, the eruption was preceded
by 5.2 m of caldera uplift and the subsequent eruptive subsidence was in some regions of up to 8.5
m (Bell et al., 2021a; Davis et al., 2021). Currently, eruption reports (Vasconez et al., 2018; Davis
etal., 2021; Bell et al., 2021a) indicate that the five closest fissures to the caldera rim were active
for less than 24 hours, and after a short quiescence, the farthest fissure was active for a little less
than two months. Lava flows erupted from a fissure system extended over the north flank, covering
an area of 30.6 km? (Vasconez et al., 2018); the highest fissure intersects the caldera rim, while the
lowest vent is about 90 m above sea level (Davis et al., 2021).

Figure 1. Geological and geophysical observations of the 2018 eruption of Sierra Negra volcano
in the Galdpagos Islands. a) Map of Sierra Negra, showing the eruptive fissures (orange lines and
numbers), the intra-caldera fault system (blue dashed lines), individual earthquakes (black dots
after Bell et al., 2021a), and the approximate location of the pre-eruptive seismic tremor (region
bounded by the green dashed line after Li et al., 2022). We highlight the two large magnitude 5
earthquakes (red circles) as well as earthquakes of magnitude 4 (purple circles) occurring two
hours before the reported eruption onset (Stage II). Local geophysical observations comprise two
GPS stations (blue squares) and one seismo-acoustic station (blue triangle). b) We complement
the local (~0.4 km) seismo-acoustic observations from VCHI1 with data from the regional (~85
km) infrasound array IS20 (blue triangles). c) Caldera of Sierra Negra as seen from the east
(location indicated with letter P in panel a).

Deformation, seismicity, petrology, and satellite observations of the 2018 Sierra Negra eruption
have revealed a 1.5 m resurgence of the caldera floor (Bell et al., 2021a), the eruption was fed by
a 15 km long sill (Davis et al., 2021), the pre-eruptive seismic tremor is not related to sub-surface
magma flow but rather generated by a slowly propagating fracture (Li et al., 2022), seismic
velocity changes prior to the eruption (Ruiz et al., 2022), and that the stress evolution of the rock
surrounding Sierra Negra’s magma system can help forecast the eruption onset (Gregg et al.,
2022). Further, Shreve and Delgado (2023) investigated and assessed the conditions leading to the
caldera subsidence of Sierra Negra in 2018; they suggest that slip along the trapdoor fault system
is the initial stage before a full scale caldera collapse. Also, using deformation and seismic data,
Bell et al. (2021b) showed how the volcano edifice reacts to the increasing magma volume stored
in the shallow sill. While these observations have substantially improved our knowledge of Sierra
Negra, we still have much to learn of the flank magma intrusion processes, including fissure
formation and magma emplacement to surface. This is particularly important because the recent
studies have been unable to detect seismicity related to the opening and eruption of the fissure
system (Bell et al., 2021a), maybe because as suggested by Li et al. (2022) the pre-eruptive seismic
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tremor (Figure 1a) stops when the eruption begins and magma flows silently to the surface without
further rock fracturing. In addition, from our knowledge of the two previous eruptions at Sierra
Negra, the location and the orientation of the fissures in 2018 were unexpected. The 1979 and 2005
eruptions took place at fissures close to the volcano summit and oriented parallel to the caldera
rim (Geist et al., 2008), while fissures in 2018 did not show a preferential orientation with locations
spanning from the caldera rim to up to 9.5 km away (Davis et al., 2021). Nonetheless, we show
that our seismo-acoustic observations can aid in better understanding the 2018 fissure eruption,
with the potential to track infrasound from active fissures that, in most of the cases, are reported
only when a visual confirmation was possible (Bernard et al., 2022) or later during field mapping
campains (Bell et al., 2021a).

Here we integrate local (~0.4 km) seismic-acoustic observations of the 2018 Sierra Negra effusive
eruption with regional (~85 km) infrasound observations. We also discuss how the additional
uncertainties due to the propagation and back azimuth determination play a role while quantifying
the eruption chronology.

2. Data & Methods

We analyze data from VCH1, a seismic-acoustic station in the permanent network of the Instituto
Geofisico, Escuela Politécnica Nacional (Alvarado et al., 2018); the station has a three-component
Trillium Compact 120 seismometer and a MB2005 microbaramoter, recording the seismic and
acoustic wavefields at 100 Hz and 50 Hz, respectively. VCHI1 is located ~0.4 km from the where
the eruption begun, and the seismic and acoustic sensor are less than 5 metters apart. In addition,
we use infrasound data from station 1S20, which is part of the International Monitoring System
(IMS) infrasound network. The IS20 station is on the Santa Cruz Island (Galédpagos) about 85 km
from Sierra Negra (Figure 1b). The station has eight MB3a microbarometers with minimum and
maximum element spacing of 0.36 and 2.00 km, respectively. [S20 is sampled at 20 Hz and began
operating in December 2017.

In the discussion section we compare our seismo-acoustic results with GPS and satellite data. GPS
data show pre-ruptive and co-eruptive deformation at stations GV03 and GV06 located inside the
Sierra Negra caldera (Bell et al., 2021a; Geist et al., 2002; Figure 1a). Satellite data are comprised
of Interferometric Satellite Amplitude Radar (InSAR) imagery (Davis et al., 2021; Figure 6) and
near infrared observations (Ortiz et al., 2024; Figure 7). From the InSAR data we outline the areas
of deformation and their change as the eruption migrated down the flank of Sierra Negra, whereas
we utilize near-infrared satellite observations to constraint the activity at Fissure 4 and track
hotspots in its close proximity.

2.1 Back azimuth determination and uncertainty

Given the array distribution of the microbarometers at 1S20, we apply the Progressive Multi-
Channel Correlation (PMCC) method (Cansi, 1995) to detect and obtain the direction of arrival of
coherent signals. Specifically, we use 15 log-spaced frequency bands and time-windows (Figure
S1), following Matoza et al. (2013).
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PMCC detections show a rich multi-frequency infrasound wavefield (Figure 2). The eight
microbarometers at [IS20 combined into fifty-six unique triads (subnetworks) independently help
to determine the direction of arrival of coherent signals to the array. Between 26 June and 19
August 2018, we find more than 29100 PMCC infrasound detections arriving from the direction
of Sierra Negra (250°-270°). During the first few hours of the eruption we detect infrasound signals
from the region where Fissure 1 (257.0°) intersects the caldera rim. These dections then migrate
down the flank of the volcano toward Fissure 4 (261.5°).

Figure 2. Infrasound detections at IS20 of the 2018 eruption of Sierra Negra; we draw the average
back azimuth to Fissures 1 and 4 (horizontal dotted lines) with respect to 1S20.

Uncertainty quantification on back azimuth and trace velocity estimates are key to understanding
the limitations of infrasound arrays to recover spatial information of the source location.
Uncertanties have an elliptical geometry, which depend on the spatial distribution of the acoustic
sensors and the sampling rate. The minimum and maximum uncertainties correspond to the minor
and major axes of the error ellipse, with uncertainty varying as a function of back azimuth. For
IMS arrays, the Cramer-Rao Bound (CRB) is the standard method used to compute the
uncertainties on back azimuth and trace velocity estimates (CEA, 2016). For instance, at 1S20,
assuming infrasound crossing the array at 340 m/s, the uncertainties of back azimuths are between
0.20° and 0.26°. Further, evaluating the uncertainties with the method proposed by Szuberla and
Olson (2004), we obtain uncertainties between 0.75° and 1.10°, when also 340 m/s is assumed for
sound speed. Although, both methods lead to relatively small uncertainties, in section 4.4, we show
that back azimuth uncertainties at IS20 are close to CRB estimates; we use satellite imagery of
hotspots and earthquake epicenters to verify the location of several acoustic sources recorded
during the eruption of Sierra Negra in 2018.

2.2 Theory and applications of seismo-acoustic coupling

During eruptions, in addition to incident seismic and acoustic waves from the volcano, waves
propagating through the Earth-atmosphere interface are recorded at receivers (e.g., Palacios et al.,
2016; Ichihara 2016; Nishida and Ichihara, 2016; Muramatsu et al., 2022). To distinguish air-to-
ground transmission, we compute seismo-acoustic cross-correlation (Ichihara et al., 2012), and
coherence and phase spectrograms (Matoza and Fee, 2014). Coherence and phase spectrograms
are the counterparts in the frequency domain of cross-correlation, with the advantage that they
provide a detailed view of coupling in the whole frequency range. These methods are based on the
theory developed by Ben-Menahem and Singh (1981) of acoustic waves in the atmosphere
refracting into the Earth; acoustic waves induce vertical ground motion, which is recorded, at two
perfectly co-located seismic and acoustic sensors, a quarter of cycle (90°) after the pressure wave
(see also Anthony et al., 2022).

Ichihara et al., (2012) demonstrated that the cross-correlation function (R) between waveforms of
the vertical seismic velocity (W) and acoustic pressure (P) is approximately equal to:

R[T; W, P] ~ R[T; Win, pin] + R[T; Win, HWpWin] + R[T; prpinr pin] (1)
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where w;, and p;, are the incident seismic and acoustic wavefields, H,,,, is the transfer function
for ground-to-air coupling, H,,, is the transfer function for air-to-ground coupling, and 7 is the
delay of W respect to P. Ichihara et al., (2012) assumes that wind noise is uncorrelated for seismic
and acoustic sensors with a small separation. In Equation (1), the first cross-correlation term
becomes significant only when incident seismic and acoustic waves share a common source, and
it reaches the maximum value for T < 0. The second term is the correlation between the vertical
seismic velocity and the corresponding ground-to-air coupled signal (H,,,W;y,); it has a maximum
correlation for 7 = 0 (i.e., 0° phase shift), since H,,, is a real number. The third term is the cross-
correlation between the transmitted air-to-ground signal and the acoustic pressure, and it reaches
a maximum for T = 1/(4f,) (i.e., 90° phase shift); where f, is the characteristic frequency of the
incident pressure wave.

Using the theory developed for air-to-ground coupling, new applications have been proposed to
better help quantify volcanic eruptions. Ichihara (2016) computed the transfer function (Hp,,) to
correct seismic records from air-to-ground coupled waves and evaluate scaling laws that related
seismic power and magma discharge. In parallel, Nishida and Ichihara (2016) similarly computed
H,,, to derive infrasound waveforms from seismic records and compare to independent results
inferred from infrasound array processing. Further, Ichihara et al., (2021) presented a method to
systematically compute the air-to-ground transfer function and used the results to correct Volcanic
Seismic-Acoustic Ratios (VASR; Johnson and Aster, 2005), which generally are used to
investigate the energy partitioning between seismic and acoustic wavefields. Other developments
(McKee et al., 2018; Bishop et al., 2023) have shown that a pair of seismic and acoustic sensors,
where seismo-acoustic coupling is recorded, can be used to estimate the direction of arrival of
infrasound waves.

In Section 3.2, we apply seismo-acoustic cross-correlation, coherence, and phase spectrum
analysis to study the onset of the 2018 Sierra Negra eruption.

3. Results
3.1 Eruption report and definition of eruptive stages of Sierra Negra.

On 16 January 2018, the Secretaria Nacional de Gestion de Riesgos y Emergencias (Ecuador)
declared a yellow alert due to the increased seismicity and deformation found at Sierra Negra
(Bernard et al. 2022). The next day, the rangers at the Galapagos National Park closed the access
to the southeast section of the caldera rim. As the eruption of Sierra Negra appeared to be imminet,
multiple ashmeters and seismometers were installed at the volcano as well as a gravity survey was
carried out in early 2018 (Bell et al., 2021a; Bernard et al., 2022). In the morning of 26 June 2018
at 9:15 a large Mw5.4 earthquake was localized inside the caldera of Sierra Negra (Figure 1a), and
on the same day, a special report from Instituto Geofisico was issued, indicating that the large
earthquake and seismic tremor could be precursors to an eruption. Following an intense earthquake
swarm generally located inside the caldera of Sierra Negra (Figure 1a), the eruption was confirmed
at 19:45 by a large thermal anomaly observed in satellite data and visual observations of lava
fountains made by the park rangers (Bernard et al., 2022).
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Generally, the eruption has been divided into two phases according to fissure activity (Vasconez
et al., 2018; Bell et al., 2021a; Davis et al., 2021). The first phase corresponds to lava effusion
through Fissures 1, 2, 3, 5, and 6 (Figure 1a), only lasting less than 24 hours between 26 and 27
June 2018. While in the second phase lava extrusion took place at Fissure 4 (Figure 1a) between
1 July and 25 August 2018.

However, to describe the distinct eruptive episodes and in turn explain our seismo-acoustic
observations, we divide the eruption chronology into five stages. Below we provide the times and
dates, including brief descriptions of each phase to orient the reader throughout this document.
Detailed phase descriptions and corresponding discussions are provided in the subsequent
subsections.

o Stage I (09:15-17:40 June 26): consists of only seismicity dominated by individual
earthquakes.

e Stage II (17:40-19:40 June 26): air-to-ground coupling is detected at VCHI.

o Stage III (19:40 June 26 - 16:45 June 28): the eruption starts and air-to-ground coupling
continues at VCHI1. This stage exhibits high-amplitude acoustic and seismic tremors, with
acoustic emissions from Sierra Negra detected at both VCHI1 and IS20.

e Stage IV (16:45 June 28 — 00:29 July 05): the volcano undergoes a period of near-
quiescence with only a few acoustic detections at 1S20.

e Stage V (00:30 July 05 — 00:00 August 19): the volcano begins a long-lived lava extrusion
at Fissure 4 with persistent infrasound detections in its vicinity.

3.2 Seismo-acoustic analysis at VCHI during the 2018 Sierra Negra eruption.

We perform seismo-acoustic analysis on data recorded on 26 June 2018 at VCHI1. Here, in the
main document we only present the analysis corresponding to the beginning of the eruption, from
13:00 to 23:59 on 26 June 2018 (all times in UTC; Figure 3). In the supplemental information
(Figure S2) we conduct the same seismo-acoustic analysis to data from the first half of June 26 to
show the background activity preceding the seismic swarms, tremors, and eruption. To compute
seismo-acoustic cross-correlations (Figure 3b), we use 10-s sliding windows with 50% overlap;
waveforms are prefiltered in the 1-24 Hz frequency band using a 4-pole Butterworth filter.
Similarly, using 10-s sliding windows with 50% overlap, we compute coherence and phase
spectrums as well as seismic and acoustic spectrograms on unfiltered waveforms (Figures 3c-f).
We remove the instrumental response of seismic and acoustic sensors beforehand and we make a
time correction to account for the separation between the seismic and acoustic sensors assuming
plane wave propagation.

Figure 3. Seismo-acoustic analysis of data recorded at VCHI1 from 13:00 to 23:59 on 26 June
2018. a) Seismic and infrasound waveforms filtered between 1 and 24 Hz. For plotting, we clip
the high amplitude impulsive acoustic and seismic waveforms to better show the background
activity. Inset shows individual earthquakes (spikes) embedded in the cigar shaped wind noise
(purple lines). The same cigar shape is observed on the infrasound records. b) Cross-correlogram
between the seismic and infrasound signals shown above. c¢) Seismo-acoustic coherence and d)
phase spectrograms. e) Seismic and f) infrasound spectrograms. Panels from c to f use raw
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unfiltered waveforms. At ~19:40 (vertical black, blue, and white lines), Vasconez et al. (2018),
Bell et al. (2021a), and Bernard et al. (2022) report the beginning of the eruption of Sierra Negra.

On 26 June 2018, high-rate seismicity starts hours before the eruption (Stage I), then transitions
into seismic tremor interspersed with large amplitude earthquakes (Stage II), and finally, the
eruption begings at ~19:40 (Stage III) (Bell et al., 2021a; Li et al., 2022; Figures 3 and S2). In
Stage I, at 09:15, an earthquake of moment magnitude 5.4 ruptures the southern flank of the
trapdoor fault, triggering individual quakes distributed mostly along this c-shaped fault (Figures
la and S2; Bell et al., 2021a). Seismicity that is relatively small in amplitude between
approximately 13:00 and 16:30 (Figure 3e), coincides with subtle coupling at frequencies of ~14-
17 Hz and phase ~0° (green band in Figure 3d); individual earthquakes are embedded in the cigar
shaped wind noise recorded in the seismic sensor (inset, Figure 3a). At the end of Stage I, from
17:00 to 17:40, seismicity increases in rate and amplitude with seismo-acoustic coupling
continuing at frequencies of ~14-17 Hz and phase ~0°; this seismic swarm is located in the
northwest corner of the trapdoor (Bell et al., 2021a; Figure 1a). At 17:40, at the begining of Stage
II, discrete earthquakes initially in the northwest corner of the intra-caldera fault system migrate
eastward toward the first eruptive fissure and southward along the western trapdoor fault (Bell et
al., 2021a). During Stage II, acording to Bell et al. (2021a), there are five magnitude 4 earthquakes
distributed along the intra caldera fault system and, as shown by Li et al. (2022), there is also a
pre-eruptive seismic tremor locate ~10 km from VCHI1 (Figure 1a). Toward 19:35, seismic tremor
glides to higher frequencies (Figure 3e). The frequency gliding can also be seen in the coherence,
phase, and infrasound spectrograms (Figures 3c,d,f). Over these ~2 hours (Stage II), coherence
and in turn cross-correlation reach a maximum, while the corresponding phase spectrogram
indicates multi-band frequency coupling. The most significant bands are ~1-14 Hz with phase shift
of ~90° (orange band in Figure 3d) and = 15 Hz with phase of ~0° (green band in Figure 3d).
Around 19:40 (beginning of Stage I1I), the seismic tremor energy focuses on a narrower frequency
band until 20:00, when again tremor becomes broadband. Since ~19:40, coupling continues with
a dominant phase delay of ~90° and starting at 20:00 an additional narrow frequency band at ~5
Hz indicates coupling with phase of ~0°(Figure 3d).

From 17:40 to 19:40 (Stage II), in the infrasound spectrogram, we observe predominant spectral
bands at frequencies of ~10-15 Hz and later starting at 20:00 (Stage III), the acoustic energy mostly
focuses at ~2-3 Hz (Figure 3f). This change in frequency is also visible in the seismo-acoustic
correlogram (Figure 3b), which according to Ichihara et al. (2012) depends on the characteristic
frequency (f,) of the air-to-ground coupled signal, with maximum cross-correlations at 7 =
1/(4f,). For the high-frequency tremor the maximum correlations are at T = ~0.07 s, while for
the low-frequency tremor are at T = ~0.4 s. This frequency change manifests as narrower banding
of maximum correlations in Stage II, which transitions to broader banding at times later than 20:00,
during Stage III (Figure 3b).

We extend the analysis from a few hours at the beginning of the eruption to several days. In
addition to spectrograms and coherence, we include Root Mean Square (RMS) amplitudes of
seismic and infrasound data recorded at VCHI1 between 26 June and 6 July 2023 (Figures 4a-c).
The spectrograms are computed using 5 min windows with 95% overlap, while RMS amplitudes
and coherence are computed for 10 min windows with 25% overlap. Coherence and spectrograms
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are derived from unfiltered waveforms, whereas RMS amplitudes are obtained from filtered
waveforms within the frequency band of 1-8 Hz.

The infrasound RMS amplitudes and spectrogram do not show a clear trend of the evolution of the
Sierra Negra eruption in 2018, while their seismic counterparts can track the main phases of the
eruption (Figures 4a-c). For instance, spikes in the seismic RMS and spectrogram are the major
earthquakes that occur before and during the eruption, while sustained increase in amplitude, on
June 26-27 (Stages II and III) and near the end of July 1 (Stage IV), relate to the pre-eruptive and
eruptive tremors (Figures 4a and 4b). These eruptive features are not clear in the infrasonic RMS
and spectrogram (Figures 4a and 4c), possibly because wind noise levels are high at VCHI1 and
the low-amplitude nature of the effusive volcanism of Sierra Negra in 2018. Moreover, coherence
captures very well the high similarity of the seismic and acoustic waveforms during the two hours
preceeding the eruption (Stage II) and then from the eruption onset until approximately 12:31 June
27 (first half of Stage IIT). The high coherence indicates seismo-acoustic coupling in Stages II and
11, which is likely dominated by air-to-ground coupling, as shown in Figure 3d.

In the next subsection, we supplement our local observations at VCH1 with infrasound data from
IS20. We identify coherent detections and corresponding back azimuths and trace velocities that
relate to eruption in Sierra Negra during stages I, III, IV, and V (Figures 4d-f).

3.3 Analysis of the 2018 Sierra Negra eruption using the IS20 infrasound array.

We use numerical timestamps to highlight features in the infrasound dectections at IS20 and
distinguish the projections of relevant back azimuths on the map (Figures 4d-f). These features
include the dection of the large magnitude five earthquakes occurring at the beginning of Stages
Iand V, the back azimuth migration down the flank of the volcano during Stage I1I, sparse acoustic
detections during Stage IV, and long-lasting detections during Stage V. There are not acoustic
detections at IS20 during Stage II. We place eight numerical labels in the following chronological
order (Figure 4d): (1) The 5.4 Mw earthquake preceding the eruption is recoded at 9:19 on June
26, with back azimuth within 0.2° of the seismic inferred location. (2) At 19:45, on the same day,
we first identify a persistent infrasound tremor arriving from the summit of Sierra Negra. The back
azimuth corresponding to the tremor, remains constant and equal to 257.0°; (3-4) then
progressively shifts from 257.0° to 260.7° between 22:54 June 26 and 12:31 June 27. (5) For the
next 28 hours the eruption continues along the fissure system until it stops at 16:45 on June 28.
(6) After a few days of acoustic quiescence, we detect sporadic infrasound signals between 2 and
4 July, with back azimuths between 260° and 264°, which point to fissures mapped on the field.
(7) At00:34 on July 5, we register a 5.1 Mw earthquake prior to (8) persistent infrasound detections
from back azimuth 263°. This back azimuth generally agrees with the location of Fissure 4, which
is at about 11 km northwest of the eruption onset (Figure 4f); acoustic emissions from this region
continue until August 18 with some periods of acoustic quiescence. Time stamps provided in this
paragraph are respect to IS20. To find times at the origin (Sierra Negra), an approximate 4 min
travel time correction needs to be applied, but slightly varies depending on the infrasound source
location.

Figure 4. Integration of local seismo-acoustic observations from VCHI1 and regional infrasound
data from IS20 for tracking the eruption onset and eruption migration along the north flank. a)

10
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Average coherence and seismic and acoustic root mean square amplitudes computed using 10-
minute windows with 25% overlap of data recorded in VCHI1. b) Seismic and c) infrasound
spectrograms of VCHI1 data. d) Back azimuth and c) trace velocity as function of time and
frequency derived at IS20. The red arrows and numbers (1-8) correspond to chronological events
described in the main text. f) Projected back azimuth for the Mw 5.4 earthquake (252.8°; blue
arrow), migration of the eruption down the north flank (257.0°-260.7°; black arrows), and location
of the long-lasting eruptive fissure (263°; green arrow). Red lines indicate the lava flows from the
different fissures (Vasconez et al., 2018) and the blue dot indicates the epicenter of the main
earthquake (Bell et al., 2021a). Vertical blue and white lines indicate the eruption onset (~19:40
June 26, 2018).

3.4 Comparison of local and regional seismo-acoustic observations

Most of the acoustic activity is recorded at both VCH1 and IS20 stations; however, there are
instances where the data from one of the sites provides additional detail on the eruption
chronology. In Stages I and V, the two large magnitude five earthquakes are recorded at both
stations, but only at IS20 we infer the direction to their source. During Stage II, the acoustic waves
recorded as air-to-ground coupling at VCHI are not detected at 1S20, possibly because the
generation mechanism is weak and the attenuation over the ~85 km travel path is strong. The onset
of the eruption (Stage III) is recorded at both stations, but there is a latency of about 4 minutes at
IS20 due to the infrasound travel time from the Isabela to Santa Cruz Islands. Furthermore, when
the acoustic sources propagate down the flank of the volcano these location variations are detected
as back azimuth and trace velocity changes at IS20.

4. Discussion

4.1 Interpretations of seismo-acoustic coupling at VCHI during the eruption onset of Sierra
Negra

Following the theory proposed by Ben-Menahem and Singh (1981) and extended by Ichihara et
al. (2012), we differentiate three types of seismo-acoustic coupling during the beginning of the
2018 Sierra Negra eruption, from Stage I to Stage III (Figure 3). We detect high-frequency ground-
to-air coupling, broadband frequency air-to-ground coupling, and low-frequency ground-to-air
coupling as follows: Starting in the second half of Stage I and continuing until the end of Stage II
(13:00-19:35), we identify ground-to-air coupling at high-frequencies (~14-17 Hz; green bands in
Figure 3d). Then, from the beginning of Stage II (17:40) and continuing through Stage III, we
observe a 90° phase shift of the seismic signal with respect to infrasound (orange bands in Figure
3d) and high seismo-acoustic coherence as shown in the correlogram and coherence spectrograms
(Figures 3b and 3c); this is consistent with air-to-ground transmission. Finally, close to the
beginning of Stage III (20:00), we detect ground-to-air coupling at low frequencies (~5 Hz) with
the characteristic phase shift of ~0° between seismic and acoustic waveforms, while coherence is
almost imperceptible (Figure 3¢). This low-frequency ground-to-air coupling continues throughout
26 June 2018.

Next, we provide brief explanations of the low- and high-frequency ground-to-air coupling. While
we dedicate additional space to interpreting the air-to-ground coupling in Stage II because this
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signal has the characteristics of infrasound tremor and might provide information on fissure
formation and eruption precursors of Sierra Negra.

4.1.1 Interpretations of the low- and high-frequency ground-to-air coupling during Stages I, 11,
and 111

We regard the high-frequency ground-to-air coupling observed in Stages I and II (13:00-19:35),
as mechanical vibrations of the microbarometer (e.g., Alcoverro et al., 2005; CEA-Martec, 2007;
Nief et al., 2019) induced by earthquakes and seismic tremor occurring in close proximity to
VCHI. This follows, after considering the laboratory experiments performed by Merchant and
McDowell (2014) that indicate MB2005 pressure sensors are sensitive to mechanical shaking at
frequencies above 7 Hz.

More interestingly, in Stage III, we observe low-frequency ground-to-air coupling at ~5 Hz (Figure
3d). Since the MB2005 microbarometers are not sensitive to ground motion in the low frequency
range, we relate the coupling to seismic energy refraction at the solid Earth-atmosphere boundary
and recorded on the pressure sensor. In accordance with the theory developed by Ichihara et al.,
(2012), we observe a phase delay of ~0° and coherence coefficients smaller than the ones associate
with air-to-ground coupling.

4.1.2 Interpretation of air-to-ground coupling during Stage I1

Considering the 90° phase delay of seismic waves with respect to infrasound is indicative of air-
to-ground coupled waves at VCH1. We can interpret these coupled waves as subtle infrasound
tremor generated at the nearby fissure system that is only recorded locally. This ensues from taking
account recent observations of the different phases during fissure eruptions in Hawai’i (Houghton
et al., 2021) and Iceland (Hjartardéttir et al., 2023), where degassing progressively increased
before the more energetic magmatic phase. Houghton et al., (2021) describes this phase as
continuous but pulsating outgassing that on occasions can resemble gas jetting, whereas
Hjartardottir et al., (2023) show snapshots of steam outflux that gradually escalate at five vents
before their magmatic phase. Pulsating degassing, gas jetting, and vigorous steam plumes can
produce infrasound and might explain the acoustic wavefield we detect at VCH]1 before 19:40. For
instance, fumarole studies at Aso (McKee et al., 2017) and Iwo-Yama (Yamakawa et al. 2023)
volcanoes show that these gas rich volcanic emissions can produce coherent and observable
infrasound usually at high frequencies (> 7 Hz). Our infrasound records at Sierra Negra also show
continuous infrasound at frequencies = 10 Hz between 17:40 and 19:40 (Figure 3f), with
frequencies of ~10-15 Hz that dominate the seismo-acoustic correlogram (Figure 3b).
Concurrently, from 17:40 to 19:40, there is frequency gliding observed in both seismic and
infrasound tremors (Figures 3e-f). As shown by Spina et al., (2022) in laboratory experiments and
observed at volcanoes (e.g., Sciotto et al., 2022), frequency gliding can occur before eruptions
transition to a more explosive and energetic phase. Furthermore, at 17:40 also the caldera floor of
Sierra Negra starts undergoing a massive deformation that in some regions is up to 1.5 m (Figure
5a). This large deformation might have signaled the opening of the trapdoor allowing magma to
exit from the sill to the shallow plumbing system. Possibly existent magma pathways created
during the 2005 eruption were quickly re-occupied and activated during the 2018 eruption since
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one of the fissures is common to both eruptions. All these observations suggest that air-to-ground
coupled waves observed before 19:40 at VCH1 might correspond to infrasound tremor generated
by strong degassing, just before the magmatic phase. To our knowledge these could be the first
seismo-acoustic observations, reported in the literature, of the opening of a fissure eruption,
including transitions from subtle degassing to gas jetting to the magmatic phase.

The interpretation of Stage II is challenging and some ambiguity remains due to the complexity of
the seismic and acoustic signals (Figures 5b-c). Thus, next, we offer additional interpretations for
some of the observed seismic and infrasound features.

The spectral bands and gliding that appear in the seismic and infrasound records (Figures 3d-f)
might not be related to harmonic emission tremor. It is possible that highly similar small repetitive
events recorded at regular intervals are mimicking harmonic tremor through the well-known
“Dirac comb” effect (e.g., Gordeev, 1993; Hagerty et al., 2000; Powell and Neuberg, 2003).
Further, the acceleration of the rate of these similar quakes can make the spectral lines glide
upwards (e.g., Powell and Neuberg, 2003; Hotovec et al., 2013) or conversely the deacceleration
of the rate of events can make the spectral lines glide downwards as observed in Figure 3e.
However, an in-depth analysis of the discrete events recorded between 17:40 and 19:40 is needed
to study their similarity and interevent times to further explore this hypothesis. Another
explanation for the seismic spectral lines and gliding, although not documented in the literature, is
that time-varying site and path responses are modifying the seismic records at VCH1. Perhaps the
meter-scale deformation that Sierra Negra undergoes over a few hours (Figure 5a) is drastically
affecting the ground, producing the observed time-dependent spectral peaks (Figures 3e). As the
properties of the medium change, it is conceivable that different frequency-dependent attenuations
and resonances dominate over time. In a similar basaltic system, Hotovec-Ellis et al. (2022)
interpret seismic velocity changes as being related to the opening, closing, or creation of cracks;
they suggest that rapid ground deformation related to the pressurization of the magma reservoir
can strongly affect the fracture fabric in the surrounding rocks. Thus, it is possible that site and
path effects might have varied during the deformation observed at Sierra Negra, influencing the
seismic waveform shape. In addition, we observe mechanically induced infrasound transients
which are simultaneously recorded with earthquakes (Figures 5b-c). These induced transients
highly modify our infrasound record, making difficult an unambiguous interpretation of the
acoustic wavefield with a single infrasound sensor. Since the MB2005 microbarometers are
sensitive to ground motions for frequencies higher than 7 Hz (Merchant and McDowell, 2014), it
is possible that some of the features we observe in the infrasound spectrogram are affected by the
shaking of the infrasound sensor. For instance, some of the energy in the ~10-15 Hz band shown
in the spectrogram (Figure 3f), might be related to the vibration of the infrasound sensor. It is
conceivable that some of this mechanical coupling is influencing our computation of seismo-
acoustic cross-correlations, and coherence and phase spectrograms. Without additional infrasound
sensors (and preferably less sensitive to ground motion) near VCHI1, it is difficult to differentiate
the volcanic processes from mechanical induced infrasound events.

We emphasize that thanks to the infrasound detections at IS20, we can confirm that the air-to-
ground coupling pattern observed at VCH1 during Stage III (Figures 3b-d) corresponds to volcanic
infrasound tremor. This further supports the notion that the air-to-ground coupling pattern
observed during Stage II (and similar to the one seen in Stage III) is consistent with subtle
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infrasound tremor generated at the nearby fissure system. We reiterate that infrasound records, and
consenquently, air-to-ground coupling observed below 7 Hz in Figure 3d should be almost or
completely unaffected by mechanical vibrations of the MB2005 microbarometer.

Figure 5. Seismic, infrasound, and deformation time series prior to the main eruptive phase on
June 26, 2018. a) Relative deformation observed inside the Sierra Negra Caldera at GPS stations
GV03 and GV06 between 16:30 and 20:30. The largest displacement occurs in the vertical
direction (dotted lines), but displacement is also observed in the east direction (dashed lines).
Displacement is relative to the average position computed a couple hours before the main
deformation which starts at ~17:40 (vertical dotted line). b) In Stage II, we record high-amplitude
high-rate seismic and acoustic events at VCH1 (see also Figure 3a). Above, we display excerpts
of the seismic and infrasound time series in windows of b) 10 minutes and ¢) 60 seconds. The
beginning of the infrasound tremor (registered as air-to-ground coupled waves in Stage II; Figure
3d) coincides with the deformation onset. Vasconez et al., (2018), Bell et al., (2021a), and Bernard
et al., (2022) place the beginning of the eruption ~19:40 (vertical solid line).

4.1.3 Other sources that might explain part of the air-to-ground coupling observed in Stage 11

It could be possible that some of the large magnitude 4 earthquakes occurring in the caldera fault
system between 17:40 and 19:40 (Figure la; Bell et al., 2021a) might have an infrasound
component that is recorded at VCH1 as air-to-ground coupled waves. Nevertheless, we discard
this mechanism to produce the observed air-to-ground coupling because these 5 individual events
(Figure 1a) cannot resemble the continuous pattern we observe at VCH1 (Figures 3b-d). None of
these magnitude 4 earthquakes have a detectable infrasound at IS20; we only register infrasound
phases for the magnitude 5 earthquakes. Although less likely than the former option, another
possibility is that infrasound from the pre-eruptive seismic tremor reported by Li et al. (2022)
(Figure 1a) is travelling from the tremor epicenter and then coupling into the ground at VCHI.
Matoza et al. (2009) has shown that producing observable infrasound from a seismic source that
is deeper than only a few tens of meters is inefficient and unlikely to generate observable
infrasound. For Mount Saint Helens, Matoza et al. (2009) show that moving a seismic source from
60 m to 195 m (below the surface) reduced the acoustic-to-seismic amplitude ratio by one order of
magnitude for an observation range of 13.4 km. Here considering that the seismic tremor is mostly
located at depths < 3 km (below the surface), we expect much lower amplitudes, and that the
contribution of this seismic source to the overall acoustic wavefield is negligible, if not
nonexistent. Furthermore, the epicenter of the seismic tremor is several kilometers (Figure 1a)
away from VCH1, while the first eruptive fissure is only located a few hundred meters away, thus
we expect higher attenuation from infrasound relating to seismic tremor than degassing from the
nearby fissure prior to the magmatic phase. We further dismiss aforementioned mechanisms as the
primary source of infrasound because the time correction required in the seismo-acoustic analysis,
relating to these sources, will result in a different phase spectrogram than the one shown in Figure
3d. The back azimuths to the tremor and earthquakes epicenters differ up to 90° from our original
assumption and the time correction required to achieve perfectly co-located seismic and acoustic
sensors will vary. Thus, the observed coupling phases of 0° and 90° in Figure 3d will appear at
angles that do not have a physical meaning and are not predicted by the theory of seismo-acoustic
coupling (see Section 2.2).
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4.2 Eruption onset: beginning of Stage II1

We review and discuss the seismic, acoustic, and deformation signals from approximately 19:40
to 20:00 during the beginning of Stage III. Large discrete seismic events disappear and the seismic
signal transitions to predominatly seismic tremor (Figure 3a). Over these 20 minutes, the energy
of the seismic tremor focuses on a narrow frequency band compared to the preceding and following
signals (Figure 3e). Concurrently, the frequency of the infrasound tremor progressively becomes
broadband (Figure 3f). The correlogram indicates a transition from high to low frequency in the
infrasound that dominates the air-to-guround coupling (Figure 3b). This frequency shift is
important and might indicate the widening of the fissures close to VCHI1; possibly pulsating
degassing, gas jetting, and vigorous steam plumes can occur along narrow fissures, but when the
activity transitions to the magmatic phase, fissures grow in size to permit the extrusion of pyroclast
and gas during the lava fountain. In addition, both GV03 and GV06 indicate a small vertical
movement downward, possibly indicating slight subsidence of the caldera floor (slight inflections
of the vertical components around ~19:40 in Figure 5a), which may be related to magma leaving
the shallow sill underneath the caldera to further feed the eruption.

4.3 Eruption migration in Sierra Negra: Stages III, IV, and V

The areas of deformation inferred from Interferometric Satellite Amplitude Radar (InSAR)
imagery (Davis et al., 2021), and infrasound detections indicate magma migration through two
distinct paths (Figures 4 and 6). Deformation and infrasound back azimuths show that the first path
for magma migration is underneath fissures 1, 2, 3, and 6 (purple line, Figure 6), supplying magma
continuously during the enterity of Stage III, from 19:40 June 26 to 16:45 June 28, 2018. We
explain back azimuth variability during this first ~45 hours of the eruption (Figure 4d) as two or
more fissures have been acoustically active concurrently, with the strongest infrasound source
overpowering other sources at a time; this is consistent with direct observations on June 27 that
show Fissures 1, 2, 3, and 6 were active simultaneously (BBC News, 2018). We further interpret
back azimuth variability as magma propagating in different pulses and reaching to the surface
through the fissure system. During Stage III, magma fed through the second path travels
underneath Fissure 5 before 29 June (blue line in Figure 6) and sometime during Stage IV magma
migrates under Fissure 4 (blue dashed line in Figure 6). Satellite detections from FIRMS (Fire
Information for Resource Management System) suggest that the first thermal anomaly from
Fissure 4 is on 1 July, while the volcanic acoustic energy from this fissure is only clearly detected
until late 2 July 2018 at IS20 (Figure 4d). There are not clear infrasound detections from Fissure
5 as this fissure has the smallest volume of magma emplaced to surface or because the back
azimuth to this fissure overlaps with the one expected for infrasound sources along Fissure 1.

We further verify that the second pathway (blue lines, Figure 6) supplied magma, during ~1.5
months (Stage V), to Fissure 4 and find a series of acoustic sources that have not been documented
yet (Figures 6 and 7). From satellite imagery we can see that Fissure 4 (back azimuth ~261.5°) is
active throughout most of the eruption and towards 1 August the fissure propagates upslope, where
the eruption ceases in late August (Figure 7). Curiously, since 5 July 2018, we register more than
1800 PMCC infrasound detections originating at back azimuth 263° (Figures 2 and 4f). This back
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azimuth does not correspond to the direction of any of the fissures previously documented
(Vasconez et al., 2018; Bell et al., 2021a; Bernard et al., 2022) and the large number (> 1800) of
infrasound detections indicate that this back azimuth change is not due to path effects (e.g., winds;
Ortiz et al., 2020; Ortiz et al., 2021) but rather to the location of new infrasound sources. From
satellite imagery (Figure 7), we find persistent thermal anomalies on dates 6, 16, 23 and 28 of July
located north of Fissure 4 and coincident with back azimuth of 263° (green crosses, Figure 6). One
possible explanation of these scattered thermal anomalies is lava tubes skylights that have the
ability to produce acoustic energy and a thermal footprint (e.g., Matoza et al., 2010). Lava tube
skylights are our current best explanation for the thermal anomalies and acoustic energy; however,
in-situ field mapping is pending for confirming our interpretation. Further, persistent infrasound
detections from Fissure 4 and nearby acoustic sources occurred only a few hours after a 5.1 Mw
earthquake, which we hypothesize indicates a second magma pulse leaving the flat-topped sill-like
reservoir located ~2 km below the caldera floor (Geist et al., 2008). The co-seismic deformation
indicates a subsidence of 71 cm at GV06 (Bell et al., 2021a), which is consistent with the normal
faulting reported for the earthquake (Sandanbata et al., 2021). Moreover, SAR deformations
between 30 June and 7 July indicate a more widespread subsidence in the southern portion of the
trapdoor fault system (Shreve and Delgado, 2023), which is compatible with magma leaving the
reservoir beneath the caldera and continuing to feed the flank eruption. Magma is supplied to
Fissure 4 until 25 August 2018 (Bell et al., 2021a) but we only detect infrasound from the region
until 18 August 2018.

Figure 6. Relevant geological features during the 2018 Sierra Negra eruption. Areas of
deformation inferred from Interferometric Synthetic-Aperture Radar (InSAR) imagery (Davis et
al., 2021) indicate two magma pathways (purple and blue lines). The area of deformation for the
first path (purple line) remains constant between 29 June and 13 July, 2018, while the region of
deformation for the second path (blue lines) indicates the advancement of magma from 29 June
(continuous blue line) to 13 July (dashed blue line), 2018. Locations of 5.4 Mw earthquake (red
circle) preceding the eruption at Fissure 1 and 5.1 Mw earthquake (blue circle) preceding the
eruption from Fissure 4. Green crosses labeled with number 7 correspond to thermal anomalies
inferred from satellite data presented in Figure 7 and consistent with infrasound observations at
IS20 with back azimuth of ~263°. Fissure numbering (1-6) after Bernard et al., (2022). The
location of the seismo-acoustic station is marked with a blue triangle, whereas GPS stations are
marked with blue squares. We use black dots to outline the extent of the lava flows.

Figure 7. Thermal anomalies captured in satellite imagery in the vicinity of Fissure 4. The upper
left panel indicates the deformation paths shown in Figure 6 and the area enclosed in the blue
square corresponds to the area shown in the subsequent subpanels. The locations of active vents
of Fissure 4 are marked with blue arrows, whereas transient thermal anomalies are marked with
green arrows. Only the first panel has axes in degrees, while the other panels the axes are in
kilometers with respect to [lon, lat] = [-91.22°, -0.73°].

Our infrasound detections during Stage III (the first ~45 hours of the 2018 eruption of Sierra
Negra) generally agree with previous studies (Vasconez et al., 2018; Bell et al., 2021a; Bernard et
al., 2022). However, infrasound observations add new information to the current knowledge of the
eruption chronology, especially for estimating the order in which fissures opened and were active.
Current reports of fissure activity are based from limited visual observations of the eruption or
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from information gathered during field mapping campaings (Vasconez et al., 2018; Bell et al.,
2021a; Bernard et al., 2022). As a result, we have found at least four different conventions for
nameming the fissures in previous studies. Here, instead back azimuth and trace velocities derived
at IS20 provide a more detail chronology of the fissure activity at Sierra Negra. For instance, the
back azimuth and trace velocity change during the first hours can explain the migration of the
eruption down the north flank, through Fissures 1, 2, 3 and 6 (Figures 4d-f and 6), and the eventual
concurrent lava fountaining from these fissures. Although from direct observations we see these
four fissures are eventually active altogether, we speculate that the systematic backazimuth
increase (7.55 X 107> °/s), and trace velocity decrease (—2.85 X 10™* m/s?) between 22:54
June 26 and 12:31 June 27 (Figures 4d-e) are related to the opening of the fissures down the north
flank of Sierra Negra; we assume the dominant acoustic source is accompanying this magma
migration front reaching to the surface. The trace velocity decreases as the elevation of the acoustic
source decreases while the eruption moves down the flank of Sierra Negra. Consequently, the
incidence angle of the waveform front registered at IS20 progressively becomes shallower,
resulting in a net decrease of the trace velocity. Considering the migration time inferred from
infrasound and the distance between Fissures 1 and 6, the average inferred speed of the eruption
migration is ~0.18 m/s or alternatively considering the average backazimuth increase rate and an
approximate distance of 85 km between IS20 and the fissures, we obtain a migration speed of
~0.11 m/s. Both approaches result in similar migration speeds, but in the second approach we need
to consider that the distance between IS20 and the acoustic sources does not remain constant; this
can explain the small differences in both eruption migration estimates. Nevertheless, these speeds
are on the same order of magnitude of magma migration inferred at Bardarbunga in 2014 (~0.6
m/s; Sigmundsson et al., 2015) and an order of magnitude faster than the fissure propagation
reported at Pu’u’0’6 in 2007 (~0.05 m/s; Fee et al., 2011). This is the first estimation of the
migration of the eruption, which until now has not been resolved with other geophysical tools
including seismicity (e.g., Bell et al, 2021a; Li et al., 2022). Further, after 12:31 June 27 and before
16:45 June 28 inferred backazimuths are variable, pointing alternately to Fissures 1, 2, 3 and 6.
We interpret this back azimuth variability as energy originating from one lava fountain which
overpowers the other acoustic sources; this behavior alternates between fissures. A similar
competing behavior between acoustic sources was reported by Matoza et al. (2010) during the
eruption of Pu’u’0’6 in 2007.

4.4 Back azimuth variability due to atmospheric effects.

Figure 8. Atmospheric profiles for air temperature (T), wind velocity (U,V), and the effective
speed of sound (ceff), from 0 km to 150 km. We plot the average (solid lines) and two standard
deviations (dotted lines) of hourly atmospheric profiles obtained between 19:00 June 26 and 13:00
June 27, 2018 at (-0.67, -90.74), which is the middle point between Sierra Negra and 1S20. For a
propagation distance of 85 km, we expect infrasound to travel mostly within the troposphere (upper
limit is marked with horizontal dotted lines in blue). The lack of variation in the atmospheric
profiles indicates that no significant back azimuth changes occur during infrasound propagation;
instead, it suggests that back azimuth changes are related to the spatial variability of the acoustic
sources.

We review atmospheric profiles of temperature, winds, and effective speed of sound between
19:00 June 26 and 13:00 June 27 to qualify backazimuth variability due to atmospheric effects.
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We acquired hourly atmospheric profiles from the Ground to Space (G2S; Drob et al., 2003; Drob
et al., 2010) request system (Hetzer et al., 2019). The plots showing the average and two standard
deviations for air temperature, wind velocity, and effective speed of sound are presented in Figure
8, spanning from 0 km to 150 km. Since the propagation distance is 85 km, we only expect arrivals
from the troposphere. At tropospheric altitudes (< 15 km), we find that atmospheric profiles almost
remain unchanged over the first 18 hours of the eruption, when the eruption started at Fissure 1
and then progressively migrated down the north flank of Sierra Negra. Geographically, the first
segment of Fissure 1 is located at back azimuth 256.7°, only 0.3° off from our average back
azimuth of 257° inferred from IS20 between 19:45 and 22:54 on June 26 (Figure 4); during this
~3 hours our back azimuth estimates have a very small scatter (0.4° for one standard deviation),
which is consistent with the almost constant atmospheric specifications.

We also benchmark our back azimuth estimates for the two major earthquakes of moment
magnitudes 5.4 and 5.1 on 09:15 June 26 and 00:30 July 5, respectively. Both earthquakes are
closely located (Figures 1a and 6) at geographical backazimuth of ~253°, which is only 0.2° off
from our infrasound inferred backazimuths of 252.8° at IS20. Epicentral infrasound is a well-
documented phenomenon that is often accompanied by other infrasound phases (e.g.,
Mutschlecner and Whitaker, 2005; Arrowsmith et al., 2010; Johnson et al., 2020; Fee et al., 2023).
These phases could be related to secondary or local infrasound generated by the passage of the
earthquakes’ surface waves interacting with topography. According to Mutschlecner and Whitaker
(2005) these additional phases can precede or follow the infrasound signals from the earthquake
epicenter.

All these observations between infrasound and geographical inferred back azimuths suggest that
atmospheric variability does not add a large uncertainty to our observations. However, it is possible
that for other time periods, besides the ones discussed in this section, atmospheric variability adds
a significant uncertainty to our back azimuth estimates of the Sierra Negra eruption. Further, CRB
error estimates on back azimuth quantification appear to be closer to our observational
uncertainties (~0.3°) than those predicted by Szuberla and Olson (2004).

Considering that the acoustic source is close to zero altitude (~90-1000 m asl), there is not a clear
duct in the troposphere (Figure 8) that would facilitate infrasound propagation from Sierra Negra
to IS20. Thus, ray theory is limited in studying the effects that infrasound waves undergo along
the propagation path. It is also possible that diffraction of the acoustic wavefield, which is not
captured by the ray theory, is significant in this propagation context. Normal mode or parabolic
equation simulations (Waxler and Assink, 2019 and references therein) would be the next step to
investigate the atmospheric propagation path from Sierra Negra to 1S20, but are beyond the scope
of the present work. Nevertheless, the relative temporal stability of the atmospheric profiles
(Figure 8) supports our inference that atmospheric variability is not driving the observed back
azimuth changes.

4.5 Summary of new observations of the 2018 Sierra Negra eruption.
Stage 1 (09:15-17:40 June 26): Although the seismicity and deformation provide in better detail

the evolution of Sierra Negra for the hours preceeding the eruption, we show that the large 5.4 Mw
earthquake can be detected at IS20 (Figures 4 d and f) and subtle coupling is observed at VCH1
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from 13:00 to 16:30 (Figures 3c-d), possibly related to the mechanical shaking of the MB2005
microbarometer coincident with increased seismicity.

Stage II (17:40-19:40 June 26): Precursory air-to-ground coupling is detected at VCHI1 and is
indicative of infrasound tremor generated at the nearby fissures. The infrasound tremor is
consistent with an air-to-ground source; therefore, a purely seismic model cannot be used (e.g., Li
etal., 2022). Instead, it is consistent with surface activity that could be explained through pulsating
degassing, gas jetting, and vigorous steam plumes. The apparent differences between the purely
seismic model provide by Li et al. (2022) and our acoustic observations could be due to the
uncoupled seismic generation at depth with infrasound generation at surface or to weak seismic
process that are challenging to retrive from the seismic signal because of the concurrent high-rate,
high-amplitude seismic events. Furthermore, ambiguity remains on interpreting some of the
seismic and infrasound features we observe in this stage. For instance, seismic spectral lines and
gliding might be related to the well-know “Dirac comb” effect or to changes in the site and path
responses. As for the infrasound data, it is possible that at high-frequencies (> 7 Hz) the records
might be contaminated by mechanical vibrations of the microbarometer.

Stage III (19:40 June 26 — 16:45 June 28): In contrast to what was initially reported by Vasconez
et al. (2018) and then repeated in subsequent estudies (e.g., Davis et al., 2021; Shreve and Delgado,
2023), the eruption at Fissures 1, 2, 3, and 6 lasted for more than 24 hours as infrasound detections
at IS20 (Figure 4d) indicate continous activity from these fissures during the entire stage (~45 h).
At the beginning of this stage, from 19:40 to 20:00 on June 26, seismo-acoustic analysis (Figure
3b) shows that infrasound that dominates air-to-ground coupling transitions from high- to low-
frequencies, possibly associated with the wideing of the eruptive fissures as the magmatic phase
starts. Moreover, between 19:45 and 22:54 on June 26, persistent infrasound detections at IS20
indicate acoustic sources at back azimuth 257° (Figures 4d and 4f, numeric labels 2-3), which
suggests that the region where Fissure 1 intersects the caldera rim was first to rupture and erupt.
Later, from 22:54 June 26 to 12:31 June 27 (Figures 4d-e), we infer that the eruption migration
down the flank of Sierra Negra occurs at a rate of 0.11-0.18 m/s with two or more fissures being
acoustically active.

Stage IV (16:45 June 28 —00:29 July 05): This period is charactized by nearly acoustic quiescence.
The near-infra red satellite observations indicate that Fissure 4 was not active on June 30 (Figure
7) and on FIRMS, thermal anomalies close to the fissure are first detected on July 1. We do not
detect acoustic energy from the region close to Fissure 4 until late July 2 (Figure 4d). It is possible
that low-energy acoustic emissions from Fissure 4 in July 1 are not detected at IS20 as these
emissions might have been attenuated by the atmosphere during propagation. The other possibility
is that, given the coarse spatial resolution of the thermal alerts, the detection on July 1 is a false
positive, maybe related to a lava flow from another fissure or a processing artifact.

Stage V (00:30 July 05 — 00:00 August 19): The acoustic component of the 5.1 Mw earthquake is
detected at IS20 and followed by incessant infrasound detections from the region close to Fissure
4. The infrasound detections extended until August 18 and coincided with our last near-infrared
satellite image confirming the continued activity of Fissure 4 (Figure 7). Nevertheless, the eruption
was reported to end on August 25 (e.g., Vasconez et al., 2018; Bell et al., 2021a; Bernard et al.,
2022). The majority of the detections are located at back azimuth of ~263°, which is approximately
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a 1.5° difference from where Fissure 4 is located. The 263° back azimuth, instead, is consistent
with multiple thermal anomalies (Figure 6 and 7) that might indicate acoustic activity from lava
tube skylights.

5 Conclusions

By analyzing data from VCHI1, a single seismo-acoustic station, located in proximity (~0.4 km) to
the eruptive fissures and 1S20, an infrasound array located ~85 kilometers from the volcano, we
provide new insights into the eruption sequence of Sierra Negra in 2018. Specifically, seismo-
acoustic analysis (Figure 3) reveals infrasound tremor, starting at 17:40 on June 26 about 2 hours
before the current official eruption onset time (~19:40 June 26) for the 2018 Sierra Negra eruption.
In addition, we demonstrate that infrasound can capture the eruption migration along the north
flank at unprecedent temporal and spatial resolutions. The magma migration occurred over two
distinct pathways (Figure 6), which were activate sequentially. The first magma pathway was
active between 19:40 June 26 and 16:45 June 28 and fed the Fissures 1, 2, 3 and 6 (Figure 4). From
the infrasound records, we infer that the magma front migrated beneath Fissures 1, 2, 3 and 6 at a
rate of 0.11-0.18 m/s and that two or more fissures were acoustically active simultaneously; with
the most energetic acoustic source overpowering acoustic emissions from the other fissures. The
second pathway fed Fissure 4 (the most distal fissure to the caldera rim), Fissure 5, and acoustic
sources detected at back azimuth 263°. The 263° back azimuth does not coincide with previously
mapped fissures, but it is consistent with lava flow mapping, persistent thermal anomalies, and co-
eruptive deformation derived from InSAR. These geological features appear to be lava tube
skylights which until now have not been documented in the area and an in-situ field campaign is
needed to investigate this hypothesis.
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