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Abstract 21 
 22 
The 2018 eruption of Sierra Negra volcano, Galápagos, Ecuador has provided new insights 23 
into the mechanisms of caldera resurgence, subsidence, and fissuring at basaltic shield 24 
volcanoes. Here, we integrate local (~0.4 km) seismo-acoustic records and regional (~85 km) 25 
infrasound array data to present new observations of the 2018 Sierra Negra eruption with 26 
improved time and spatial resolutions. These observations include: air-to-ground coupling ~2 27 
hours before the time of the eruption onset, migration of the infrasound tremor from 22:54 June 28 
26 to 12:31 June 27 UT (all times in UT), and persistent infrasound detections during the weeks 29 
between 5 July and 18 August from an area that does not coincide with the previously 30 
documented eruptive fissures. We interpret air-to-ground coupling as infrasound tremor 31 
generated in the nearby fissures before the main eruptive phase started, although ambiguity 32 
remains in interpreting a single seismic-infrasonic sensor pair. The progressive location change 33 
of the infrasound tremor agrees with the migration of the eruption down the north flank of 34 
Sierra Negra at a rate of ~0.15 ± 0.04 m/s. The weeks-long persistent detections coincide with 35 
a region that has thermal anomalies, co-eruptive deformation, lava fields, and geological 36 
features that could be interpreted as multiple lava tube skylights. Our observations and 37 
interpretations provide constraints on the mechanisms underlying fissure formation and 38 
magma emplacement at Sierra Negra. 39 
 40 
Plain Language Summary  41 
 42 
During volcanic eruptions, the expulsion of molten rock and gases produces vibrations of the 43 
ground and the atmosphere. These vibrations are known as seismic and infrasound waves, 44 
which we record in specialized sensors. Using these records, along with deformation data and 45 
satellite imagery, we study the 2018 eruption of Sierra Negra in the Galápagos Islands in detail. 46 
We utilize seismic and infrasound records to a) identify premonitory signals ~2 hours before 47 
the main eruptive phase of Sierra Negra, b) quantify the migration of the eruption down the 48 
north flank of the volcano, and c) document new sources of infrasound in an area where access 49 
is challenging, and eruptive fissures have not been mapped. Our observations contribute to an 50 
improved understanding of the mechanisms during fissure opening, eruption, and migration. 51 
Such mechanisms are perhaps unique to the volcanoes in the Galápagos since fissure 52 
development is not limited by shallow rift zones as occurs at many other basaltic systems (e.g., 53 
Kīlauea, Piton de la Fournaise, Cumbre Vieja). We highlight the advantage of integrating 54 
seismic, infrasound, deformation, and satellite observations for improved geophysical volcano 55 
monitoring at shield volcanoes. 56 
 57 
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1. Introduction 68 
 69 
Advances in infrasound infrastructure and methods have allowed the characterization of the 70 
volcanic acoustic wavefield from local (<15 km) to regional (15-250 km) to remote (>250 km) 71 
ranges (e.g., Johnson and Ripepe, 2011; Fee and Matoza, 2013; Matoza et al., 2018; Johnson, 72 
2019; Marchetti et al., 2019; Watson et al., 2022; Matoza and Roman, 2022). Most studies of 73 
regional and remote range volcanic infrasound observations have naturally focused on explosive 74 
eruptions, as these are more energetic and capable of producing infrasound that can be detected 75 
above noise at these distances (e.g., Fee et al., 2010; Matoza et al. 2011; Matoza et al., 2022; Perttu 76 
et al., 2023, McKee et al., 2021). Effusive eruptions are less commonly detected at ranges >15 km 77 
since their lower-amplitude signals are less likely to be recorded in the tropospheric diffraction 78 
zone and beyond (e.g. Garcés et al., 2003; Fee and Garcés, 2007; Matoza et al., 2009, 2010; Ripepe 79 
et al., 2018; Barrière et al., 2023). The majority of infrasound studies of effusive eruptions recorded 80 
locally (<15 km) have focused on Kīlauea, Hawaii and associated vents. Kīlauea infrasound studies 81 
have demonstrated the capabilities of infrasound arrays to detect continuous infrasound tremor 82 
originating at Pu`u`Ō`ō and lava tubes (Garcés et al., 2003; Matoza et al., 2010). More recently 83 
infrasound from Kīlauea has been used to track fissure migration (Fee et al., 2011; Thelen et al., 84 
2022), monitor caldera collapses (Thelen et al., 2022), differentiate activity originating at the vent 85 
from high-speed lava flows interacting with the atmosphere (Lyons et al., 2021), and estimate lava 86 
fountain jet velocity and diameter (Gestrich et al., 2022). The seismo-acoustic study by Lai et al., 87 
(2021) provided evidence of the shallow seismic sources during the 2018 Kīlauea activity, 88 
including constraints on magma migration, source location, and length of the conduit above the 89 
Halema'uma'u reservoir. 90 

 91 

Sierra Negra, an 1140 m high basaltic shield volcano, in the Galápagos, Ecuador has been much 92 
less studied and characterized than Kīlauea or Piton de la Fournaise in the literature to date (e.g., 93 
Patrick et al., 2019; Hilbert et al., 2015; Peltier et al., 2022), and this provides new opportunities 94 
to improve knowledge of the seismo-acoustics of basaltic shield volcanoes and their eruption 95 
mechanisms. Moreover, considering that at volcanoes in the Galápagos, lava extrusion occurs at 96 
radial and circumferential fissures widely scattered around the calderas without showing a 97 
dominant location or direction (Chadwick and Howard, 1991), it becomes necessary to develop 98 
methods and test geophysical networks for determining the location of active fissures during 99 
ongoing eruptions. This is especially true when compared to other shield volcanoes (e.g., Mauna 100 
Loa, Kīlauea, Cumbre Vieja, Piton de la Fournaise), where magma migration and emplacement 101 
are predominantly controlled by shallow rift zones (Dieterich, 1988; Tilling and Dvorak, 1993; 102 
Carracedo, 1994; Anguita and Hernán, 2000), which generally limit the area for the opening of 103 
new eruptive fissures and vents. As a result, forecasting where and when new eruptive fissures will 104 
open has proven to be challenging, and near (< 1 km) seismo-acoustic observations have remained 105 
elusive in the Galápagos and elsewhere. Hence, our very near-to-source (~0.4 km) and regional 106 
(~85 km) seismo-acoustic observations of fissure activity in 2018 provide insights into the 107 
geophysical processes ocurring during the phase preceding the eruption, the lava fountain, and the 108 
migration of the eruption down the flank of Sierra Negra volcano. Additionally, our study helps 109 
understand the evolution of fissures, identify their geophysical signatures, and interpret degassing 110 
mechanisms that might have taken place during their opening. 111 
 112 
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Sierra Negra has the largest caldera (9.5x7.5 km wide and 100 m deep) among the volcanoes in 113 
the Galápagos islands (Figure 1). Eruptions at Sierra Negra in 2005 and 2018 were preceded by 114 
years of inflation, indicating the progressive magma recharge of a flat-topped sill-like reservoir 115 
located ~2 km below the caldera floor (Jónsson et al., 2005; Yun et al., 2006; Bell et al., 2021b). 116 
In 2005 and 2018, earthquakes of moment magnitude (Mw) 5.5 and 5.4, respectively, occurred 117 
hours before the eruptions (Geist et al., 2008; Bell et al., 2021a). These earthquakes resulted from 118 
the rupture and slip of the intra-caldera fault system (Geist et al., 2008; Bell et al., 2021a), which 119 
acts as a trapdoor fault (Amelung et al., 2000). During the 2005 eruption, most of the lava flows 120 
were constrained inside the caldera, as all five vents feeding the eruption were also located inside 121 
the caldera; only a small area on the north flank was covered by lava that resulted from spatter of 122 
two energetic vents (Geist et al., 2008). In 2018, the focus of this study, the eruption was preceded 123 
by 5.2 m of caldera uplift and the subsequent eruptive subsidence was in some regions of up to 8.5 124 
m (Bell et al., 2021a; Davis et al., 2021). Currently, eruption reports (Vasconez et al., 2018; Davis 125 
et al., 2021; Bell et al., 2021a) indicate that the five closest fissures to the caldera rim were active 126 
for less than 24 hours, and after a short quiescence, the farthest fissure was active for a little less 127 
than two months. Lava flows erupted from a fissure system extended over the north flank, covering 128 
an area of 30.6 km2 (Vasconez et al., 2018); the highest fissure intersects the caldera rim, while the 129 
lowest vent is about 90 m above sea level (Davis et al., 2021).  130 
 131 
Figure 1. Geological and geophysical observations of the 2018 eruption of Sierra Negra volcano 132 
in the Galápagos Islands. a) Map of Sierra Negra, showing the eruptive fissures (orange lines and 133 
numbers), the intra-caldera fault system (blue dashed lines), individual earthquakes (black dots 134 
after Bell et al., 2021a), and the approximate location of the pre-eruptive seismic tremor (region 135 
bounded by the green dashed line after Li et al., 2022). We highlight the two large magnitude 5 136 
earthquakes (red circles) as well as earthquakes of magnitude 4 (purple circles) occurring two 137 
hours before the reported eruption onset (Stage II). Local geophysical observations comprise two 138 
GPS stations (blue squares) and one seismo-acoustic station (blue triangle).  b) We complement 139 
the local (~0.4 km) seismo-acoustic observations from VCH1 with data from the regional (~85 140 
km) infrasound array IS20 (blue triangles). c) Caldera of Sierra Negra as seen from the east 141 
(location indicated with letter P in panel a). 142 
 143 
Deformation, seismicity, petrology, and satellite observations of the 2018 Sierra Negra eruption 144 
have revealed a 1.5 m resurgence of the caldera floor (Bell et al., 2021a), the eruption was fed by 145 
a 15 km long sill (Davis et al., 2021), the pre-eruptive seismic tremor is not related to sub-surface 146 
magma flow but rather generated by a slowly propagating fracture (Li et al., 2022), seismic 147 
velocity changes prior to the eruption (Ruiz et al., 2022), and that the stress evolution of the rock 148 
surrounding Sierra Negra’s magma system can help forecast the eruption onset (Gregg et al., 149 
2022). Further, Shreve and Delgado (2023) investigated and assessed the conditions leading to the 150 
caldera subsidence of Sierra Negra in 2018; they suggest that slip along the trapdoor fault system 151 
is the initial stage before a full scale caldera collapse. Also, using deformation and seismic data, 152 
Bell et al. (2021b) showed how the volcano edifice reacts to the increasing magma volume stored 153 
in the shallow sill. While these observations have substantially improved our knowledge of Sierra 154 
Negra, we still have much to learn of the flank magma intrusion processes, including fissure 155 
formation and magma emplacement to surface. This is particularly important because the recent 156 
studies have been unable to detect seismicity related to the opening and eruption of the fissure 157 
system (Bell et al., 2021a), maybe because as suggested by Li et al. (2022) the pre-eruptive seismic 158 



manuscript submitted to Journal of Geophysical Research: Solid Earth 

 5 

tremor (Figure 1a) stops when the eruption begins and magma flows silently to the surface without 159 
further rock fracturing. In addition, from our knowledge of the two previous eruptions at Sierra 160 
Negra, the location and the orientation of the fissures in 2018 were unexpected. The 1979 and 2005 161 
eruptions took place at fissures close to the volcano summit and oriented parallel to the caldera 162 
rim (Geist et al., 2008), while fissures in 2018 did not show a preferential orientation with locations 163 
spanning from the caldera rim to up to 9.5 km away (Davis et al., 2021).  Nonetheless, we show 164 
that our seismo-acoustic observations can aid in better understanding the 2018 fissure eruption, 165 
with the potential to track infrasound from active fissures that, in most of the cases, are reported 166 
only when a visual confirmation was possible (Bernard et al., 2022) or later during field mapping 167 
campains (Bell et al., 2021a).    168 
 169 
Here we integrate local (~0.4 km) seismic-acoustic observations of the 2018 Sierra Negra effusive 170 
eruption with regional (~85 km) infrasound observations. We also discuss how the additional 171 
uncertainties due to the propagation and back azimuth determination play a role while quantifying 172 
the eruption chronology. 173 
 174 

2. Data & Methods 175 
 176 
We analyze data from VCH1, a seismic-acoustic station in the permanent network of the Instituto 177 
Geofísico, Escuela Politécnica Nacional (Alvarado et al., 2018); the station has a three-component 178 
Trillium Compact 120 seismometer and a MB2005 microbaramoter, recording the seismic and 179 
acoustic wavefields at 100 Hz and 50 Hz, respectively. VCH1 is located ~0.4 km from the where 180 
the eruption begun, and the seismic and acoustic sensor are less than 5 metters apart. In addition, 181 
we use infrasound data from station IS20, which is part of the International Monitoring System 182 
(IMS) infrasound network. The IS20 station is on the Santa Cruz Island (Galápagos) about 85 km 183 
from Sierra Negra (Figure 1b). The station has eight MB3a microbarometers with minimum and 184 
maximum element spacing of 0.36 and 2.00 km, respectively. IS20 is sampled at 20 Hz and began 185 
operating in December 2017.  186 
 187 
In the discussion section we compare our seismo-acoustic results with GPS and satellite data. GPS 188 
data show pre-ruptive and co-eruptive deformation at stations GV03 and GV06 located inside the 189 
Sierra Negra caldera (Bell et al., 2021a; Geist et al., 2002; Figure 1a). Satellite data are comprised 190 
of Interferometric Satellite Amplitude Radar (InSAR) imagery (Davis et al., 2021; Figure 6) and 191 
near infrared observations (Ortiz et al., 2024; Figure 7). From the InSAR data we outline the areas 192 
of deformation and their change as the eruption migrated down the flank of Sierra Negra, whereas 193 
we utilize near-infrared satellite observations to constraint the activity at Fissure 4 and track 194 
hotspots in its close proximity. 195 
 196 
2.1 Back azimuth determination and uncertainty 197 
 198 
Given the array distribution of the microbarometers at IS20, we apply the Progressive Multi-199 
Channel Correlation (PMCC) method (Cansi, 1995) to detect and obtain the direction of arrival of 200 
coherent signals. Specifically, we use 15 log-spaced frequency bands and time-windows (Figure 201 
S1), following Matoza et al. (2013). 202 
 203 
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PMCC detections show a rich multi-frequency infrasound wavefield (Figure 2). The eight 204 
microbarometers at IS20 combined into fifty-six unique triads (subnetworks) independently help 205 
to determine the direction of arrival of coherent signals to the array. Between 26 June and 19 206 
August 2018, we find more than 29100 PMCC infrasound detections arriving from the direction 207 
of Sierra Negra (250°-270°). During the first few hours of the eruption we detect infrasound signals 208 
from the region where Fissure 1 (257.0°) intersects the caldera rim. These dections then migrate 209 
down the flank of the volcano toward Fissure 4 (261.5°).  210 
 211 
Figure 2. Infrasound detections at IS20 of the 2018 eruption of Sierra Negra; we draw the average 212 
back azimuth to Fissures 1 and 4 (horizontal dotted lines) with respect to IS20. 213 
 214 
Uncertainty quantification on back azimuth and trace velocity estimates are key to understanding 215 
the limitations of infrasound arrays to recover spatial information of the source location. 216 
Uncertanties have an elliptical geometry, which depend on the spatial distribution of the acoustic 217 
sensors and the sampling rate. The minimum and maximum uncertainties correspond to the minor 218 
and major axes of the error ellipse, with uncertainty varying as a function of back azimuth. For 219 
IMS arrays, the Cramer-Rao Bound (CRB) is the standard method used to compute the 220 
uncertainties on back azimuth and trace velocity estimates (CEA, 2016). For instance, at IS20, 221 
assuming infrasound crossing the array at 340 m/s, the uncertainties of back azimuths are between 222 
0.20° and 0.26°. Further, evaluating the uncertainties with the method proposed by Szuberla and 223 
Olson (2004), we obtain uncertainties between 0.75° and 1.10°, when also 340 m/s is assumed for 224 
sound speed. Although, both methods lead to relatively small uncertainties, in section 4.4, we show 225 
that back azimuth uncertainties at IS20 are close to CRB estimates; we use satellite imagery of 226 
hotspots and earthquake epicenters to verify the location of several acoustic sources recorded 227 
during the eruption of Sierra Negra in 2018.  228 
 229 

2.2 Theory and applications of seismo-acoustic coupling 230 
 231 
During eruptions, in addition to incident seismic and acoustic waves from the volcano, waves 232 
propagating through the Earth-atmosphere interface are recorded at receivers (e.g., Palacios et al., 233 
2016; Ichihara 2016; Nishida and Ichihara, 2016; Muramatsu et al., 2022). To distinguish air-to-234 
ground transmission, we compute seismo-acoustic cross-correlation (Ichihara et al., 2012), and 235 
coherence and phase spectrograms (Matoza and Fee, 2014). Coherence and phase spectrograms 236 
are the counterparts in the frequency domain of cross-correlation, with the advantage that they 237 
provide a detailed view of coupling in the whole frequency range. These methods are based on the 238 
theory developed by Ben-Menahem and Singh (1981) of acoustic waves in the atmosphere 239 
refracting into the Earth; acoustic waves induce vertical ground motion, which is recorded, at two 240 
perfectly co-located seismic and acoustic sensors, a quarter of cycle (90°) after the pressure wave 241 
(see also Anthony et al., 2022).  242 
 243 
Ichihara et al., (2012) demonstrated that the cross-correlation function (R) between waveforms of 244 
the vertical seismic velocity (!) and acoustic pressure (") is approximately equal to: 245 
 246 
#[%;!, "]	~	#[%; +!", ,!"] + #.%; +!", /#$+!"0 + #.%; /$#,!", ,!"0    (1) 247 
 248 
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where +!" and ,!" are the incident seismic and acoustic wavefields, /#$ is the transfer function 249 
for ground-to-air coupling, /$# is the transfer function for air-to-ground coupling, and % is the 250 
delay of W respect to P. Ichihara et al., (2012) assumes that wind noise is uncorrelated for seismic 251 
and acoustic sensors with a small separation. In Equation (1), the first cross-correlation term 252 
becomes significant only when incident seismic and acoustic waves share a common source, and 253 
it reaches the maximum value for % < 0. The second term is the correlation between the vertical 254 
seismic velocity and the corresponding ground-to-air coupled signal (/#$+!"); it has a maximum 255 
correlation for % = 0 (i.e., 0° phase shift), since /#$ is a real number. The third term is the cross-256 
correlation between the transmitted air-to-ground signal and the acoustic pressure, and it reaches 257 
a maximum for % = 1/(48%)	(i.e., 90° phase shift); where 8% is the characteristic frequency of the 258 
incident pressure wave. 259 
 260 
Using the theory developed for air-to-ground coupling, new applications have been proposed to 261 
better help quantify volcanic eruptions. Ichihara (2016) computed the transfer function (/$#) to 262 
correct seismic records from air-to-ground coupled waves and evaluate scaling laws that related 263 
seismic power and magma discharge. In parallel, Nishida and Ichihara (2016) similarly computed 264 
/$# to derive infrasound waveforms from seismic records and compare to independent results 265 
inferred from infrasound array processing. Further, Ichihara et al., (2021) presented a method to 266 
systematically compute the air-to-ground transfer function and used the results to correct Volcanic 267 
Seismic-Acoustic Ratios (VASR; Johnson and Aster, 2005), which generally are used to 268 
investigate the energy partitioning between seismic and acoustic wavefields. Other developments 269 
(McKee et al., 2018; Bishop et al., 2023) have shown that a pair of seismic and acoustic sensors, 270 
where seismo-acoustic coupling is recorded, can be used to estimate the direction of arrival of 271 
infrasound waves.  272 
 273 
In Section 3.2, we apply seismo-acoustic cross-correlation, coherence, and phase spectrum 274 
analysis to study the onset of the 2018 Sierra Negra eruption. 275 
 276 

3. Results 277 
 278 

3.1 Eruption report and definition of eruptive stages of Sierra Negra. 279 
 280 
On 16 January 2018, the Secretaria Nacional de Gestión de Riesgos y Emergencias (Ecuador) 281 
declared a yellow alert due to the increased seismicity and deformation found at Sierra Negra 282 
(Bernard et al. 2022). The next day, the rangers at the Galápagos National Park closed the access 283 
to the southeast section of the caldera rim. As the eruption of Sierra Negra appeared to be imminet, 284 
multiple ashmeters and seismometers were installed at the volcano as well as a gravity survey was 285 
carried out in early 2018 (Bell et al., 2021a; Bernard et al., 2022). In the morning of 26 June 2018 286 
at 9:15 a large Mw5.4 earthquake was localized inside the caldera of Sierra Negra (Figure 1a), and 287 
on the same day, a special report from Instituto Geofísico was issued, indicating that the large 288 
earthquake and seismic tremor could be precursors to an eruption. Following an intense earthquake 289 
swarm generally located inside the caldera of Sierra Negra (Figure 1a), the eruption was confirmed 290 
at 19:45 by a large thermal anomaly observed in satellite data and visual observations of lava 291 
fountains made by the park rangers (Bernard et al., 2022). 292 
 293 
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Generally, the eruption has been divided into two phases according to fissure activity (Vasconez 294 
et al., 2018; Bell et al., 2021a; Davis et al., 2021). The first phase corresponds to lava effusion 295 
through Fissures 1, 2, 3, 5, and 6 (Figure 1a), only lasting less than 24 hours between 26 and 27 296 
June 2018. While in the second phase lava extrusion took place at Fissure 4 (Figure 1a) between 297 
1 July and 25 August 2018. 298 
 299 
However, to describe the distinct eruptive episodes and in turn explain our seismo-acoustic 300 
observations, we divide the eruption chronology into five stages. Below we provide the times and 301 
dates, including brief descriptions of each phase to orient the reader throughout this document. 302 
Detailed phase descriptions and corresponding discussions are provided in the subsequent 303 
subsections.  304 
 305 

• Stage I (09:15-17:40 June 26): consists of only seismicity dominated by individual 306 
earthquakes.   307 

• Stage II (17:40-19:40 June 26): air-to-ground coupling is detected at VCH1.  308 
• Stage III (19:40 June 26 - 16:45 June 28): the eruption starts and air-to-ground coupling 309 

continues at VCH1. This stage exhibits high-amplitude acoustic and seismic tremors, with 310 
acoustic emissions from Sierra Negra detected at both VCH1 and IS20.  311 

• Stage IV (16:45 June 28 – 00:29 July 05): the volcano undergoes a period of near-312 
quiescence with only a few acoustic detections at IS20.  313 

• Stage V (00:30 July 05 – 00:00 August 19): the volcano begins a long-lived lava extrusion 314 
at Fissure 4 with persistent infrasound detections in its vicinity. 315 
   316 

3.2  Seismo-acoustic analysis at VCH1 during the 2018 Sierra Negra eruption. 317 
 318 
We perform seismo-acoustic analysis on data recorded on 26 June 2018 at VCH1. Here, in the 319 
main document we only present the analysis corresponding to the beginning of the eruption, from 320 
13:00 to 23:59 on 26 June 2018 (all times in UTC; Figure 3). In the supplemental information 321 
(Figure S2) we conduct the same seismo-acoustic analysis to data from the first half of June 26 to 322 
show the background activity preceding the seismic swarms, tremors, and eruption. To compute 323 
seismo-acoustic cross-correlations (Figure 3b), we use 10-s sliding windows with 50% overlap; 324 
waveforms are prefiltered in the 1-24 Hz frequency band using a 4-pole Butterworth filter. 325 
Similarly, using 10-s sliding windows with 50% overlap, we compute coherence and phase 326 
spectrums as well as seismic and acoustic spectrograms on unfiltered waveforms (Figures 3c-f). 327 
We remove the instrumental response of seismic and acoustic sensors beforehand and we make a 328 
time correction to account for the separation between the seismic and acoustic sensors assuming 329 
plane wave propagation.  330 
 331 
Figure 3. Seismo-acoustic analysis of data recorded at VCH1 from 13:00 to 23:59 on 26 June 332 
2018. a) Seismic and infrasound waveforms filtered between 1 and 24 Hz. For plotting, we clip 333 
the high amplitude impulsive acoustic and seismic waveforms to better show the background 334 
activity. Inset shows individual earthquakes (spikes) embedded in the cigar shaped wind noise 335 
(purple lines). The same cigar shape is observed on the infrasound records.  b) Cross-correlogram 336 
between the seismic and infrasound signals shown above. c) Seismo-acoustic coherence and d) 337 
phase spectrograms. e) Seismic and f) infrasound spectrograms. Panels from c to f use raw 338 
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unfiltered waveforms. At ~19:40 (vertical black, blue, and white lines), Vasconez et al. (2018), 339 
Bell et al. (2021a), and Bernard et al. (2022) report the beginning of the eruption of Sierra Negra. 340 
 341 
On 26 June 2018, high-rate seismicity starts hours before the eruption (Stage I), then transitions 342 
into seismic tremor interspersed with large amplitude earthquakes (Stage II), and finally, the 343 
eruption begings  at ~19:40 (Stage III)  (Bell et al., 2021a; Li et al., 2022; Figures 3 and S2). In 344 
Stage I, at 09:15, an earthquake of moment magnitude 5.4 ruptures the southern flank of the 345 
trapdoor fault, triggering individual quakes distributed mostly along this c-shaped fault (Figures 346 
1a and S2; Bell et al., 2021a). Seismicity that is relatively small in amplitude between 347 
approximately 13:00 and 16:30 (Figure 3e), coincides with subtle coupling at frequencies of ~14-348 
17 Hz and phase ~0° (green band in Figure 3d); individual earthquakes are embedded in the cigar 349 
shaped wind noise recorded in the seismic sensor (inset, Figure 3a). At the end of Stage I, from 350 
17:00 to 17:40, seismicity increases in rate and amplitude with seismo-acoustic coupling 351 
continuing at frequencies of ~14-17 Hz and phase ~0°; this seismic swarm is located in the 352 
northwest corner of the trapdoor (Bell et al., 2021a; Figure 1a). At 17:40, at the begining of Stage 353 
II,  discrete earthquakes initially in the northwest corner of the intra-caldera fault system migrate 354 
eastward toward the first eruptive fissure and southward along the western trapdoor fault (Bell et 355 
al., 2021a). During Stage II, acording to Bell et al. (2021a), there are five magnitude 4 earthquakes 356 
distributed along the intra caldera fault system and, as shown by Li et al. (2022), there is also a 357 
pre-eruptive seismic tremor locate ~10 km from VCH1 (Figure 1a). Toward 19:35, seismic tremor 358 
glides to higher frequencies (Figure 3e). The frequency gliding can also be seen in the coherence, 359 
phase, and infrasound spectrograms (Figures 3c,d,f).  Over these ~2 hours (Stage II), coherence 360 
and in turn cross-correlation reach a maximum, while the corresponding phase spectrogram 361 
indicates multi-band frequency coupling. The most significant bands are ~1-14 Hz with phase shift 362 
of ~90° (orange band in Figure 3d) and ≳ 15 Hz with phase of ~0° (green band in Figure 3d). 363 
Around 19:40 (beginning of Stage III), the seismic tremor energy focuses on a narrower frequency 364 
band until 20:00, when again tremor becomes broadband.  Since ~19:40, coupling continues with 365 
a dominant phase delay of ~90° and starting at 20:00 an additional narrow frequency band at ~5 366 
Hz indicates coupling with phase of ~0°(Figure 3d).  367 
 368 
From 17:40 to 19:40 (Stage II), in the infrasound spectrogram, we observe predominant spectral 369 
bands at frequencies of ~10-15 Hz and later starting at 20:00 (Stage III), the acoustic energy mostly 370 
focuses at ~2-3 Hz (Figure 3f). This change in frequency is also visible in the seismo-acoustic 371 
correlogram (Figure 3b), which according to Ichihara et al. (2012) depends on the characteristic 372 
frequency (8%) of the air-to-ground coupled signal, with maximum cross-correlations at % =373 
1/(48%). For the high-frequency tremor the maximum correlations are at % = ~0.07	=, while for 374 
the low-frequency tremor are at % = ~0.4	=. This frequency change manifests as narrower banding 375 
of maximum correlations in Stage II, which transitions to broader banding at times later than 20:00, 376 
during Stage III (Figure 3b).  377 
 378 
We extend the analysis from a few hours at the beginning of the eruption to several days. In 379 
addition to spectrograms and coherence, we include Root Mean Square (RMS) amplitudes of 380 
seismic and infrasound data recorded at VCH1 between 26 June and 6 July 2023 (Figures 4a-c). 381 
The spectrograms are computed using 5 min windows with 95% overlap, while RMS amplitudes 382 
and coherence are computed for 10 min windows with 25% overlap. Coherence and spectrograms 383 
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are derived from unfiltered waveforms, whereas RMS amplitudes are obtained from filtered 384 
waveforms within the frequency band of 1-8 Hz.  385 
 386 
The infrasound RMS amplitudes and spectrogram do not show a clear trend of the evolution of the 387 
Sierra Negra eruption in 2018, while their seismic counterparts can track the main phases of the 388 
eruption (Figures 4a-c). For instance, spikes in the seismic RMS and spectrogram are the major 389 
earthquakes that occur before and during the eruption, while sustained increase in amplitude, on 390 
June 26-27 (Stages II and III) and near the end of July 1 (Stage IV), relate to the pre-eruptive and 391 
eruptive tremors (Figures 4a and 4b). These eruptive features are not clear in the infrasonic RMS 392 
and spectrogram (Figures 4a and 4c), possibly because wind noise levels are high at VCH1 and 393 
the low-amplitude nature of the effusive volcanism of Sierra Negra in 2018. Moreover, coherence 394 
captures very well the high similarity of the seismic and acoustic waveforms during the two hours 395 
preceeding the eruption (Stage II) and then from the eruption onset until approximately 12:31 June 396 
27 (first half of Stage III). The high coherence indicates seismo-acoustic coupling in Stages II and 397 
III, which is likely dominated by air-to-ground coupling, as shown in Figure 3d.  398 
 399 
In the next subsection, we supplement our local observations at VCH1 with infrasound data from 400 
IS20. We identify coherent detections and corresponding back azimuths and trace velocities that 401 
relate to eruption in Sierra Negra during stages I, III, IV, and V (Figures 4d-f).  402 
 403 

3.3 Analysis of the 2018 Sierra Negra eruption using the IS20 infrasound array. 404 

 405 
We use numerical timestamps to highlight features in the infrasound dectections at IS20 and 406 
distinguish the projections of relevant back azimuths on the map (Figures 4d-f). These features 407 
include the dection of the large magnitude five earthquakes occurring at the beginning of  Stages 408 
I and V, the back azimuth migration down the flank of the volcano during Stage III, sparse acoustic 409 
detections during Stage IV, and long-lasting detections during Stage V. There are not acoustic 410 
detections at IS20 during Stage II.  We place eight numerical labels in the following chronological 411 
order (Figure 4d): (1) The 5.4 Mw earthquake preceding the eruption is recoded at 9:19 on June 412 
26, with back azimuth within 0.2° of the seismic inferred location. (2) At 19:45, on the same day, 413 
we first identify a persistent infrasound tremor arriving from the summit of Sierra Negra. The back 414 
azimuth corresponding to the tremor, remains constant and equal to 257.0°; (3-4) then 415 
progressively shifts from 257.0° to 260.7° between 22:54 June 26 and 12:31 June 27. (5) For the 416 
next 28 hours the eruption continues along the fissure system until it stops at 16:45 on June 28. 417 
(6) After a few days of acoustic quiescence, we detect sporadic infrasound signals between 2 and 418 
4 July, with back azimuths between 260° and 264°, which point to fissures mapped on the field. 419 
(7) At 00:34 on July 5, we register a 5.1 Mw earthquake prior to (8) persistent infrasound detections 420 
from back azimuth 263°. This back azimuth generally agrees with the location of Fissure 4, which 421 
is at about 11 km northwest of the eruption onset (Figure 4f); acoustic emissions from this region 422 
continue until August 18 with some periods of acoustic quiescence. Time stamps provided in this 423 
paragraph are respect to IS20. To find times at the origin (Sierra Negra), an approximate 4 min 424 
travel time correction needs to be applied, but slightly varies depending on the infrasound source 425 
location. 426 
 427 
Figure 4. Integration of local seismo-acoustic observations from VCH1 and regional infrasound 428 
data from IS20 for tracking the eruption onset and eruption migration along the north flank. a) 429 
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Average coherence and seismic and acoustic root mean square amplitudes computed using 10-430 
minute windows with 25% overlap of data recorded in VCH1. b) Seismic and c) infrasound 431 
spectrograms of VCH1 data. d) Back azimuth and c) trace velocity as function of time and 432 
frequency derived at IS20. The red arrows and numbers (1-8) correspond to chronological events 433 
described in the main text. f) Projected back azimuth for the Mw 5.4 earthquake (252.8°; blue 434 
arrow), migration of the eruption down the north flank (257.0°-260.7°; black arrows), and location 435 
of the long-lasting eruptive fissure (263°; green arrow). Red lines indicate the lava flows from the 436 
different fissures (Vasconez et al., 2018) and the blue dot indicates the epicenter of the main 437 
earthquake (Bell et al., 2021a). Vertical blue and white lines indicate the eruption onset (~19:40 438 
June 26, 2018). 439 
 440 
 441 

3.4 Comparison of local and regional seismo-acoustic observations 442 

Most of the acoustic activity is recorded at both VCH1 and IS20 stations; however, there are 443 
instances where the data from one of the sites provides additional detail on the eruption 444 
chronology. In Stages I and V, the two large magnitude five earthquakes are recorded at both 445 
stations, but only at IS20 we infer the direction to their source. During Stage II, the acoustic waves 446 
recorded as air-to-ground coupling at VCH1 are not detected at IS20, possibly because the 447 
generation mechanism is weak and  the attenuation over the ~85 km travel path is strong. The onset 448 
of the eruption (Stage III) is recorded at both stations, but there is a latency of about 4 minutes at 449 
IS20 due to the infrasound travel time from the Isabela to Santa Cruz Islands. Furthermore, when 450 
the acoustic sources propagate down the flank of the volcano these location variations are detected 451 
as back azimuth and trace velocity changes at IS20. 452 
 453 

4. Discussion 454 
 455 

4.1  Interpretations of seismo-acoustic coupling at VCH1 during the eruption onset of Sierra 456 
Negra 457 

Following the theory proposed by Ben-Menahem and Singh (1981) and extended by Ichihara et 458 
al. (2012), we differentiate three types of seismo-acoustic coupling during the beginning of the 459 
2018 Sierra Negra eruption, from Stage I to Stage III (Figure 3). We detect high-frequency ground-460 
to-air coupling, broadband frequency air-to-ground coupling, and low-frequency ground-to-air 461 
coupling as follows: Starting in the second half of Stage I and continuing until the end of Stage II 462 
(13:00-19:35), we identify ground-to-air coupling at high-frequencies (~14-17 Hz; green bands in 463 
Figure 3d). Then, from the beginning of Stage II (17:40) and continuing through Stage III, we 464 
observe a 90° phase shift of the seismic signal with respect to infrasound (orange bands in Figure 465 
3d) and high seismo-acoustic coherence as shown in the correlogram and coherence spectrograms 466 
(Figures 3b and 3c); this is consistent with air-to-ground transmission. Finally, close to the 467 
beginning of Stage III (20:00), we detect ground-to-air coupling at low frequencies (~5 Hz) with 468 
the characteristic phase shift of ~0° between seismic and acoustic waveforms, while coherence is 469 
almost imperceptible (Figure 3c). This low-frequency ground-to-air coupling continues throughout 470 
26 June 2018. 471 
 472 
Next, we provide brief explanations of the low- and high-frequency ground-to-air coupling. While 473 
we dedicate additional space to interpreting the air-to-ground coupling in Stage II because this 474 
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signal has the characteristics of infrasound tremor and might provide information on fissure 475 
formation and eruption precursors of Sierra Negra.  476 
 477 
4.1.1 Interpretations of the low- and high-frequency ground-to-air coupling during Stages I, II, 478 
and III 479 
 480 
We regard the high-frequency ground-to-air coupling observed in Stages I and II (13:00-19:35), 481 
as mechanical vibrations of the microbarometer (e.g., Alcoverro et al., 2005; CEA-Martec, 2007; 482 
Nief et al., 2019) induced by earthquakes and seismic tremor occurring in close proximity to 483 
VCH1. This follows, after considering the laboratory experiments performed by Merchant and 484 
McDowell (2014) that indicate MB2005 pressure sensors are sensitive to mechanical shaking at 485 
frequencies above 7 Hz.  486 
 487 
More interestingly, in Stage III, we observe low-frequency ground-to-air coupling at ~5 Hz (Figure 488 
3d). Since the MB2005 microbarometers are not sensitive to ground motion in the low frequency 489 
range, we relate the coupling to seismic energy refraction at the solid Earth-atmosphere boundary 490 
and recorded on the pressure sensor. In accordance with the theory developed by Ichihara et al., 491 
(2012), we observe a phase delay of ~0° and coherence coefficients smaller than the ones associate 492 
with air-to-ground coupling.  493 
 494 
 495 
4.1.2 Interpretation of air-to-ground coupling during Stage II  496 
 497 
Considering the 90° phase delay of seismic waves with respect to infrasound is indicative of air-498 
to-ground coupled waves at VCH1. We can interpret these coupled waves as subtle infrasound 499 
tremor generated at the nearby fissure system that is only recorded locally. This ensues from taking 500 
account recent observations of the different phases during fissure eruptions in Hawai’i (Houghton 501 
et al., 2021) and Iceland (Hjartardóttir et al., 2023), where degassing progressively increased 502 
before the more energetic magmatic phase. Houghton et al., (2021) describes this phase as 503 
continuous but pulsating outgassing that on occasions can resemble gas jetting, whereas 504 
Hjartardóttir et al., (2023) show snapshots of steam outflux that gradually escalate at five vents 505 
before their magmatic phase. Pulsating degassing, gas jetting, and vigorous steam plumes can 506 
produce infrasound and might explain the acoustic wavefield we detect at VCH1 before 19:40. For 507 
instance, fumarole studies at Aso (McKee et al., 2017) and Iwo-Yama (Yamakawa et al. 2023) 508 
volcanoes show that these gas rich volcanic emissions can produce coherent and observable 509 
infrasound usually at high frequencies (> 7 Hz). Our infrasound records at Sierra Negra also show 510 
continuous infrasound at frequencies  ≳ 10 Hz between 17:40 and 19:40 (Figure 3f), with 511 
frequencies of ~10-15 Hz that dominate the seismo-acoustic correlogram (Figure 3b). 512 
Concurrently, from 17:40 to 19:40, there is frequency gliding observed in both seismic and 513 
infrasound tremors (Figures 3e-f). As shown by Spina et al., (2022) in laboratory experiments and 514 
observed at volcanoes (e.g., Sciotto et al., 2022), frequency gliding can occur before eruptions 515 
transition to a more explosive and energetic phase. Furthermore, at 17:40 also the caldera floor of 516 
Sierra Negra starts undergoing a massive deformation that in some regions is up to 1.5 m (Figure 517 
5a). This large deformation might have signaled the opening of the trapdoor allowing magma to 518 
exit from the sill to the shallow plumbing system. Possibly existent magma pathways created 519 
during the 2005 eruption were quickly re-occupied and activated during the 2018 eruption since 520 
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one of the fissures is common to both eruptions. All these observations suggest that air-to-ground 521 
coupled waves observed before 19:40 at VCH1 might correspond to infrasound tremor generated 522 
by strong degassing, just before the magmatic phase. To our knowledge these could be the first 523 
seismo-acoustic observations, reported in the literature, of the opening of a fissure eruption, 524 
including transitions from subtle degassing to gas jetting to the magmatic phase.  525 
 526 
The interpretation of Stage II is challenging and some ambiguity remains due to the complexity of 527 
the seismic and acoustic signals (Figures 5b-c). Thus, next, we offer additional interpretations for 528 
some of the observed seismic and infrasound features. 529 
 530 
The spectral bands and gliding that appear in the seismic and infrasound records (Figures 3d-f) 531 
might not be related to harmonic emission tremor. It is possible that highly similar small repetitive 532 
events recorded at regular intervals are mimicking harmonic tremor through the well-known 533 
“Dirac comb” effect (e.g., Gordeev, 1993; Hagerty et al., 2000; Powell and Neuberg, 2003). 534 
Further, the acceleration of the rate of these similar quakes can make the spectral lines glide 535 
upwards (e.g., Powell and Neuberg, 2003; Hotovec et al., 2013) or conversely the deacceleration 536 
of the rate of events can make the spectral lines glide downwards as observed in Figure 3e. 537 
However, an in-depth analysis of the discrete events recorded between 17:40 and 19:40 is needed 538 
to study their similarity and interevent times to further explore this hypothesis. Another 539 
explanation for the seismic spectral lines and gliding, although not documented in the literature, is 540 
that time-varying site and path responses are modifying the seismic records at VCH1. Perhaps the 541 
meter-scale deformation that Sierra Negra undergoes over a few hours (Figure 5a) is drastically 542 
affecting the ground, producing the observed time-dependent spectral peaks (Figures 3e). As the 543 
properties of the medium change, it is conceivable that different frequency-dependent attenuations 544 
and resonances dominate over time. In a similar basaltic system, Hotovec-Ellis et al. (2022) 545 
interpret seismic velocity changes as being related to the opening, closing, or creation of cracks; 546 
they suggest that rapid ground deformation related to the pressurization of the magma reservoir 547 
can strongly affect the fracture fabric in the surrounding rocks. Thus, it is possible that site and 548 
path effects might have varied during the deformation observed at Sierra Negra, influencing the 549 
seismic waveform shape. In addition, we observe mechanically induced infrasound transients 550 
which are simultaneously recorded with earthquakes (Figures 5b-c). These induced transients 551 
highly modify our infrasound record, making difficult an unambiguous interpretation of the 552 
acoustic wavefield with a single infrasound sensor. Since the MB2005 microbarometers are 553 
sensitive to ground motions for frequencies higher than 7 Hz (Merchant and McDowell, 2014), it 554 
is possible that some of the features we observe in the infrasound spectrogram are affected by the 555 
shaking of the infrasound sensor. For instance, some of the energy in the ~10-15 Hz band shown 556 
in the spectrogram (Figure 3f), might be related to the vibration of the infrasound sensor. It is 557 
conceivable that some of this mechanical coupling is influencing our computation of seismo-558 
acoustic cross-correlations, and coherence and phase spectrograms. Without additional infrasound 559 
sensors (and preferably less sensitive to ground motion) near VCH1, it is difficult to differentiate 560 
the volcanic processes from mechanical induced infrasound events. 561 
 562 
We emphasize that thanks to the infrasound detections at IS20, we can confirm that the air-to-563 
ground coupling pattern observed at VCH1 during Stage III (Figures 3b-d) corresponds to volcanic 564 
infrasound tremor. This further supports the notion that the air-to-ground coupling pattern 565 
observed during Stage II (and similar to the one seen in Stage III) is consistent with subtle 566 
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infrasound tremor generated at the nearby fissure system. We reiterate that infrasound records, and 567 
consenquently, air-to-ground coupling observed below 7 Hz in Figure 3d should be almost or 568 
completely unaffected by mechanical vibrations of the MB2005 microbarometer. 569 
 570 
Figure 5. Seismic, infrasound, and deformation time series prior to the main eruptive phase on 571 
June 26, 2018. a) Relative deformation observed inside the Sierra Negra Caldera at GPS stations 572 
GV03 and GV06 between 16:30 and 20:30.  The largest displacement occurs in the vertical 573 
direction (dotted lines), but displacement is also observed in the east direction (dashed lines). 574 
Displacement is relative to the average position computed a couple hours before the main 575 
deformation which starts at ~17:40 (vertical dotted line). b) In Stage II, we record high-amplitude 576 
high-rate seismic and acoustic events at VCH1 (see also Figure 3a). Above, we display excerpts 577 
of the seismic and infrasound time series in windows of b) 10 minutes and c) 60 seconds. The 578 
beginning of the infrasound tremor (registered as air-to-ground coupled waves in Stage II; Figure 579 
3d) coincides with the deformation onset. Vasconez et al., (2018), Bell et al., (2021a), and Bernard 580 
et al., (2022) place the beginning of the eruption ~19:40 (vertical solid line).   581 
 582 
 583 
4.1.3 Other sources that might explain part of the air-to-ground coupling observed in Stage II  584 
 585 
It could be possible that some of the large magnitude 4 earthquakes occurring in the caldera fault 586 
system between 17:40 and 19:40 (Figure 1a; Bell et al., 2021a) might have an infrasound 587 
component that is recorded at VCH1 as air-to-ground coupled waves. Nevertheless, we discard 588 
this mechanism to produce the observed air-to-ground coupling because these 5 individual events 589 
(Figure 1a) cannot resemble the continuous pattern we observe at VCH1 (Figures 3b-d). None of 590 
these magnitude 4 earthquakes have a detectable infrasound at IS20; we only register infrasound 591 
phases for the magnitude 5 earthquakes. Although less likely than the former option, another 592 
possibility is that infrasound from the pre-eruptive seismic tremor reported by Li et al. (2022) 593 
(Figure 1a) is travelling from the tremor epicenter and then coupling into the ground at VCH1. 594 
Matoza et al. (2009) has shown that producing observable infrasound from a seismic source that 595 
is deeper than only a few tens of meters is inefficient and unlikely to generate observable 596 
infrasound. For Mount Saint Helens, Matoza et al. (2009) show that moving a seismic source from 597 
60 m to 195 m (below the surface) reduced the acoustic-to-seismic amplitude ratio by one order of 598 
magnitude for an observation range of 13.4 km. Here considering that the seismic tremor is mostly 599 
located at depths < 3 km (below the surface), we expect much lower amplitudes, and that the 600 
contribution of this seismic source to the overall acoustic wavefield is negligible, if not 601 
nonexistent. Furthermore, the epicenter of the seismic tremor is several kilometers (Figure 1a) 602 
away from VCH1, while the first eruptive fissure is only located a few hundred meters away, thus 603 
we expect higher attenuation from infrasound relating to seismic tremor than degassing from the 604 
nearby fissure prior to the magmatic phase. We further dismiss aforementioned mechanisms as the 605 
primary source of infrasound because the time correction required in the seismo-acoustic analysis, 606 
relating to these sources, will result in a different phase spectrogram than the one shown in Figure 607 
3d. The back azimuths to the tremor and earthquakes epicenters differ up to 90° from our original 608 
assumption and the time correction required to achieve perfectly co-located seismic and acoustic 609 
sensors will vary. Thus, the observed coupling phases of 0° and 90° in Figure 3d will appear at 610 
angles that do not have a physical meaning and are not predicted by the theory of seismo-acoustic 611 
coupling (see Section 2.2).  612 
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 613 
4.2 Eruption onset: beginning of Stage III 614 
 615 

We review and discuss the seismic, acoustic, and deformation signals from approximately 19:40 616 
to 20:00 during the beginning of Stage III. Large discrete seismic events disappear and the seismic 617 
signal transitions to predominatly seismic tremor (Figure 3a). Over these 20 minutes, the energy 618 
of the seismic tremor focuses on a narrow frequency band compared to the preceding and following 619 
signals (Figure 3e). Concurrently, the frequency of the infrasound tremor progressively becomes 620 
broadband (Figure 3f). The correlogram indicates a transition from high to low frequency in the 621 
infrasound that dominates the air-to-guround coupling (Figure 3b). This frequency shift is 622 
important and might indicate the widening of the fissures close to VCH1; possibly pulsating 623 
degassing, gas jetting, and vigorous steam plumes can occur along narrow fissures, but when the 624 
activity transitions to the magmatic phase, fissures grow in size to permit the extrusion of pyroclast 625 
and gas during the lava fountain. In addition, both GV03 and GV06 indicate a small vertical 626 
movement downward, possibly indicating slight subsidence of the caldera floor (slight inflections 627 
of the vertical components around ~19:40 in Figure 5a), which may be related to magma leaving 628 
the shallow sill underneath the caldera to further feed the eruption. 629 
 630 
 631 
4.3 Eruption migration in Sierra Negra: Stages III, IV, and V  632 
  633 
The areas of deformation inferred from Interferometric Satellite Amplitude Radar (InSAR) 634 
imagery (Davis et al., 2021), and infrasound detections indicate magma migration through two 635 
distinct paths (Figures 4 and 6). Deformation and infrasound back azimuths show that the first path 636 
for magma migration is underneath fissures 1, 2, 3, and 6 (purple line, Figure 6), supplying magma 637 
continuously during the enterity of Stage III, from 19:40 June 26 to 16:45 June 28, 2018. We 638 
explain back azimuth variability during this first ~45 hours of the eruption (Figure 4d) as two or 639 
more fissures have been acoustically active concurrently, with the strongest infrasound source 640 
overpowering other sources at a time; this is consistent with direct observations on June 27 that 641 
show Fissures 1, 2, 3, and 6 were active simultaneously (BBC News, 2018). We further interpret 642 
back azimuth variability as magma propagating in different pulses and reaching to the surface 643 
through the fissure system. During Stage III, magma fed through the second path travels 644 
underneath Fissure 5 before 29 June (blue line in Figure 6) and sometime during Stage IV magma 645 
migrates under Fissure 4 (blue dashed line in Figure 6). Satellite detections from FIRMS (Fire 646 
Information for Resource Management System) suggest that the first thermal anomaly from 647 
Fissure 4 is on 1 July, while the volcanic acoustic energy from this fissure is only clearly detected 648 
until late 2 July 2018 at IS20 (Figure 4d). There are not clear infrasound detections from Fissure 649 
5 as this fissure has the smallest volume of magma emplaced to surface or because the back 650 
azimuth to this fissure overlaps with the one expected for infrasound sources along Fissure 1. 651 
 652 
We further verify that the second pathway (blue lines, Figure 6) supplied magma, during ~1.5 653 
months (Stage V), to Fissure 4 and find a series of acoustic sources that have not been documented 654 
yet (Figures 6 and 7). From satellite imagery we can see that Fissure 4 (back azimuth ~261.5°) is 655 
active throughout most of the eruption and towards 1 August the fissure propagates upslope, where 656 
the eruption ceases in late August (Figure 7). Curiously, since 5 July 2018, we register more than 657 
1800 PMCC infrasound detections originating at back azimuth 263° (Figures 2 and 4f). This back 658 
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azimuth does not correspond to the direction of any of the fissures previously documented 659 
(Vasconez et al., 2018; Bell et al., 2021a; Bernard et al., 2022) and the large number (> 1800) of 660 
infrasound detections indicate that this back azimuth change is not due to path effects (e.g., winds; 661 
Ortiz et al., 2020; Ortiz et al., 2021) but rather to the location of new infrasound sources. From 662 
satellite imagery (Figure 7), we find persistent thermal anomalies on dates 6, 16, 23 and 28 of July 663 
located north of Fissure 4 and coincident with back azimuth of 263° (green crosses, Figure 6). One 664 
possible explanation of these scattered thermal anomalies is lava tubes skylights that have the 665 
ability to produce acoustic energy and a thermal footprint (e.g., Matoza et al., 2010). Lava tube 666 
skylights are our current best explanation for the thermal anomalies and acoustic energy; however, 667 
in-situ field mapping is pending for confirming our interpretation. Further, persistent infrasound 668 
detections from Fissure 4 and nearby acoustic sources occurred only a few hours after a 5.1 Mw 669 
earthquake, which we hypothesize indicates a second magma pulse leaving the flat-topped sill-like 670 
reservoir located ~2 km below the caldera floor (Geist et al., 2008). The co-seismic deformation 671 
indicates a subsidence of 71 cm at GV06 (Bell et al., 2021a), which is consistent with the normal 672 
faulting reported for the earthquake (Sandanbata et al., 2021). Moreover, SAR deformations 673 
between 30 June and 7 July indicate a more widespread subsidence in the southern portion of the 674 
trapdoor fault system (Shreve and Delgado, 2023), which is compatible with magma leaving the 675 
reservoir beneath the caldera and continuing to feed the flank eruption. Magma is supplied to 676 
Fissure 4 until 25 August 2018 (Bell et al., 2021a) but we only detect infrasound from the region 677 
until 18 August 2018.  678 
 679 
Figure 6. Relevant geological features during the 2018 Sierra Negra eruption. Areas of 680 
deformation inferred from Interferometric Synthetic-Aperture Radar (InSAR) imagery (Davis et 681 
al., 2021) indicate two magma pathways (purple and blue lines). The area of deformation for the 682 
first path (purple line) remains constant between 29 June and 13 July, 2018, while the region of 683 
deformation for the second path (blue lines) indicates the advancement of magma from 29 June 684 
(continuous blue line) to 13 July (dashed blue line), 2018. Locations of 5.4 Mw earthquake (red 685 
circle) preceding the eruption at Fissure 1 and 5.1 Mw earthquake (blue circle) preceding the 686 
eruption from Fissure 4. Green crosses labeled with number 7 correspond to thermal anomalies 687 
inferred from satellite data presented in Figure 7 and consistent with infrasound observations at 688 
IS20 with back azimuth of ~263°. Fissure numbering (1-6) after Bernard et al., (2022). The 689 
location of the seismo-acoustic station is marked with a blue triangle, whereas GPS stations are 690 
marked with blue squares. We use black dots to outline the extent of the lava flows. 691 
 692 
Figure 7. Thermal anomalies captured in satellite imagery in the vicinity of Fissure 4. The upper 693 
left panel indicates the deformation paths shown in Figure 6 and the area enclosed in the blue 694 
square corresponds to the area shown in the subsequent subpanels. The locations of active vents 695 
of Fissure 4 are marked with blue arrows, whereas transient thermal anomalies are marked with 696 
green arrows. Only the first panel has axes in degrees, while the other panels the axes are in 697 
kilometers with respect to [lon, lat] = [-91.22°, -0.73°]. 698 
 699 
Our infrasound detections during Stage III (the first ~45 hours of the 2018 eruption of Sierra 700 
Negra) generally agree with previous studies (Vasconez et al., 2018; Bell et al., 2021a; Bernard et 701 
al., 2022). However, infrasound observations add new information to the current knowledge of the 702 
eruption chronology, especially for estimating the order in which fissures opened and were active. 703 
Current reports of fissure activity are based from limited visual observations of the eruption or 704 
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from information gathered during field mapping campaings (Vasconez et al., 2018; Bell et al., 705 
2021a; Bernard et al., 2022). As a result, we have found at least four different conventions for 706 
nameming the fissures in previous studies. Here, instead back azimuth and trace velocities derived 707 
at IS20 provide a more detail chronology of the fissure activity at Sierra Negra. For instance, the 708 
back azimuth and trace velocity change during the first hours can explain the migration of the 709 
eruption down the north flank, through Fissures 1, 2, 3 and 6 (Figures 4d-f and 6), and the eventual 710 
concurrent lava fountaining from these fissures. Although from direct observations we see these 711 
four fissures are eventually active altogether, we speculate that the systematic backazimuth 712 
increase (7.55 × 10&'	°/=), and trace velocity decrease (−2.85 × 10&(	D/=)) between 22:54 713 
June 26 and 12:31 June 27 (Figures 4d-e) are related to the opening of the fissures down the north 714 
flank of Sierra Negra; we assume the dominant acoustic source is accompanying this magma 715 
migration front reaching to the surface. The trace velocity decreases as the elevation of the acoustic 716 
source decreases while the eruption moves down the flank of Sierra Negra. Consequently, the 717 
incidence angle of the waveform front registered at IS20 progressively becomes shallower, 718 
resulting in a net decrease of the trace velocity. Considering the migration time inferred from 719 
infrasound and the distance between Fissures 1 and 6, the average inferred speed of the eruption 720 
migration is ~0.18 m/s or alternatively considering the average backazimuth increase rate and an 721 
approximate distance of 85 km between IS20 and the fissures, we obtain a migration speed of 722 
~0.11 m/s. Both approaches result in similar migration speeds, but in the second approach we need 723 
to consider that the distance between IS20 and the acoustic sources does not remain constant; this 724 
can explain the small differences in both eruption migration estimates. Nevertheless, these speeds 725 
are on the same order of magnitude of magma migration inferred at Bárðarbunga in 2014 (~0.6 726 
m/s; Sigmundsson et al., 2015) and an order of magnitude faster than the fissure propagation 727 
reported at Pu’u’Ō’ō in 2007 (~0.05 m/s; Fee et al., 2011). This is the first estimation of the 728 
migration of the eruption, which until now has not been resolved with other geophysical tools 729 
including seismicity (e.g., Bell et al, 2021a; Li et al., 2022). Further, after 12:31 June 27 and before 730 
16:45 June 28 inferred backazimuths are variable, pointing alternately to Fissures 1, 2, 3 and 6. 731 
We interpret this back azimuth variability as energy originating from one lava fountain which 732 
overpowers the other acoustic sources; this behavior alternates between fissures.  A similar 733 
competing behavior between acoustic sources was reported by Matoza et al. (2010) during the 734 
eruption of Pu’u’Ō’ō in 2007. 735 
 736 
4.4 Back azimuth variability due to atmospheric effects. 737 

 738 
Figure 8. Atmospheric profiles for air temperature (T), wind velocity (U,V), and the effective 739 
speed of sound (ceff), from 0 km to 150 km. We plot the average (solid lines) and two standard 740 
deviations (dotted lines) of hourly atmospheric profiles obtained between 19:00 June 26 and 13:00 741 
June 27, 2018 at (-0.67, -90.74), which is the middle point between Sierra Negra and IS20. For a 742 
propagation distance of 85 km, we expect infrasound to travel mostly within the troposphere (upper 743 
limit is marked with horizontal dotted lines in blue). The lack of variation in the atmospheric 744 
profiles indicates that no significant back azimuth changes occur during infrasound propagation; 745 
instead, it suggests that back azimuth changes are related to the spatial variability of the acoustic 746 
sources. 747 
 748 
We review atmospheric profiles of temperature, winds, and effective speed of sound between 749 
19:00 June 26 and 13:00 June 27 to qualify backazimuth variability due to atmospheric effects. 750 
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We acquired hourly atmospheric profiles from the Ground to Space (G2S; Drob et al., 2003; Drob 751 
et al., 2010) request system (Hetzer et al., 2019). The plots showing the average and two standard 752 
deviations for air temperature, wind velocity, and effective speed of sound are presented in Figure 753 
8, spanning from 0 km to 150 km. Since the propagation distance is 85 km, we only expect arrivals 754 
from the troposphere. At tropospheric altitudes (< 15 km), we find that atmospheric profiles almost 755 
remain unchanged over the first 18 hours of the eruption, when the eruption started at Fissure 1 756 
and then progressively migrated down the north flank of Sierra Negra. Geographically, the first 757 
segment of Fissure 1 is located at back azimuth 256.7°, only 0.3° off from our average back 758 
azimuth of 257° inferred from IS20 between 19:45 and 22:54 on June 26 (Figure 4); during this 759 
~3 hours our back azimuth estimates have a very small scatter (0.4° for one standard deviation), 760 
which is consistent with the almost constant atmospheric specifications.  761 
 762 
We also benchmark our back azimuth estimates for the two major earthquakes of moment 763 
magnitudes 5.4 and 5.1 on 09:15 June 26 and 00:30 July 5, respectively. Both earthquakes are 764 
closely located (Figures 1a and 6) at geographical backazimuth of ~253°, which is only 0.2° off 765 
from our infrasound inferred backazimuths of 252.8° at IS20. Epicentral infrasound is a well-766 
documented phenomenon that is often accompanied by other infrasound phases (e.g., 767 
Mutschlecner and Whitaker, 2005; Arrowsmith et al., 2010; Johnson et al., 2020; Fee et al., 2023). 768 
These phases could be related to secondary or local infrasound generated by the passage of the 769 
earthquakes’ surface waves interacting with topography. According to Mutschlecner and Whitaker 770 
(2005) these additional phases can precede or follow the infrasound signals from the earthquake 771 
epicenter.   772 
 773 
All these observations between infrasound and geographical inferred back azimuths suggest that 774 
atmospheric variability does not add a large uncertainty to our observations. However, it is possible 775 
that for other time periods, besides the ones discussed in this section, atmospheric variability adds 776 
a significant uncertainty to our back azimuth estimates of the Sierra Negra eruption. Further, CRB 777 
error estimates on back azimuth quantification appear to be closer to our observational 778 
uncertainties (~0.3°) than those predicted by Szuberla and Olson (2004).  779 
 780 
Considering that the acoustic source is close to zero altitude (~90-1000 m asl), there is not a clear 781 
duct in the troposphere (Figure 8) that would facilitate infrasound propagation from Sierra Negra 782 
to IS20. Thus, ray theory is limited in studying the effects that infrasound waves undergo along 783 
the propagation path. It is also possible that diffraction of the acoustic wavefield, which is not 784 
captured by the ray theory, is significant in this propagation context. Normal mode or parabolic 785 
equation simulations (Waxler and Assink, 2019 and references therein) would be the next step to 786 
investigate the atmospheric propagation path from Sierra Negra to IS20, but are beyond the scope 787 
of the present work. Nevertheless, the relative temporal stability of the atmospheric profiles 788 
(Figure 8) supports our inference that atmospheric variability is not driving the observed back 789 
azimuth changes. 790 
 791 
4.5 Summary of new observations of the 2018 Sierra Negra eruption.  792 
 793 
Stage I (09:15-17:40 June 26): Although the seismicity and deformation provide in better detail 794 
the evolution of Sierra Negra for the hours preceeding the eruption, we show that the large 5.4 Mw 795 
earthquake can be detected at IS20 (Figures 4 d and f) and subtle coupling is observed at VCH1 796 
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from 13:00 to 16:30 (Figures 3c-d), possibly related to the mechanical shaking of the MB2005 797 
microbarometer coincident with increased seismicity. 798 
 799 
Stage II (17:40-19:40 June 26): Precursory air-to-ground coupling is detected at VCH1 and is 800 
indicative of infrasound tremor generated at the nearby fissures. The infrasound tremor is 801 
consistent with an air-to-ground source; therefore, a purely seismic model cannot be used (e.g., Li 802 
et al., 2022). Instead, it is consistent with surface activity that could be explained through pulsating 803 
degassing, gas jetting, and vigorous steam plumes. The apparent differences between the purely 804 
seismic model provide by Li et al. (2022) and our acoustic observations could be due to the 805 
uncoupled seismic generation at depth with infrasound generation at surface or to weak seismic 806 
process that are challenging to retrive from the seismic signal because of the concurrent high-rate, 807 
high-amplitude seismic events. Furthermore, ambiguity remains on interpreting some of the 808 
seismic and infrasound features we observe in this stage. For instance, seismic spectral lines and 809 
gliding might be related to the well-know “Dirac comb” effect or to changes in the site and path 810 
responses. As for the infrasound data, it is possible that at high-frequencies (> 7 Hz) the records 811 
might be contaminated by mechanical vibrations of the microbarometer.  812 
 813 
Stage III (19:40 June 26 – 16:45 June 28): In contrast to what was initially reported by Vasconez 814 
et al. (2018) and then repeated in subsequent estudies (e.g., Davis et al., 2021; Shreve and Delgado, 815 
2023), the eruption at Fissures 1, 2,  3, and  6 lasted for more than 24 hours as infrasound detections 816 
at IS20 (Figure 4d) indicate continous activity from these fissures during the entire stage (~45 h). 817 
At the beginning of this stage, from 19:40 to 20:00 on June 26, seismo-acoustic analysis (Figure 818 
3b) shows that infrasound that dominates air-to-ground coupling transitions from high- to low-819 
frequencies, possibly associated with the wideing of the eruptive fissures as the magmatic phase 820 
starts. Moreover, between 19:45 and 22:54 on June 26, persistent infrasound detections at IS20 821 
indicate acoustic sources at back azimuth 257° (Figures 4d and 4f, numeric labels 2-3), which 822 
suggests that the region where Fissure 1 intersects the caldera rim was first to rupture and erupt. 823 
Later, from 22:54 June 26 to 12:31 June 27 (Figures 4d-e), we infer that the eruption migration 824 
down the flank of Sierra Negra occurs at a rate of 0.11-0.18 m/s with two or more fissures being 825 
acoustically active. 826 
 827 
Stage IV (16:45 June 28 – 00:29 July 05): This period is charactized by nearly acoustic quiescence. 828 
The near-infra red satellite observations indicate that Fissure 4 was not active on June 30 (Figure 829 
7) and on FIRMS, thermal anomalies close to the fissure are first detected on July 1. We do not 830 
detect acoustic energy from the region close to Fissure 4 until late July 2 (Figure 4d). It is possible 831 
that low-energy acoustic emissions from Fissure 4 in July 1 are not detected at IS20 as these 832 
emissions might have been attenuated by the atmosphere during propagation. The other possibility 833 
is that, given the coarse spatial resolution of the thermal alerts, the detection on July 1 is a false 834 
positive, maybe related to a lava flow from another fissure or a processing artifact.       835 
 836 
Stage V (00:30 July 05 – 00:00 August 19): The acoustic component of the 5.1 Mw earthquake is 837 
detected at IS20 and followed by incessant infrasound detections from the region close to Fissure 838 
4. The infrasound detections extended until August 18 and coincided with our last near-infrared 839 
satellite image confirming the continued activity of Fissure 4 (Figure 7). Nevertheless, the eruption 840 
was reported to end on August 25 (e.g., Vasconez et al., 2018; Bell et al., 2021a; Bernard et al., 841 
2022). The majority of the detections are located at back azimuth of ~263°, which is approximately 842 
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a 1.5° difference from where Fissure 4 is located. The 263° back azimuth, instead, is consistent 843 
with multiple thermal anomalies (Figure 6 and 7) that might indicate acoustic activity from lava 844 
tube skylights. 845 
 846 
5 Conclusions 847 
 848 
By analyzing data from VCH1, a single seismo-acoustic station, located in proximity (~0.4 km) to 849 
the eruptive fissures and IS20, an infrasound array located ~85 kilometers from the volcano, we 850 
provide new insights into the eruption sequence of Sierra Negra in 2018. Specifically, seismo-851 
acoustic analysis (Figure 3) reveals infrasound tremor, starting at 17:40 on June 26 about 2 hours 852 
before the current official eruption onset time (~19:40 June 26) for the 2018 Sierra Negra eruption. 853 
In addition, we demonstrate that infrasound can capture the eruption migration along the north 854 
flank at unprecedent temporal and spatial resolutions. The magma migration occurred over two 855 
distinct pathways (Figure 6), which were activate sequentially. The first magma pathway was 856 
active between 19:40 June 26 and 16:45 June 28 and fed the Fissures 1, 2, 3 and 6 (Figure 4). From 857 
the infrasound records, we infer that the magma front migrated beneath Fissures 1, 2, 3 and 6 at a 858 
rate of 0.11-0.18 m/s and that two or more fissures were acoustically active simultaneously; with 859 
the most energetic acoustic source overpowering acoustic emissions from the other fissures. The 860 
second pathway fed Fissure 4 (the most distal fissure to the caldera rim), Fissure 5, and acoustic 861 
sources detected at back azimuth 263°. The 263° back azimuth does not coincide with previously 862 
mapped fissures, but it is consistent with lava flow mapping, persistent thermal anomalies, and co-863 
eruptive deformation derived from InSAR. These geological features appear to be lava tube 864 
skylights which until now have not been documented in the area and an in-situ field campaign is 865 
needed to investigate this hypothesis. 866 
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