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Abstract
The 2018 eruption of Kīlauea Volcano was a dynamic event involving explosions, collapses, and fountaining at multiple vents 
spread over tens of kilometers. The permanent infrasound network operated by the USGS Hawaiian Volcano Observatory 
(HVO) was well prepared to observe the collapse of the summit, and additional deployments permitted infrasound observa-
tions during fissuring in the lower East Rift Zone (LERZ). We provide a summary of infrasound observations, including lava 
lake spattering, collapses, explosions, rockfall, and lava fountaining, using seismicity and tilt at times to help constrain our 
interpretations. At the summit of Kīlauea Volcano, we document the process of partial caldera collapse and examine a set of 
“proto-collapse” events that precede the widely observed events but share many of the same qualities as the larger collapses. 
For the initial twelve collapse events, we compare the timing of collapse onset to other observations and illustrate the repeatable 
characteristics of the recorded waveforms and infrasound characteristics associated with each episode of caldera collapse. In 
the LERZ, we match the acoustic signals with visual observations, including fissure migration, explosions near fissures, and 
littoral explosions. Lastly, we document and discuss the performance of infrasound alarms during the 2018 Kīlauea eruption. 
In general, alarming became successful in detecting collapse events at the summit of the volcano after tuning and became a 
key discriminant in the initial determination of collapse events, especially when visual observations were not available.
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Introduction

Kīlauea Volcano, Hawaiʻi, is a basaltic, shield-style volcano 
with linear rift zones extending many tens of kilometers 
from a topographically high summit caldera (Tilling and 

Dvorak 1993). Between 1983 and 2018, Kīlauea Volcano 
erupted from areas at or near Pu‘u‘ō‘ō along its East Rift 
Zone in a nearly continuous manner (e.g., Wolfe et al. 1987; 
Heliker and Mattox 2003; Wright and Klein 2014). Between 
2008 and 2018, Kīlauea Volcano also erupted from within 
the summit caldera of the volcano, where a lava lake formed 
producing minor overflows onto the surrounding crater floor 
(Fig. 1; Patrick et al. 2021). Early on May 1, 2018 (UTC), a 
down-rift dike intrusion and collapse of Pu‘u‘ō‘ō lava shield 
marked the beginning of a change in activity at Kīlauea, 
where magma that erupted in the lower East Rift Zone 
(LERZ) near Leilani Estates drained the shallow magmatic 
system at the summit of the volcano (Neal et al. 2019). This 
draining resulted in a cycle of collapse events within the 
summit caldera of the volcano and voluminous extrusion 
of lava flows into communities of southeast Hawaiʻi Island 
(Neal et al. 2019). We review the infrasound records for 
the collapse, explosive, fountaining, and fissure opening 
event associated with this eruptive phase, thereby providing 
a library for future use wherever such events take place (cf. 
Piton de la Fournaise 2007, Staudacher et al. 2009).

This paper constitutes part of a topical collection:  
 
The historic events at Kilauea Volcano in 2018: summit  
collapse, rift zone eruption, and Mw6.9 earthquake
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Infrasound refers to sound waves traveling in the atmos-
phere at frequencies below the human perception of hear-
ing (≲20 Hz). Volcanoes commonly produce infrasound 
from a variety of processes, including explosions, rockfall, 
spattering, and any other process that moves air turbulently 
(e.g., Fee et al. 2011; Johnson and Ripepe 2011; De Ange-
lis et al. 2019). Infrasound at local scales travels relatively 
free of attenuation, compared to seismic waves, and wind 
is the main source of noise in the infrasound band (Bow-
man et al. 2005). Ideal infrasound installations can thus be 
positioned farther from the source, often in forest or heavy 
brush that can dampen wind noise. Infrasound instruments 
are also often deployed in arrays or groups of three or more 
instruments placed in a strategic configuration (e.g., Johnson 
and Ripepe 2011; Fee et al. 2011; De Angelis et al. 2019). 
The arrangement of instruments enables assessment of the 

direction of an incoming signal based on time differences 
between instruments (e.g., Rost and Thomas 2002; Ripepe 
and Marchetti 2002; Olson and Szuberla 2005; Haney et al. 
2018; De Angelis et al. 2019).

Infrasound has a long and rich history of observation 
on Kīlauea Volcano made possible by frequent eruptions. 
As early as the mid-twentieth century, acoustic measure-
ments were made at Kīlauea (Perret 1950). More recently, 
the nearly continuous eruption from the area at and around 
Puʻuʻōʻō, and eventually the summit eruption that began in 
2008, prompted studies by Garces et al. (2003) and Matoza 
et al. (2010), who used infrasound arrays to study continuous 
infrasonic tremor emanating from Puʻuʻōʻō and intermit-
tently from lava tube skylights. Fee and Garcés (2007) noted 
clear diurnal variations in infrasonic tremor from Puʻuʻōʻō 
and related it to changes in the atmospheric boundary layer. 
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Fig. 1   Location map overview (a), Kīlauea summit (b), and lower 
East Rift Zone (c). Maps of infrasound arrays and single-site loca-
tions. Red triangles show permanent array sites; blue triangles show 
arrays installed in response to unrest. Red circles show seismic-only 
stations mentioned in this paper (AHUD and NPT also have seis-
mometers). Blue squares show single infrasound sensors. Gray circle 

in b shows the original outline of the Halema’uma’u crater. Black 
solid lines in c show fissure locations, and red colored areas shown 
lava inundation from the 2018 eruption. Stations are labeled first by 
their network code, then station code separated by a period. Figure 
generated with GMT (Wessel et al. 2019)
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Fee et al. (2010) studied signals coming from the summit 
vent in 2008 and early 2009. They observed broadband 
infrasonic transients associated with degassing bursts and 
continuous tremor associated with persistent degassing. Fee 
et al. (2011) detected the collapse of Puʻuʻōʻō crater in 2007 
and tracked the subsequent fissure eruption in the East Rift 
Zone. Patrick et al. (2011, 2016) used infrasound as part 
of a multi-disciplinary study to understand the trigger for 
very-long-period earthquakes and gas pistoning. Marcillo 
and Johnson (2010) looked at atmospheric conditions near 
Kīlauea using infrasound. Finally, Thelen and Cooper (2014) 
also explored the infrasound at the summit of Kīlauea aris-
ing from rockfall and degassing fluctuations in the summit 
lava lake. These studies informed our interpretations of sig-
nals observed during the 2018 eruption of Kīlauea Volcano.

In this paper, we summarize the available infrasound data 
and discuss many of the interesting features of the 2018 erup-
tion. The infrasound network during the eruption was dynamic 
due to equipment losses from volcanic activity and additions to 
keep up with the changing eruption conditions. Campaign-style 
infrasound was deployed at both the summit and LERZ and 
provided complementary but shorter-time period infrasound 
observations (e.g., Patrick et al. 2019a, b; Lyons et al. 2021). 
This discussion is observational and descriptive with only lim-
ited analysis due to the summary nature of the paper. We largely 
treat the summit eruption and the LERZ eruption separately, as 
the USGS Hawaiian Volcano Observatory (HVO) did during 
the response, because it helps focus the discussion on a subset 
of processes that are unique to each location. We encourage 
deeper, more detailed study and hope that this paper facilitates 
that work. Lastly, we discuss the valuable role of infrasound 
within the operational environment of the eruption.

Data and methods

HVO is responsible for monitoring Kīlauea Volcano and 
does so with a variety of instrumentation operated by HVO 
and its partners (USGS HVO 1956). At the beginning of 
2018, the permanent infrasound network around the Island 
of Hawaiʻi consisted of three arrays around the summit of 
Kīlauea (stations AHUD, MENE and AIND) and another 
array on the west flank of Hualalai (KHLU), operated by 
the University of Hawaiʻi at Mānoa (Fig. 1; Garcés and 
Thelen 2015). In addition to the permanent arrays, there 
was a temporary real-time array installed just north of the 
Halema‘uma‘u crater (NPT). At the beginning of the 2018 
eruption, only NPT and AHUD were fully operational and 
providing real-time data. Three additional single infrasound 
sites were installed around the summit of Kīlauea in late 
May 2018 and recorded on site (see supplementary mate-
rial). After the eruption started in the lower East Rift Zone 
(LERZ), additional real-time infrasound arrays (ERZ2 and 

WALE) were installed to track changes in vent location. 
Another array (FIS8) was installed close to fissure 8 in June 
and recorded on site as well (Lyons et al. 2021). Relevant 
parameters for the arrays used in this paper can be found in 
Supplementary Table 1 and Supplementary Fig. 1.

Infrasound sensors at sites AHUD and ERZ2 were VDP-
10 sensors, detailed in Thelen and Cooper (2014). The NPT 
array used infraBSU sensors (Marcillo et al. 2012), and the 
WALE array used Chaparral M60 sensors. Overall gains, 
including the digitizer and sensor, can be found in Supple-
mentary Table 1. The combined response of the sensor and 
digitizer can be assumed to be flat between approximately 
80 s and the Nyquist frequency for stations AHUD, ERZ2, 
and WALE, and approximately 20 s and the Nyquist fre-
quency for station NPT. Details of the response of different 
stages can be found at the Incorporated Research Institutions 
for Seismology (IRIS) archive.

Infrasound monitoring involves locating and character-
izing the size and nature of the source. While there are many 
techniques that can be used to analyze infrasound data, 
we leveraged array processing techniques to characterize 
the 2018 eruption sequence. One of the most basic calcu-
lations for an array is the estimation of a slowness vector 
from the passage of a coherent wave across the individual 
array elements. The slowness vector is often further reduced 
to a back-azimuth and apparent velocity. Here we use least 
squares beamforming to obtain these parameters (Olson 
and Szuberla 2005; Bishop et al. 2020). We use the mean 
of the peak cross-correlation coefficient between elements 
(MCCM) and the apparent velocity to evaluate the quality 
of the calculated back-azimuth. In general, we use 30-s win-
dows with 50% overlap to estimate the back-azimuth. These 
parameters mimic the properties used in real-time processing 
at HVO and reduce the effects of window edges cutting off 
transients. Additional details can be found in Haney et al. 
(2018) and Bishop et al. (2020). At times, we use the calcu-
lated slowness and back-azimuth, or assume a slowness and 
back-azimuth, to then shift and stack the individual elements 
into a single trace called delay and sum beamforming (Rost 
and Thomas 2002). We also employ the infrasound param-
eter (IP), which is a product of the number of detections in 
an azimuthal range and the amplitude of the signal over a 
given duration (Ulivieri and Marchetti 2013). The infrasound 
analysis, including many of the libraries used in this paper, 
relies heavily on the Obspy library (Beyreuther et al. 2010).

In addition to the infrasound network, Kīlauea is moni-
tored with a dense network of seismometers, Global Navi-
gation Satellite System (GNSS) receivers, and tiltmeters 
around the summit of the volcano, and a sparser network 
of seismometers and GNSS receivers in the LERZ around 
Leilani Estates (Fig. 1; Johanson and Miklius 2019; Shiro 
et al. 2021). The combined observations of this multipara-
metric network make the 2018 eruption at Kīlauea provides 
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an excellent example of caldera collapse, Hawaiian-style 
lava fountaining, and fissure eruptions.

Activity overview

Here, we summarize the overall activity to provide some 
perspective of eruptive activity before discussing the details 
of each eruption location. In early 2018, two eruptions had 
been occurring at Kīlauea, the Pu‘u‘ō‘ō eruption in the 
middle East Rift Zone and the summit eruption within 
Halemaʻumaʻu crater (Patrick et al. 2021). Magma beneath 
Kīlauea actually transited both eruption sites, starting in 
storage regions under the summit, degassing at shallow 
levels within the summit lava lake and conduit, and then 
traveling down the East Rift Zone to Pu‘u‘ō‘ō, where it was 
emplaced as lava flows (e.g., Garcia et al. 1992; Ryan 1988; 
Poland et al. 2014).

Activity began escalating in early 2018, when the rate 
of lava issuing from Pu‘u‘ō‘ō, the dominant vent since 
1983, slowed, creating an imbalance of magma flux in the 
rift zone and a rising lava lake level at the summit (Fig. 1; 
Neal et al. 2019; Patrick et al. 2019). The additional pres-
surization caused earthquakes and inflation in the summit 
area and earthquakes in the upper East Rift Zone connector, 
a common phenomenon in unrest at Kīlauea (Klein et al. 
1987). The pattern of unrest was similar to many prior epi-
sodes during the Pu‘u‘ō‘ō eruption (e.g., Episodes 59, 60, 
61; Patrick et al. 2019a, b). As the backup continued, the 
lava lake level rose until the lava lake began overflowing 
onto the Halemaʻumaʻu crater floor in late April. High lava 
lake levels and overflows were not unprecedented during 
the 2008–2018 summit eruption and often resulted in intru-
sions or new eruptive episodes in the East Rift Zone. Late 
on April 30 local time (May 1 UTC), after a brief breakout 
of lava on the west side of the Pu‘u‘ō‘ō cone, an intrusion 
started from the vicinity of Pu‘u‘ō‘ō and traveled downrift 
(Neal et al. 2019; Patrick et al. 2021; Poland et al. 2021a, 
b). After approximately 36 h of downrift travel, the intrusion 
stalled beneath the Leilani Estates subdivision in the lower 
East Rift Zone (LERZ). On May 3 at approximately 17:00 
local time (May 4 3:00 UTC), the first of 24 fissures began 
erupting (Neal et al. 2019). Low flux fissures continued, 
effusing mostly stored magmas, until fresh hot magma from 
the summit arrived in the LERZ in late May producing more 
voluminous lava flows, first traveling south to the ocean, 
then consolidating at fissure 8 (later named Ahuʻailāʻau) 
where it remained until the eruption’s end (Fig. 6; Neal et al. 
2019; Gansecki et al. 2019). In this paper, we refer to the 
eruptive vent as fissure 8, as was done during the eruption 
response, and we refer to Ahuʻailāʻau as the cone that is a 
result of the eruption.

Meanwhile, at the summit of Kīlauea, the lava level 
descended within the conduit in response to draining during 
the intrusion downrift. A M6.9 earthquake occurred on May 
4, triggering some earthquakes in the summit and enhanced 
deflation at the summit, but causing no clear change in 
eruption character in the LERZ (Anderson et al. 2019). As 
the magma retreated within the conduit, the void space left 
behind resulted in constant rockfall. Incandescence within 
the conduit was no longer visible on May 10 and the first 
of 62 recognized caldera-floor collapses began on May 17 
(Neal et al. 2019). Collapses occurred along progressively 
larger semi-circular failure planes, dropping meters at a 
time (Anderson et al. 2019). The buildup to each collapse 
included an increase in seismic tremor, earthquake rate, and 
magnitude and tilt of deflation (Neal et al. 2019). Each col-
lapse was followed by low rates of tremor and earthquakes. 
A summary of the collapse cycles can be found in Neal et al. 
(2019), Shelly and Thelen (2019), and Tepp et al. (2020). 
The last collapse occurred on August 2. After the last col-
lapse, the geophysical pattern began building toward an 
additional collapse, but earthquake rates and tremor quickly 
fell to low levels before a collapse occurred. Volumetric lava 
effusion then ceased in the LERZ on August 4 (Neal et al. 
2019).

Summit infrasound

Below we describe features of the infrasound observed as 
part of the lava lake and summit caldera collapse. We start 
with a description of events including gas piston events, 
composite events, emission events, collapses, and proto-
collapses. Then, we describe the overall chronology of the 
events and discuss what processes may be responsible for 
the observations.

Gas piston events

Gas piston cycles were common during the 2008–2018 sum-
mit eruption (Fig. 2). Once the lava lake was fully estab-
lished, fluctuations in degassing (spattering) were closely 
tied to the amplitude of seismic and infrasonic tremor (e.g., 
Fee et al. 2010; Patrick et al. 2011; Thelen and Cooper 2014; 
Patrick et al. 2016). These gas pistoning cycles start with 
gas accumulation under the surface of the lava lake, limiting 
surface degassing and resulting in low seismic and infra-
sound amplitudes. The crust on the surface of the lava lake 
was typically dominated by large plates of solidified lava, 
which were pushed upward from accumulating gas beneath 
the crust. When the crust of the lava lake was breached by 
the shallowly stored gases, vigorous spattering then took 
place, driving rapid increases in the seismic and infrasound 
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amplitudes. Spattering continued until the surface once again 
sealed itself to gas release, starting the cycle over again.

Rockfall and emission events

Visual observations by the HVO staff allow the characteri-
zation of two types of infrasound transients that can also be 
easily differentiated based on their frequency content. The 
first type was dominantly composed of infrasonic frequen-
cies greater than 0.5 Hz and had an emergent cigar-like shape 
(Fig. 3a). The seismic signal was similarly rich in high fre-
quencies, emergent, and cigar shaped. Visual observations of 
dilute dust plumes were common with these events, and hence 
were attributed to rockfall from the walls of Halemaʻumaʻu 
crater onto the lake surface. The second type was enriched 
in lower frequencies, with a dominant peak between 0.2 and 

0.3 Hz (Fig. 3b). The peaks were consistent between NPT 
(~ 1 km distant) and AHUD (~ 5 km distant), and there was 
often a high-frequency rockfall-like signal at the beginning 
of the event. Visual observations of these events showed 
larger, denser plumes, composed of ash and dust. In most 
cases, there was a radar-detectable plume at 2000 m or higher 
shortly after these events. Neither event was associated with a 
tilt transient. During the eruption, some of these events were 
internally called “Type-B” events; however, for this discus-
sion, we are going to call these emission events to avoid con-
fusion with the classification scheme of Minakami (1974). 
The consistent peak in frequency between 0.2 and 0.3 Hz 
(and another smaller peak at ~ 0.8 Hz) is interpreted here as 
an effect of the geometry of the conduit and crater, similar to 
interpretations invoking a Helmholtz resonator described in 
Fee et al. (2010).

Fig. 2   Comparison of the 
10-min infrasound parameter 
(black) to the 10-min median 
seismic amplitude at station 
NPT (gray). Note that the differ-
ent panels have different limits 
to accentuate certain phenom-
ena. Black dotted lines in b 
show composite events, blue 
dotted lines in c show proto-col-
lapse events, while red dotted 
lines in c show collapse events. 
Data were bandpass filtered 
between 0.7 and 10 Hz
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Composite events

Composite events consisted of a broadband seismic sig-
nal derived from rockfall onto the lava lake surface and 
the response to that impulse (Patrick et  al. 2011; Orr 
et al. 2012). They were commonly observed during the 
presence of a lava lake between 2008 and 2018 (Patrick 
et al. 2021). Composite events from 2008 to 2018 also had 
an infrasound transient, inflationary tilt offset recorded on 
the caldera rim and in some larger cases, a minor explo-
sion, especially for the larger rockfall events (Poland 
et al. 2021b). The diverse geophysical transients bore a 
significant resemblance to subsequent collapse and proto-
collapse events.

Caldera collapse events

Caldera collapse events were large and geophysically con-
spicuous phenomena that largely defined the 2018 summit 
eruption. Each collapse consisted of the following charac-
teristics (Figs. 3 and 4):

(1)	 A broadband seismic transient, including VLP energy, 
with a magnitude of approximately Mw5.

(2)	 A broadband infrasound transient.
(3)	 A step increase in radial tilt (inflation).
(4)	 A downward offset in displacement within the caldera, 

as measured by GNSS instrumentation.

a b

c d

Rockfall Emission Event

Proto-Collapse Collapse Event

Fig. 3   Example rockfall, emission event, proto-collapse, and caldera 
collapse event in panes a through d, respectively. From top to bot-
tom, the traces are band-pass filtered infrasound (0.1–15  Hz), high-
pass filtered infrasound (> 1  Hz), low-pass filtered seismic velocity 
(< 0.1 Hz), high-pass filtered seismic velocity (> 1 Hz), and radial tilt. 

Infrasound and seismic data from station NPT. Tilt data from station 
UWE (Johanson and Miklius, 2019). An amplitude scale of each trace 
is at the far right, and the scales are variable for each plot to show the 
details of the waveform
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The event was followed by very low rates of seismic 
tremor and very low rates of earthquakes below the caldera. 
Tremor amplitudes, earthquake rates, and earthquake mag-
nitudes all increased ahead of the next collapse event (Shelly 
and Thelen 2019; Tepp et al. 2020). GNSS, and eventually, 
visual observations made clear that the overall process for 
these events was episodic collapse; however, the details of 
the cycle and the processes responsible for the variety of 
geophysical observations require additional study. After 

the first few events, the similarity to composite events in 
seismic, infrasound, and tilt observations was striking, and 
guided early interpretation as well as safety decisions regard-
ing work in the summit area during the eruption.

Proto‑collapse events

A subset of emission events prior to the first recognized 
collapse showed many of the same characteristics as the 
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Fig. 4   Comparison of seismic (blue) and infrasound (black) wave-
forms from a collapse event early in the eruption (May 17, 2018; left) 
and late in the eruption (July 26, 2018; right). Note the different scal-
ing of the waveforms on the left and right panes. From top to bottom: 
instrument corrected velocity waveform from HV.DEVL..HHZ low-
pass filtered velocity waveform at < 0.1 Hz, high-pass filtered velocity 

waveform at > 1  Hz, instrument corrected infrasonic pressure wave-
form from HV.AHUD.01.BDF, high-pass filtered infrasonic pressure 
waveform, instrument corrected velocity waveform from HV.AHUD..
EHZ. Station DEVL was ~ 5 km from the vent and remained on-scale 
for each collapse event
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collapse events but exhibited smaller amplitude and less 
regularity in occurrence. These characteristics included an 
infrasound transient, a drop in the average seismic amplitude 
of the tremor, a rapid inflationary tilt signal, and a very-long-
period (VLP) earthquake (Fig. 5). Given the similarities, we 
invoked a similar collapse-induced pressurization model as 
the more well-known collapse events (i.e., Neal et al. 2019; 
Shelly and Thelen 2019; Tepp et al. 2020). Here, we term 
them “proto-collapse cycles” because of their geophysical 
similarities to the larger collapse events and their occurrence 
before the first recognized collapses.

The relative timing of the seismic and tilt transients 
with respect to the emission events is variable (Fig. 5). 
There are examples of a VLP and tilt transient after several 

emission events, suggesting, if the signals are linked, a 
top-down trigger starting with a collapse of the crater rim. 
There are also examples of emission events after a VLP 
and tilt transient, suggesting a bottom-up process (Chouet 
et al. 2010; Jolly et al. 2018). In still other cases, there is 
little infrasound associated with VLP earthquakes and tilt 
transients, suggesting that the processes responsible for the 
seismic and tilt signals were below the surface, most likely 
near the top of the magma column. Based on the continu-
ation of deflationary tilt after the clogging of the conduit 
by rockfall, the top of the magma column was likely well 
beneath the surface by this time period (Anderson et al. 
2019).

a

b

c

Fig. 5   Three proto-collapse events. In each plot, the black traces are 
the infrasound recorded on station HV.NPT. The top trace is high 
pass filtered above 0.1 Hz and the bottom black trace is high pass fil-
tered above 1 Hz. The blue traces are the seismic velocity recorded 
on station HV.NPT. The top blue trace is low pass filtered below 
0.1  Hz, and the bottom blue trace is high pass filtered above 1  Hz. 

The red trace shows the radial tilt from the tiltmeter at Uēkahuna 
vault, assuming a  source at Halema’uma’u. a Example of concurrent 
emission event, VLP, and tilt step. b An example of emission events 
preceding a VLP and tilt step, suggesting a top-down trigger. c An 
example of an emission event after a VLP and tilt step, suggesting a 
bottom-up trigger
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Summit chronology and discussion

One of the most common features of the seismic and infra-
sound recordings during the 2008–2018 summit eruption 
was the presence of gas pistoning events. In the days leading 
up to the 2018 eruption, the lava lake overflowed onto the 
floor of Halema‘uma‘u crater for only the second time dur-
ing the 2008–2018 summit eruption. By analyzing the infra-
sonic tremor frequency during this time period and compar-
ing it to periods when the lava lake was lower, we can assess 
the contribution of the conduit geometry and resonance on 
the recorded infrasound signal. Several common peaks in 
infrasound spectra between 0.4 and 0.8 Hz occur regard-
less of whether the lava level is low (within the conduit) 
or high (overflowing) (Fig. 6). Given common peaks in the 
spectra when there was an exposed conduit and when there 
was not, we can exclude conduit resonance as a potential 
source for the infrasound below 1 Hz. Similarly, Fee et al. 
(2010) described tremor during the early part of the summit 
eruption with relatively stable peaks from 0.3 to 0.6 Hz and 
from 1 to 3 Hz and did not see a change in resonance dur-
ing short-duration drops in the lava lake. Instead, assuming 
resonating infrasonic wavelengths between 400 and 800 m, 
it seems that resonance of the larger Halema‘uma‘u crater 
is a more plausible source. Conduit resonance may explain 

some minor peaks in the spectra just above 1 Hz, that were 
only seen when the conduit was exposed (Fig. 6).

On May 3, the lava lake began to drop in response to the 
dike intrusion and eruption downrift. Normal activity of the 
lava lake continued, including gas pistoning, until late in 
the day on May 5 UTC. After this time, the lava lake was 
in a nearly constant state of motion with chaotic degassing, 
facilitated in part by the collapse of unsupported, cooled lava 
pasted onto the sides of the conduit (Supplementary Fig. 2). 
Through this time, infrasonic and seismic tremor increased 
steadily (Fig. 2). Infrasound detections showed highly coher-
ent back-azimuths toward the lava lake at Halema‘uma‘u, 
and the tremor was strong enough to obscure most of the 
observed rockfalls during this time period. On May 9 at 
18:25 UTC, a series of two larger rockfalls occurred about 
1 min apart that resulted in two composite seismic events: 
a two-microradian inflationary tilt and an explosion with a 
plume that extended to about 1800 m elevation (~ 800 m 
above the vent).

Increases in the amplitude of the infrasound signals 
between May 6 and 9 coincide with a transition in the lava 
lake surface from large plates to a highly disrupted surface 
with chaotic degassing (Fig. 2). The drop in lava lake eleva-
tions within the flared geometry of the conduit may also 
have served to amplify the infrasound signal (Johnson et al. 
2018b). The increase in seismic amplitudes began around 
the time of the M6.9 South Flank earthquake on May 4, prior 
to the increase in infrasound amplitudes, and continued after 
the conduit became clogged on May 10.

The timing of the composite event on May 9 occurred 
at, or just after, the peak in infrasound tremor. Over the 
subsequent 16 h, the infrasound tremor amplitude dropped 
precipitously, despite a continued increase of the seismic 
tremor amplitude (Fig. 2). On May 10, there was a double 
composite event, at 10:26 and 10:28 UTC. Since the event 
occurred during darkness, there are no visual observations; 
however, there is a clear radar return at 2000 m elevation 
over the southwest side of the caldera, suggesting a plume 
similar to the event on May 9 was present. Shortly after 
the double event on May 10, infrasonic tremor dropped to 
background levels, and continuous infrasonic detections 
from the direction of Halema‘uma‘u ceased (Fig. 2). Fur-
ther, no incandescence from the pit was observed, effectively 
marking the clogging of the conduit by debris preventing the 
magma column from direct interaction with the atmosphere. 
Seismic tremor did not change abruptly after the conduit was 
engulfed with debris, suggesting that the same processes 
that gave rise to the seismic tremor continued even after the 
conduit were buried.

The large-amplitude events on May 9 and 10 could either 
be classified as composite events or proto-collapse events. 
The only difference between the two is that a composite 
event has a rockfall trigger which can typically be confirmed 
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Fig. 6   Comparison of infrasound power spectral density (PSD) dur-
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with a visual observation by a remote camera. Proto-col-
lapses, on the other hand, do not have a known triggering 
mechanism.

While spattering and degassing at the surface of the lava 
lake certainly contributed to the seismic tremor occurring at 
the time, the frequency content changed dramatically dur-
ing the amplitude increase, suggesting multiple source pro-
cesses and/or locations (Fig. 7). Seismic frequency content 
changes from the microseism to 25 Hz, including several 
gliding bands. One band between 15 and 20 Hz shifts rapidly 
after the M6.9 earthquake on May 4 and after the collapses 
starting on May 16. Infrasound frequencies are relatively 
constant. Further, while both the seismic and infrasound 
amplitudes were increasing at the same time, second-order 
changes in amplitude were not as well correlated as one 
would expect if the seismic tremor was entirely due to lava 
lake spattering, for example, during gas piston events. The 
additional source of the seismic tremor must also have been 

deeper within the Halema‘uma‘u plumbing system, away 
from the impacts of a dropping lava lake level and beneath 
the ground where infrasound could not be generated.

Once the infrasonic tremor stopped on May 10, coher-
ent infrasound detections were almost entirely reflective of 
discrete rockfall and emission events. Despite the presence 
of a buoyant and often ash-rich plume, continuous infra-
sound detections from Halema‘uma‘u crater were rare after 
the conduit became clogged by debris on May 10, occurring 
for approximately 5 h on May 13 and a few tens of minutes 
late on May 15. Seismic tremor frequencies between the 
microseism and 1 Hz increased markedly after the conduit 
closed (Fig. 7). The first recognized proto-collapse occurred 
on May 14 at 5:27 UTC (Fig. 2). Interevent times between 
proto-collapse events were irregular but occurred on the 
order of hours. The last recognized proto-collapse event was 
May 16 at 3:01 UTC, just over 24 h before the first recog-
nized collapse event.

Fig. 7   Spectrograms of seismic 
and infrasound data at the sum-
mit of Kīlauea during increases 
in seismic and infrasonic ampli-
tudes. Spectrogram of seismic 
channel HV.NPT..HHZ at high 
frequencies (a) and long periods 
(b). Spectrogram of infrasound 
channel HV.AHUD.01.BDF 
(c). All spectrograms use 60 s 
windows to calculate the spec-
tra, then average those spectra 
for each hour, which is plotted 
as vertical lines here. Vertical 
streaking in HV.AHUD spectro-
gram is dominantly wind noise, 
especially after May 10. The 
M6.9 South Flank earthquake 
occurred at 22:33 on May 4 
and can be seen in seismic and 
infrasound spectrograms
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Beginning on May 17 at 4:17 UTC, the first of 62 discrete 
caldera collapse events occurred (Neal et al. 2019). Based on 
the character of the seismic VLP and the infrasound wave-
forms, the first twelve events (May 17–26) were associated 
with an eruptive plume, one of which reached over 9 km 
above sea level. After the strong compressional infrasound 
arrival, dominant frequencies overlapped with emission 
events seen prior to the large collapses, consistent with large 
plumes observed from these events (Figs. 3 and 4).

All these collapse events are geophysical transients con-
sistent with a “stomp rocket” model (Shelly and Thelen 
2019) where collapse of a down-dropping piston pressurized 
a gas-charged magma chamber underneath. However, the 
question remains whether the same processes were respon-
sible for the initial 12 collapse events, which were different 
from the subsequent 50 in terms of plume generation. We 
combined seismic and infrasound observations to constrain 

failure mechanisms and timing for each of the initial 12 col-
lapses. The tilt and GPS time series are too coarsely sampled 
(1 sample per minute or longer) and thus do not constrain 
the timing of collapse. In many of the events, the first obvi-
ous signal in infrasound is a strong compressional transient 
(Fig. 4). At frequencies above 1 Hz, the infrasonic ampli-
tude built quickly and decreased slowly. These infrasonic 
observations were consistent with visual observations of a 
buoyant volcanic plume at the vent. Earlier in the infrasound 
record, however, there existed a subtle long-period dilata-
tion at stations NPT and AHUD. At times, this dilatation 
was at or below the noise level of the trace. The consistency 
and causality of the dilatation were much clearer when the 
infrasound trace was time-shifted assuming a source near 
the vent and compared to the VLP band of the seismic data 
(Fig. 8). Time-shifting the infrasound data makes it clear 
that the infrasonic dilatation was present during each event 

Fig. 8   Comparison of infra-
sound beam (black line) from 
NPT (left) and AHUD (right) 
to the seismic signal from sta-
tion OBL (thick gray line) for 
each of the first twelve collapse 
events. NPT went down with 
the ship after the May 24 event, 
and thus, we use OBL for the 
comparison. NPT data were 
shifted by 2 s and AHUD data 
were shifted by 12 s to correct 
for the infrasound travel time to 
a  source near the center of the 
initial collapses. Origin times 
for the initial 12 collapse events 
were not accurate enough to 
align the VLP phases, and thus, 
seismic and infrasound traces 
were further shifted together 
based on the maximum correla-
tion of the VLP trace to align 
each of the collapse events
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on at least one array and that it was coincident with the 
beginning of the compressional VLP signal.

Dilatations, or rarefactions, in infrasound are exceedingly 
rare; however, one simple explanation would be ground 
collapse. Other published examples of rarefaction onsets 
occurred at Cotopaxi (Johnson et al. 2018a) and Pu‘u‘ō‘ō 
(Fee et al. 2011). At Cotopaxi, the signal was interpreted 
as crater floor collapse, and at Pu‘u‘ō‘ō, the signal was 
attributed to downward motion of rockfall debris. Both 
processes are possible here; however, rockfall at the sum-
mit of Kīlauea typically has higher frequencies (Thelen and 
Cooper 2014). Rockfall can also be present in these col-
lapse events, but frequencies consistent with rockfall do not 
occur until later in the event. Assuming that the dilatational 
first arrival is ground collapse, the infrasound-observed col-
lapse is likely also responsible for the seismic VLP signal 
that starts at about the same time. Seismic VLP signals of 
similar character were commonplace in the 2008–2018 sum-
mit eruption and nearly always localized on the north side 
of the Halema‘uma‘u crater at a depth of approximately 
1 km below the surface (Dawson et al. 2004). In the “stomp 
rocket” model of Shelly and Thelen (2019), the collapse 
compresses a pocket of exsolved gas at the top of the magma 
column and forces it out of the conduit tens of seconds later 
as seen in the compressional long-period arrivals on the 
infrasound records (Fig. 4). The subtle long-period rarefac-
tions compare well with the small volumes of the initial 
collapses relative to later collapses (Fig. 4). Preliminary 
work estimated the collapse volumes based on the temporary 
infrasound recordings around the summit caldera (Fig. 1) 
and found smaller volumes than those calculated by differ-
encing successive digital elevation models (Fee et al. 2018).

The collapse volume is likely the main difference between 
the proto-collapse cycles and collapse events. The collapse 
block progressively got larger with subsequent events 
between May 17 and August 2, 2018 (Neal et al. 2019). 
The presence of proto-collapse events extends the size pro-
gression backward in time to even smaller volumes, which 
help explain the smaller relative transient amplitudes and 
greater irregularity of the proto-collapse events compared to 
the well-recognized collapse events later in the eruption. The 
first collapse on May 17 did not just occur spontaneously, it 
was part of a progression that started with rockfall, expanded 
to composite events, and progressed to small collapses above 
a closed conduit in the weeks prior to May 17, 2018.

After the first 12 events, the collapse events became 
highly repetitive in the seismic VLP band and in long-
period band of infrasound (< 0.5 Hz; Fig. 9). The dilata-
tion in infrasound became much larger, and the high fre-
quencies were much shorter in duration (Fig. 10). This is 
consistent with the lack of an observed volcanic plume 
after the collapse event on May 26. Tilt and GPS transients 
also became stronger. The high-frequency seismic energy  

increased significantly, whereas the high-frequency seis-
mic energy was very weak before, considering the mag-
nitude of the earthquake. The amplitudes became large 
enough to impact the infrasound records, creating shaking 
at the sensor, which can be seen in Fig. 4 as infrasound 
occurring at the same time as the direct seismic arrival. At 
high frequencies, the infrasound and seismic wave enve-
lopes have nearly equal duration. High frequencies can 
also be seen in the raw infrasound signal preceding the 
large rarefaction. As in the initial 12 collapses, there is a 
strong positive pressure transient immediately after the 
rarefaction; however, given the lack of a volcanic plume, 
this is most likely a byproduct of the collapse process.

Lower East Rift Zone infrasound

In this second part, we focus on events and infrasound 
records for the LERZ. As for the summit events, we will 
first discuss the nature of explosions associated with lava 
fountaining at fissure vents, explosions associated with 
lava flowing into the ocean (littoral blasts) and lava foun-
taining, followed by a chronology and discussion of the 
eruption. Unlike the summit eruption, there are ample 
ground-based observations that can help tie infrasound 
tremor and transients to specific processes with a high 
degree of confidence.

Explosions

Immediately after infrasound was established in the LERZ, 
infrasound observations associated with fissuring activity 
was evident (Fig. 11). Activity was characterized by low-
level infrasonic tremor with energy dominantly below 7 Hz 
that was punctuated by high-amplitude, short-duration 
transients that we interpret, based on visual observations, 
as explosions (Fig. 12). The infrasound transients associ-
ated with explosions were often composed of a highly simi-
lar, single cycle with an up first motion and a frequency 
around 3 Hz. Back-azimuths were consistent with a source 
near fissure 17 (see map in Gansecki et al. 2019). The lava 
erupted from fissure 17 was an anomalous crystal-rich 
andesite, giving it a higher viscosity and resulting in more 
explosive eruption style (Gansecki et al. 2019) than is typi-
cal for Hawaiian fissure eruptions. At the vent, activity was 
characterized by fountaining approximately 50 m high with 
occasional bursts to 100 m. In addition, there were ample 
photographic, video, and eyewitness accounts of small 
explosions incorporating steam and/or magma fragments, 
sending ballistics up to 400 m high (Gansecki et al. 2019; 
HVO Internal Logs).
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Fig. 10   Maximum amplitude 
of the infrasound beam from 
station AHUD. Black dots are 
maximum amplitudes of the 
low-pass filtered beam, and the 
red dots are maximum ampli-
tudes of the high-pass filtered 
beam

Collapse Events: Station AHUD
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Littoral blasts

Another type of infrasonic transient was observed; this 
type also explosive in nature, but with a back-azimuth that 
pointed to an area where lava was entering the ocean. Once 
lava began flowing into the ocean, seismic tremor increased 
on several stations in the LERZ. The infrasonic signature of 
these ocean entries mostly consisted of impulsive explosion-
like signals that were preceded by a low-frequency seismic 
signal (Fig. 13). Back-azimuths of the infrasonic explosions 
point toward the location of the ocean entry, and the dif-
ference in time of arrivals between seismic and infrasound 
signals suggests a source approximately 3 km away from sta-
tion ERZ2, assuming a concurrent source of the seismic and 
infrasound signals. Our interpretation is that the high-ampli-
tude seismic and infrasound transients described here are 
from littoral blasts at the ocean entry. Acoustic observations 
of explosions from the Kamokuna ocean entry in 1998 are 
detailed by Caplan-Auerbach and Duennebier (2001) using 
a hydrophone, but the signals are not directly comparable to 
our observations here.

Lava fountaining

Infrasonic tremor was common during the LERZ eruption 
and typically had back-azimuths pointing in the direction of 
active fountaining or vigorous gas release. The infrasonic 

tremor had frequencies between the microbarom and about 
7 Hz, regardless of the station (Figs. 12 and 14). Especially 
once the activity localized at fissure 8, the infrasonic tremor 
had very stable spectra and generally decreasing amplitudes 
with time (Fig. 11). Gestrich et al. (2021) analyzed the infra-
sound frequency content of the fissure 8 fountaining and 
found a good correlation with jet noise, suggesting a jet-like 
source mechanism.

LERZ chronology and discussion

At the Pu‘u‘ō‘ō vent, the initial dike intrusion downrift was 
accompanied by a minor fissure eruption on the west flank 
of Pu‘u‘ō‘ō and subsequent collapse of the Pu‘u‘ō‘ō vent 
on May 1 (Neal et al. 2019; Poland et al. 2021a). There 
was no clear evidence of either collapse or fountaining on 
the AHUD or NPT infrasound arrays, which were the only 
operational arrays at the time, located 15–20 km away from 
the Pu‘u‘ō‘ō vent. Array detections were instead fixed on the 
Halema‘uma‘u crater, which dominated the signal. Beam-
forming assuming a source at Pu‘u‘ō‘ō also did not yield 
any significant amplitude transient. At other times during 
the eruption, detections were recorded from a back-azimuth 
consistent with Pu‘u‘ō‘ō and/or fissures in the lower East 
Rift Zone (LERZ), but only during periods of light winds, 
typically at night. Three possibilities are thus likely, though 
they are not mutually exclusive:

a

b

Fig. 11   Ten-minute Infrasound Parameter (IP) on station ERZ2 (a) 
and WALE (b) are plotted as a black line with gray filled below. Red 
rectangles show the duration of different fissures in the lower East 
Rift Zone. Overlapping rectangles result in a deeper red and show 
time periods where several fissures were active at the same time. 

Data were bandpass filtered between 0.7 and 10 Hz. Azimuth ranges 
encompassed the range of fissures (255 to 285° for ERZ2, 104–194° 
for WALE). Time periods are shown to include the entire eruption 
and thus time periods when no proximal infrasound data was avail-
able, or data was not sufficient to obtain a back-azimuth
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(1)	 The strength of the signal from Halema‘uma‘u crater 
overwhelmed the signal arriving from Pu‘u‘ō‘ō,

(2)	 The propagation and/or noise levels were unfavorable 
for detections from that back-azimuth (Fee and Garces 
2007), and

(3)	 The fissuring on the west flank of Pu‘u‘ō‘ō was weak 
and the collapse of the Pu‘u‘ō‘ō crater was slow.

Indeed, cloudy conditions prevailed during the fissuring 
and collapse at Pu‘u‘ō‘ō, obscuring views from nearby web-
cams or other ground-based or airborne visual observations.

On May 4 at 2:50 UTC, the first fissure broke the sur-
face in the Leilani Estates Subdivision in the LERZ. At the 
time of the eruption, the LERZ was sparsely instrumented, 
with a limited set of seismic and geodetic equipment (Shiro 
et al. 2019). At the beginning of the LERZ eruption, the 
nearest infrasound sensor was located approximately 40 km 
away at the summit of Kīlauea (AHUD). During the initial 

fissures, spattering was too weak to be recorded by the 
existing infrasound arrays. Initial fissures did have seismic 
signals associated with them, especially on the two closest 
stations (KLUD and PHOD) but the infrasound and ground 
coupled airwaves associated with the fissuring are insepara-
ble from the seismic signals associated with shallow magma 
transport.

It was not until May 16, 2018, that the first infrasound 
array was installed in the LERZ at a location 4–8 km south 
of the fissures (ERZ2; Fig. 1). Between May 16 and 19, 
several fissures were active (4, 6, 13, 15, 16, 17, 18, 20, 21, 
22, 23); however, most coherent signals recorded on ERZ2 
arrived in a direction closest to fissure 17, approximately 
4 km away. High-amplitude infrasound transients associ-
ated with explosions over a background of infrasonic tremor 
associated with low-level fissuring were common. Utilizing 
the similarity of explosion signals, we used a large event 
to perform a matched filter to detect additional explosions 
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Fig. 12   Overview of fissure 17 activity. a Spectrogram from ERZ2 
with waveform above showing typical fissuring tremor at fissure 17 
punctuated by high-amplitude transients. Detected events are shown 
with a vertical gray line. Red vertical line corresponds to the red 
event in c. b Image extracted from video taken on May 18, 2018, 
at approximately 20:30 UTC. On the left is the typical fountaining 
activity responsible for the infrasonic tremor,and on the right is an 

explosion, which is thought to be responsible for the high-amplitude 
transients. Fountaining on the left is on the order of 50 m during this 
time period, though no estimate was given for this exact time period 
of the image/video. Original video can be found in the supplementary 
section to this paper. c Record section of high-amplitude transients 
seen in a as recorded on ERZ2. The red waveform corresponds to the 
explosion seen in b. Amplitudes are normalized
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(Fig. 12). In the infrasound data, these transients occur sev-
eral and sometimes several tens of times an hour early in the 
analysis window (Fig. 15). Maximum recorded amplitudes 
of the recorded explosions range from 0.2 to 100 Pa with 
most transients between 0.3 and 5 Pa. Activity at fissure 17 
waned along with the number of detected explosions until 
the end of activity at fissure 17. Some detections did occur 
after the observed cessation of activity, but they have very 
low rates of occurrence.

Beginning May 18, the locus of activity shifted westward 
creating new fissures (18, 19, 20, 21, 22, 23, 24) and reacti-
vating older fissures (3, 7, 8, 9, 13, 14, 15, 16). This progres-
sion is well captured in the infrasound record, despite the 
limited azimuthal difference between fissures (Fig. 16). Our 
analysis only captures the most dominant coherent signal 
in the recorded waveform. It may be possible to more care-
fully detail the progression of westward fissuring by using an 
array processing algorithm that can separate multiple coher-
ent signals occurring at the same time or by using more 
limited bandpasses (e.g., Goldstein and Archuleta 1987; den 
Ouden et al. 2020; Iezzi et al. 2022).

As fissure activity moved west, the erupting lava became 
much less viscous (Gansecki et al. 2019), flowing southward 
from the fissures to the ocean. Around midday on May 20 
UTC, lava reached the ocean from fissure 20. Eventually, 
fissures 6, 13, and 22 also produced flows that fed concur-
rent ocean entries, all to the south of the fissures. Shortly 

after the ocean entry was established, seismic and infra-
sound transients associated with littoral blasts began to be 
observed. Using back-azimuths calculated on station ERZ2, 
we can see that the number of detections from the ocean 
entry (200–225°) coincides well with the observed activ-
ity at the ocean entry (Fig. 15). Transients had maximum 
recorded amplitudes of less than 10 Pa, with most observed 
detections below 1 Pa maximum amplitude. The event rate 
of transient detections associated with littoral blasts is not 
constant, but highly irregular, suggesting that the conditions 
for littoral blasts may be more complicated than simply lava 
flowing into the ocean. By May 27, activity at the ocean 
entry had largely diminished or ceased altogether.

Activity eventually concentrated at fissures 7 and fis-
sure 8 in late May, which sent lava northward. During this 
time period, one of the three elements in the ERZ2 array 
became noisy, compromising the calculated back-azimuths. 
Data after May 30 were improperly archived and lost. Thus, 
no infrasound array data were available until WALE was 
installed on June 5. By June 8, the activity at fissure 8 had 
intensified from Hawaiian lava fountains to strombolian type 
activity. The WALE array lies about 4 km north of the cone 
of Ahuʻailāʻau (fissure 8), and the array data were dominated 
by tremor coming from the direction of the large fountain.

Patrick et al. (2019a, b) described two time scales of 
transients associated with amplitude changes in the infra-
sound recorded from fissure 8. The first were short-term 
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Fig. 13   Recording of a littoral blast from the ocean entry on May 
25, 2018, UTC. a Seismic recording from ERZ2 (top three traces) 
and infrasound recording (bottom three traces). b Example of a lit-
toral blast detection. Top pane: Unfiltered ERZ2 waveform. Middle 
top: MCCM for each 30-s window with 50% overlap. Middle bottom: 
Trace velocity of each 30-s window. Bottom pane: Back-azimuth for 

each time window. The gray vertical rectangle shows the time period 
shown in a. Each circle is with respect to the MCCM. c USGS photo 
of the ocean entry on Saturday May 26, local time. The plume in the 
foreground is estimated to be at least 100–300 m wide where the lava 
is interacting with the ocean
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cycles of up to 10 min where the increases in the bulk effu-
sion rate from the fissure 8 vent corresponded to decreases 
in the seismic and infrasound amplitudes. Patrick et al. 
(2019a, b) attributed the relationship to a difference in 
degassing efficiency and foam formation sometimes seen 
in gas pistoning. They suggested that the extrusion rate 
was nearly constant across the short-term variations in 
infrasound and seismic amplitudes. This activity only 
occurred for about 2 weeks between July 14 and 29 and 
was not characteristic of the overall fissuring activity at 
fissure 8.

The second time scale occurred on the order of days and is 
associated with collapse events at the summit of Kīlauea. Within 
minutes of a collapse at the summit (~ 40 km away), amplitudes 
of seismic and infrasonic tremor increased rapidly (hours) with a 
slower decline in amplitude (tens of hours). Patrick et al. (2019a, 
b) attributed these changes in seismic and infrasonic amplitudes 
to enhanced fissuring and extrusion caused by an increase in 
pressure from the summit collapses. Interestingly, Patrick et al. 
(2019a, b) pointed out that effusion rate changes from summit 
collapses, and the changes in infrasound amplitudes were not 
present until mid-June and in early- to mid-July.

Lyons et al. (2021) further investigated the infrasound 
generated during both the short-term and long-term changes 
in effusion rate at fissure 8, using the campaign data (5L.
FIS8; Fig. 1) recorded 500 m from the vent. They detailed 
changes in back-azimuth that moved from the vent direction 
down the proximal lava channel, or spillway, when effusion 
rates increased. Field observations and unoccupied aircraft 
systems (UAS) imagery showed that during the periods of 
high effusion rate, the flow would become turbulent in the 
spillway and breaking waves would form in the lava flows. 
Lyons et al. (2021) found that the spectral content of the 
spillway infrasound varied from the vent infrasound and 
proposed that the source of the spillway infrasound was pri-
marily the interaction of the turbulent lava free surface with 
the atmosphere.

Notably, while fissure 8 was the dominant vent from early 
June until the end of the eruption, it was not the only active 
fissure. Fissures 16, 22, and 6 were all reactivated in parts 
of June or July. When activity at fissure 8 was subdued, sig-
nals from other active fissures and/or ocean entries could 
occasionally be detected. One such signal occurred on July 
16 around 15:33 UTC (5:33 local) when a tour boat was 

Fig. 14   Infrasonic spectra of lava fountaining at fissure 8 recorded 
on station WALE. Spectra are calculated over 10-min time segments 
with 50% overlap. Each line above is a day of 10-min spectra aver-
aged together. Lines are color coded by date with earlier spectra 

shown in dark blues and later spectra shown in greens and yellows. 
Gray spectra represent the “background” spectra calculated between 
August 10 and 20. Background spectra are calculated and averaged 
exactly the same as the colored spectra
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a

b

Date (YYYY-MM-DD)

Fig. 15   Time series of explosions from fissure 17 (gray) and littoral 
blasts (blue). a Event rate plot of explosions (gray) and littoral blasts 
(blue). Explosions were detected using a matched filter with the red 
waveform in Fig. 12c. Littoral blasts were defined as high-amplitude 
transients with back-azimuths calculated on station ERZ2 originating 
from the direction of the ocean entry (200–225°). The red box shows 

the duration of fissure 17, while the blue box shows the duration of 
the southern ocean entry. b Max amplitude of the detected signals 
as recorded on ERZ2. Gray dots represent individual events, and the 
gray line shows the cumulative amplitude. Blue dots represent max 
amplitudes of impulsive detections from the ocean entry and the blue 
line is the cumulative amplitude

Fig. 16   Weighted sum of coher-
ent detections from HV.ERZ2. 
Detections with an MCCM 
parameter > 0.6 and relative 
velocities between 0.25 and 
0.45 km/s were considered 
in this analysis. Warm colors 
indicate more detections from a 
given back-azimuth, while cool 
colors indicate fewer detec-
tions. Sums are weighted by the 
MCCM

Downrift

Uprift
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struck by ballistics from a littoral blast injuring 23 people 
(https://​www.​nytim​es.​com/​2018/​07/​17/​us/​lava-​bomb-​boat-​
video-​hawaii.​html). The blast was recorded above the fis-
suring tremor of fissure 8, and array processing reveals a 
back-azimuth consistent with the site of the blast. The infra-
sound signal is more complex than the example in Fig. 13 
and consists of 4 pulses of declining energy extended over 
approximately 30 s.

The end of the 2018 eruption in the lower East Rift 
Zone is not easy to pinpoint. Vigorous fissuring stopped on 
August 5 (August 4 local) and fresh lava was not seen again 
in the main channel exiting the vent except within the cone 
between September 1 and 4. However, the recorded infra-
sound tells a more complicated story. Decreases in the rate 
of effusion of lava were reported at fissure 8 beginning in 
the end of July. There was a data outage at WALE between 
July 31 and August 2; however, infrasound amplitudes main-
tained similar levels observed over the previous 2 weeks 
(Fig. 11). Infrasound amplitudes at the vent decreased rap-
idly to levels below the detection threshold of WALE by 5:05 
UTC on August 5 (August 4 19:05 local) (Fig. 17). During 

the decrease in infrasound amplitudes, seismic amplitudes 
also decreased, and visual observations documented that the 
lava was ponded and crusted over within the fissure 8 cone, 
with only a small roiling fountain present. Coherent tremor 
consistent with degassing or fissuring at fissure 8 occurred 
between 5:39–5:48 UTC and 6:24–7:10 UTC on August 5. 
Then, between 7:30 UTC and 10:00 UTC, there was pulsat-
ing tremor coming from the direction of fissure 8, then a 
lower amplitude tremor signal with constant amplitudes until 
around 16:00 UTC (Fig. 17).

Interestingly, when the infrasound signals from fissure 8 
waned on August 5, the WALE array detected coherent sig-
nals from back-azimuths spanning all the previous fissures 
to the east of fissure 8 and the active ocean entry. Using 
the FIS8 array together with the WALE array suggests that 
breaking ocean waves distributed along the coast are likely 
sources, made louder by the passage of Hurricane Hector 
around August 8 (e.g., Garces et al. 2003; Le Pichon et al. 
2004; Lyons et al. 2014).

Field observations of activity at the fissure 8 vent con-
tinued to show a decrease in activity, and by August 17, 

Fig. 17   a Plot of back-azimuths 
(colored circles) calculated 
from station WALE at the end 
of observed fissuring. Colors 
of the circles are based on the 
MCCM. Warmer colors indicate 
higher coherence and thus more 
precise back-azimuth calcula-
tions. Only back-azimuths with 
an MCCM value of greater than 
0.5 and an apparent veloc-
ity between 250 and 450 m/s 
are plotted. The gray line and 
shaded area represent the 1-min 
median pressure between 0.8 
and 10 Hz calculated with the 
02 channel of the WALE array. 
Clear diurnal noise is present 
in the median signal. The red 
shaded rectangle represents 
back-azimuths of previously 
active fissures, and the blue 
rectangle represents the back-
azimuths of the ocean entry. 
Dotted horizontal lines show 
back-azimuths to fissure 8 and 
Pu‘u‘ō‘ō. b Same as a, except 
zoomed in on the end of fissur-
ing on August 5 UTC​

M
CCM

a

b

https://www.nytimes.com/2018/07/17/us/lava-bomb-boat-video-hawaii.html
https://www.nytimes.com/2018/07/17/us/lava-bomb-boat-video-hawaii.html
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there was no incandescence observed. Regardless, coherent 
infrasound was detected from the direction of fissure 8 on 
August 9 from 5:10 UTC until late in the day on August 12. 
Coherent activity consisted both of tremor and short high-
amplitude transients. Subsequent detected activity from 
fissure 8 was highly inconsistent, and usually consisted of 
minute-long tremor bursts. Field crews did note the presence 
of intermittent gas jetting from vents and hornitos in the 
spatter cone. Active lava again was visible on the floor of the 
fissure 8 cone between September 1 and 5; however, there 
are no clear infrasound detections associated with this activ-
ity meaning that extrusion was not accompanied by strong 
degassing. There are some weakly coherent (~ 0.5 MCCM) 
detections in the direction of fissure 8, but nothing similar 
to what was detected prior to August 5.

Operational aspects

Infrasound had been incorporated in the permanent monitor-
ing network at the USGS Hawaiian Volcano Observatory 
since 2012 (Thelen and Cooper 2014); however, real-time 
analysis for monitoring at HVO only started the week before 
unrest began in 2018. Between 2012 and 2018, much of the 
standard processing was carried out by the Infrasound Labo-
ratory of the University of Hawaiʻi at Mānoa (ISLA; https://​
www.​isla.​hawaii.​edu/), who also operate other infrasound 
arrays on Island of Hawaiʻi. Fortuitously, two software pack-
ages were installed in late April 2018: iPensive (https://​
github.​com/​awech/​ipens​ive) and AVO-alarms (https://​
github.​com/​awech/​AVO-​alarms). Both software packages 
were developed and in operation at the Alaska Volcano 

Observatory (AVO). The iPensive code, based on the meth-
ods detailed in Olson and Szuberla (2005) and, similar to our 
methods in this paper, calculates back-azimuths and displays 
them in a way that was already familiar in the observatory 
setting (see Fig. 13B). iPensive displays a mosaic of 10-min 
analyses in six panels horizontally and as many as 24 panels 
vertically, giving a duty scientist an easy way of both get-
ting an overview of the activity for a day but also having the 
ability to zoom into a period of interest. This type of display 
has wide use across the US volcano observatories to review 
spectrograms from multiple stations at a given volcano. The 
AVO-alarms code was used specifically to alarm on a large 
infrasound signal from a specific range of back-azimuths 
using the same methods as iPensive. When installed, it was 
not clear how it would be utilized and it was originally set 
up with parameters and filters mimicking those used at AVO 
to detect distant eruptions in the Aleutian Islands including 
a high-pass filter above 1 Hz.

Alarming for explosion tracking was first setup on station 
AHUD at a 4-Pa threshold for a source with a back-azimuth 
from Halema‘uma‘u (“Halemaumau Airwave AHUD”), 
but the initial collapse events all had low peak pressures at 
frequencies greater than 0.5 Hz, and thus, successful alarm-
ing on collapse events was inconsistent (Figs. 10 and 18). 
On May 22, the threshold was lowered to 2.5 Pa to attempt 
to catch the collapse events. An alarm at station NPT was 
setup to track infrasonic events from Halema‘uma‘u as well 
(named Halemaumau Airwave NPT), but it had inconsistent 
results because of a bad channel and degrading telemetry 
in late May as the station was enveloped by the collapse. 
Observations of the infrasonic waveforms showed that the 
collapse events were much more energetic below 0.5 Hz and 

Fig. 18   Time series of alarm 
occurrence (colored circles) and 
collapse events (black vertical 
lines). The “Halemaumau LP 
Airwave” alarm began on June 
4, the “Halemaumau Airwave 
AHUD” alarm was operational 
throughout the eruption, and 
the “Halemaumau Airwave 
NPT” was only sporadically 
operational because of a bad 
channel and loss of telemetry 
in late May. Alarm names are 
used in their original form from 
the USGS Hawaiian Volcano 
Observatory

https://www.isla.hawaii.edu/
https://www.isla.hawaii.edu/
https://github.com/awech/ipensive
https://github.com/awech/ipensive
https://github.com/awech/AVO-alarms
https://github.com/awech/AVO-alarms
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an additional alarm was created on June 4, similar to the 
original AHUD alarm, but using the un-filtered waveform, 
called the “Halemaumau LP Airwave” alarm. Once imple-
mented, this alarm captured many of the collapse events 
in real-time, with few alarms occurring outside of collapse 
events (Fig. 18; Table 1). The alarm became one of the most 
rapid confirmations of a collapse event especially during 
times of darkness and/or bad weather when direct observa-
tions were unreliable. Comparatively, the “Halemaumau LP 
Airwave” alarm was better tuned to detect collapse events 
and only collapse events, but the “Halemaumau Airwave 
AHUD” alarm was kept in operation in case there were other 
infrasound processes of interest that needed further analysis 
(Table 1). Alarming, including infrasound alarming, became 
reliable enough that it replaced staffing of 24/7 geophysics 
duty shifts on June 17.

In the LERZ, there was no permanent infrasound in the 
immediate area prior to the eruption. Subtle topography, 
dense jungle, and poor cell coverage in certain areas hin-
dered rapid new real-time deployments. Still, infrasound 
observations were not part of the overall monitoring strategy 
in the early part of the LERZ eruption. The rationale behind 
the initial installation of ERZ2 was to enable detection of 
activity downrift of fissure 17; the installation of infrasound 
at ERZ2 occurred 11 days after the installation of the seismic 
site, a period when fissure activation was erratic and short 
lived. Infrasound could have played an important role during 
this period of rapidly evolving fissure activity, detecting new 
breakouts and more efficiently directing ground resources 
to areas of interest. The AVO-alarms software was estab-
lished to flag potential fissuring outside of active areas, but 
after fissure 17, activity never extended farther downrift and 
an actionable alarm was never triggered. There was also an 
alarm setup to detect the littoral explosions on the southern 
coast, but it was never utilized because the risk to people or 
infrastructure was low.

The addition of the WALE real-time infrasound array 
produced excellent observations of the fissure 8 activity. 
Given the long-lived nature of the fissure, the site was well 
positioned. It also was installed with six elements, providing 

more precise back-azimuths and observations, good noise 
floor characteristics, and redundancy against sensor outages. 
Further, the offset from the axis of the rift, similar to ERZ2, 
meant that it would be useful in tracking new breakouts 
beyond of the bounds of the 2018 activity.

Given the demonstrated utility of infrasound in monitor-
ing during the 2018 eruption, the inclusion of infrasound 
capability during future responses would be a valuable and 
cost-effective component of the overall monitoring strategy. 
Given the ease of deployment with seismic digitizers, infra-
sound instruments are a useful part of seismic installations. 
The details of the installation should depend on the goals 
of the deployment. If interested in tracking fissure initia-
tion, propagation, and demise, an offset installation from 
the expected eruption site in a downwind direction is ideal. 
It is also ideal to deploy an array in order to track changes 
in the location of the source. If, instead, the goal is to track 
stationary fountaining, then a single sensor, deployed with 
a seismometer within a couple of kilometers of the eruption 
site, is likely sufficient. A network of single infrasound sen-
sors may also be used to provide a precise two-dimensional 
location of the source (Fee et al. 2021) and detail eruptive 
activity. There are techniques (McKee et al. 2018) that can 
estimate a back-azimuth from a collocated seismic and infra-
sound sensor; however, the estimates of back-azimuth are 
less precise than those obtained with an array of sensors.

Conclusions

Infrasound provided a detailed acoustic record of surficial 
eruption processes of the 2018 Kīlauea eruption, and we 
detail several examples where infrasound provided unique 
insights into the associated processes. For the summit erup-
tion, we characterized the infrasonic and seismic tremor 
associated with a draining lava lake and described several 
high-amplitude transient events. Rockfall and explosive 
events were largely surficial and were marked by seismic and 
infrasound transients, proto-collapses, and collapse events 
began after the closing of the conduit and included seismic, 
infrasound, and tilt transients, along with temporary drops 
in seismic tremor amplitude. Comparing time-shifted infra-
sound with seismic records for the first 12 collapse events 
reveals a collapse mechanism coincident with the seismic 
very-long-period earthquake. These first 12 collapse events 
had emissions associated with them, which can be observed 
in infrasound, while subsequent events have no visually 
observed emissions but rockfall was observed. The proto-
collapse and collapse events represent a progression of larger 
and larger caldera collapses that became repetitive.

During the lower East Rift Zone eruption, infra-
sound was able to resolve several processes, including 

Table 1   Table of performance of the Kīlauea summit alarms. Only 
the time period that the alarm was active was included in the calcula-
tion. Alarms had overlapping time windows so any alarm within three 
minutes of the collapse event is considered a positive detection

Alarm Percent alarms asso-
ciated with collapse

Percent of 
collapse 
events 
detected

Halemaumau LP airwave 81 91
Halemaumau airwave AHUD 31 76
Halemaumau airwave NPT 20 8
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fountaining and migration of fissuring, explosions from 
fissures, and explosions from littoral blasts where the lava 
flow entered the sea. Using arrays of infrasound sensors 
and incorporating back-azimuths with amplitudes and seis-
mic observations allowed us to better determine the cause 
of the infrasound. However, our processing approach was 
adapted to the loudest infrasound source. Future studies 
with this dataset could apply methods suitable to simulta-
neously resolve multi-source coherency across all avail-
able arrays. More detailed comparison of infrasound with 
other observations would also help elucidate the associ-
ated eruption processes.

Without this dataset, we would know less about the col-
lapse events at the summit of Kīlauea and the fissuring 
events in the LERZ. Operationally, infrasound proved vital 
in real-time monitoring. With documentation of these obser-
vations and real-time utility, infrasound arrays are an essen-
tial part of a real-time monitoring network. The waveform 
interpretations provided here should support future moni-
toring of activity associated with caldera collapse, fissure 
opening, lava lake draining, and effusive activity at basaltic 
centers in Hawai‘i and around the world.

Supplementary information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00445-​022-​01583-3.
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