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Abstract

The 2018 eruption of Kilauea Volcano produced large and destructive lava flows from the fissure 8 (Ahu ‘aila ‘au) vent
with flow velocities up to 17 m s7!, highly variable effusion rates over both short (minutes) and long (hours) time scales,
and a proximal channel or spillway that displayed flow features similar to open channel flow in river systems. Monitoring
such dynamic vent and lava flow systems is a challenge. Our results demonstrate that infrasound, combined with ground-
based observations and imagery from unoccupied aircraft systems (UAS), can be used to distinguish vent degassing activity
from high-speed lava flow activity. We use spectral characteristics and the infrasound frequency index (FI) to distinguish
spillway infrasound from vent infrasound. Comparing FI with flow speeds derived from UAS videos reveals that spillway
infrasound only occurs when flow speeds were sufficiently high to cause a supercritical flow state and breaking waves (Froude
values > 1.7), and we propose that the spillway signals are produced primarily through the interaction of the turbulent lava-
free surface with the atmosphere. We show that FI can also provide a means to track bulk effusion rate. Our results indicate
that infrasound offers a new way to characterize lava flow channel hydraulics and is a powerful tool for monitoring effusive
eruptions when high-speed flows are possible.
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Introduction

High-speed lava flows present a monitoring and research
challenge. Channelized flows with low viscosities can reach
speeds over 10 m s™! (Lipman and Banks 1987; Baloga et al.
1995; Geist et al. 2008; Patrick et al. 2019; Dietterich et al.
2021). These flows are capable of delivering large volumes
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of lava to populated areas at significant distances from
the source, which can produce extensive damage to infra-
structure and long-lasting disruptions to local communities
(Tedesco et al. 2007; Neal et al. 2019). Monitoring effusion
rate for potentially hazardous changes in flux has typically
relied on close-range, ground-based methods (Lipman and
Banks 1987; Slatcher et al. 2015) or estimations using satellite
thermal imagery (Harris and Baloga 2009; Vicari et al. 2011).
Recent applications have also used proximal remote sensing
with ground-based time-lapse imagery and video from unoc-
cupied aircraft systems (UAS) to track effusion rate with flow
speed and depth (Patrick et al. 2019; Dietterich et al. 2021).
These methods can provide detailed and accurate measure-
ments, but not real-time flux information needed for continu-
ously updating flow models and hazard maps. The ability of
geophysical methods to provide continuous, high-sample rate
observations at safe distances motivates ongoing research into
detection and characterization of mass flows (Allstadt et al.
2018), including into infrasound from lava flows.
Infrasound data are increasingly utilized to monitor and
study a wide range of mass surface flows, including snow
and ice avalanches (Ulivieri et al. 2011; Marchetti et al.
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2015; Toney et al. 2021), debris flows (Schimmel and Hiibl
2016; Marchetti et al. 2019), lahars (Johnson and Palma
2015), pyroclastic flows (Ripepe et al. 2010), and fluvial
processes (Schmandt et al. 2013; Ronan et al. 2017). Obser-
vations of lava flow infrasound, however, are limited. Garcés
et al. (2003a) observed 1-10-Hz tremor during lava effusion
in a tube system at Kilauea’s Pu ‘u ‘O ‘0 crater in 2002
and attributed the signal to possible cavity resonance in the
extended tubes or to fluid flow instabilities. Infrasound was
also detected from a skylight in 2007 Pu ‘u ‘O ‘0 lava tube
flows, indicating that variable degassing can occur down-
stream from vents (Matoza et al. 2010). Lava flow velocities
are typically highest adjacent to vents (Lipman & Banks,
1987) that are sources of energetic infrasound themselves
and have been the focus of other studies (Fee et al. 2011;
Patrick et al. 2019), leaving outstanding questions about the
character and detectability of lava flow infrasound, as well
as its potential utility in flow monitoring.

Channelized lava flows share features with open channel
flow in river systems, including hydraulic jumps, that aid
in determining flow parameters that are difficult to directly
measure (Griffiths 2000; Le Moigne et al. 2020; Dietterich
et al. 2021). Hydraulic jumps are waves that form where
supercritical flow transitions to subcritical flow (Chanson,
2009), but not all jumps are sufficiently energetic to be
sources of detectable infrasound. The critical state of flow
in a Newtonian fluid is defined by the dimensionless Froude
number (Fr) (Chow 1959):
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where v = mean flow velocity, d = flow depth, and g = gravi-
tational acceleration. The flow state is critical when Fr =1,
subcritical when Fr < 1, and supercritical when Fr > 1. A
flow in a supercritical state will produce a hydraulic jump
whenever the flow or channel characteristics are favora-
ble. Ronan et al. (2017) studied controlled fluvial hydrau-
lic jumps and found that infrasound began to be produced
when waves transitioned from nonbreaking undular jumps to
breaking weak jumps at Fr values above 1.7. Similar results
were observed in seismoacoustic data from whitewater
river rapids (Schmandt et al. 2013). These observations and
the similarity between fluvial systems and high-speed lava
flows suggest that lava flows under certain conditions likely
produce infrasound, although detecting and isolating what
may be weak signals from other sources (i.e., vents) may be
challenging.

This study investigates infrasound generated from
Kilauea’s 2018 fissure 8 vent (Ahu ‘aila ‘au) and its proxi-
mal high-speed lava flow channel, or spillway, in order to
determine the characteristics of lava flow infrasound and
distinguish it from vent infrasound. The fissure 8 lava flow

Fr =
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spillway exhibited hydraulic features that are common in flu-
vial systems, including standing waves, diagonal shocks, and
lateral breaking waves (Patrick et al. 2019; Dietterich et al.
2021). The presence of these features, generally classified
as hydraulic jumps, allows us to apply open channel flow
theory to the spillway lava flows to estimate flow character-
istics (Jeffreys 1925; Griffiths 2000; Chanson 2009), which
facilitates comparison between variations in lava flow activ-
ity in the spillway and changes in infrasound source location,
amplitude, and frequency content. Isolation of the lava flow
infrasound signal permits comparison with field-based effu-
sion rate measurements and reveals potential for infrasound
monitoring of lava effusion rate and flow dynamics.

The 2018 Kilauea eruption: pulses
and surges in effusion rate

The 2018 lower East Rift Zone (LERZ) eruption that began
on 3 May 2018 produced the most destructive Hawaiian lava
flows in the past 200 years (Neal et al. 2019). The LERZ
eruption lasted 3 months with activity spread over 24 sepa-
rate fissure vents. Fissure 8 was the longest-lived vent and
produced lava fountaining and a large channelized lava flow
(Fig. 1) from 28 May to 4 August that was responsible for
more than 90% of the total erupted volume (Gansecki et al.
2019; Dietterich et al. 2021). The longevity and relative sta-
bility of the fissure 8 vent and proximal flow channel allowed
it to be extensively monitored with both ground-based and
remote sensing techniques (Zoeller et al. 2018; Neal et al.
2019). Activity at fissure 8 during the study period was
dominated by low fountaining (20- to 80-m) at the vent
that fed lava into a proximal channel, or spillway, that was
30-m wide and 300-m long extending north from the vent
with an average gradient of 1.5 (Fig. 1; Patrick et al. 2019).
This channel widened downslope and fed a lava flow that
extended 13 km to the ocean.

Field crews observed two types of cyclic variations in
eruptive activity at fissure 8 starting in mid-July: short-term
variations termed pulses and long-term variations termed
surges (Patrick et al. 2019). Both pulses and surges resulted
in changes in infrasound source back-azimuths away from the
vent and toward the spillway (Fig. 2c), suggesting the potential
for lava flow infrasound during these events. Pulses produced
rapid changes in the speed and level of lava in the spillway
over 6-10-min cycles that lasted from 1 to 18 h. Analysis of
ground-based video data of pulses shows lava flow velocities
of 4-5 m s™! during the low flow stage of cycles that increased
to 12-17 m s~! during the high flow stage of the cycles as the
lava level in the channel rose by several meters (Patrick et al.
2019). The video pulse measurements were used to calculate
bulk effusion rates for some pulses, which varied from ~350
m? s~! in the pulse troughs to~ 1700 m® s~! at the pulse peaks.
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Fig.1 Fissure 8 vent and channel geometry modified after Patrick
et al. (2019). (a) Aerial image looking east showing the vent, spill-
way, and distal flow of fissure 8 on 29 July 2018. (b) Post-eruption
satellite image showing the location of the infrasound array with
respect to the fissure 8 vent and spillway. Black rays indicate the
back-azimuths from the end of the spillway to the southwest edge of
the vent. Red line “A” indicates location of ground-based and UAS
flow measurements. Image courtesy of Planet Labs

Unoccupied aircraft systems (UAS) also captured a video dur-
ing pulse sequences that was analyzed to infer lava flow param-
eters including velocity, depth, and viscosity (Dietterich et al.
2021).

Surges were much longer-duration increases in lava foun-
tain and flow activity that closely followed collapse events at
the summit crater of Kilauea, 40 km uprift from fissure 8, that
occurred every 25 to 50 h (Patrick et al. 2019). Video data
from the spillway show that the lava level began to rise as
soon as 13 min after a collapse on 31 July, with levels typically
peaking 2-3 h after summit collapses. Effusion rate estimates
from video data of four collapses in late July and early August
reveal that pre-collapse bulk effusion rates were 300-700

m? s~ and increased to peaks of 1400—1700 m? s~! within 4 h
of collapses (Patrick et al. 2019).

Data and methods

The infrasound data analyzed in this study are from a
4-element campaign array installed on 4 June 2018 that
ran nearly continuously through the end of the LERZ
eruption. The FIS8 array was equipped with Chapar-
ral Physics model 60-UHP sensors (sensitivity 0.009 v/
Pa and flat response 0.03—-245 Hz) connected to DiGOS
DATA-CUBE digitizers sampling at 400 Hz. The array
aperture was 36 m, and it was located 450 m northwest
of the fissure 8 vent (Fig. 1). We calculated a theoretical
uncertainty in back-azimuth of 3—4° for the array geometry
using the method of Szuberla and Olson (2004). Sensor
locations from handheld GPS receivers were found to be
inaccurate due to thick tree cover, resulting in spurious
array processing results. We instead used locations from
the digitizer GPS and averaged the locations over thou-
sands of measurements.

Here, we outline the infrasound array processing steps
and the methods used to distinguish and characterize sig-
nals originating from the fissure 8 vent from those origi-
nating along the spillway. The infrasound array data were
processed to identify coherent signals using a least-squares
beamforming algorithm (Olson and Szuberla 2005). Con-
tinuous waveforms were processed in 10-s windows (unless
otherwise noted) with 50% overlap. Signals are considered
to have originated from the fissure 8 vent and spillway if
the source back-azimuth is between 90 and 130° (Fig. 1),
the mean cross-correlation maximum (MCCM) between
sensor pairs is greater than 0.5, and the trace velocity is
300—400 m s~!. The frequency distribution of signals from
the fissure 8 — spillway area is quantified by computing the
power spectral density (PSD) of the beamformed waveform.
The relative infrasound energy (E,.) in each window is cal-
culated by integrating the squared pressure over time (Fee
et al. 2013):

T
E, = / Ap*(t)dt Q)
0

We are using a relative measure of infrasound energy
because other investigations of the fissure 8 infrasound indi-
cate that jet noise contributes significantly to the infrasonic
wavefield (Gestrich et al., in review). Thus, simple spherical
radiation cannot be assumed and any measure of energy or
intensity on this one array will be relative to this array. Char-
acterizing the absolute infrasound energy radiated would
require observations from multiple arrays, potentially at dif-
ferent elevations to the source (Matoza et al. 2013).
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Fig.2 Overview of Kilauea summit tilt and LERZ infrasound from
fissure 8. (a) Tilt data from summit station UWD showing quasi-peri-
odic signals caused by collapses in the floor of the Halema ‘uma ‘u
crater. (b) Infrasound energy from beamformed array data (30-s win-
dows in gray and 30-min RMS-averaged values in orange). The short

We use the frequency index of Buurman and West (2010)
on infrasound signals from fissure 8 and the spillway to
investigate changes in signal frequency through time. The
frequency index (FI) is calculated as:

A
FI =log,, il

3

lower

where A, is the mean spectral amplitude in an upper band
of frequencies and A, is the mean spectral amplitude in
a lower band of frequencies. The A, range used here is
0.4-6 Hz and the A, range is 6-20 Hz. These values were
determined by reviewing PSD curves of signals from the
vent and spillway, and with the lower cutoff set to reduce
microbarom noise and the upper cutoff set to reduce noise

from frequent helicopter overflights. Frequency index values

@ Springer

gap in late June is due to a power outage at the array. (c) Infrasound
source back-azimuth shown in degrees of deviation from the fissure
8 vent (121°). Also shown are the approximate durations of the two
types of cyclic variations in effusion rate observed at fissure 8: pulses
(short-duration) and surges (long-duration)

are only calculated on the beamformed trace when the array
processing thresholds are met for a signal originating from
the fissure 8 — spillway area (Fee et al. 2020).

The nondimensional Froude value establishes the crit-
ical state of flow through time for periods when UAS
video captured pulsing events. We calculate the Froude
value of the lava flows using Eq. 1 during pulse sequences
captured in UAS video (Dietterich et al. 2021) at the loca-
tion shown in Fig. 1b. UAS video frames were extracted
at 8—10 frames/s when the UAS was in a stable hover
and the lava flows were not obscured by fume. Maximum
surface velocity was calculated at fixed channel cross sec-
tions by comparing adjacent frames. A median filter with
a 5-s window was used on the flow velocity data dur-
ing pulses (see Dietterich et al. 2021, for UAS and video
details). The depths of the lava flows were calculated
using shallow water flow theory (Jeffreys 1925), with
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flow velocity and underlying slope data and rheological
properties of lava samples collected near the vent (Jef-
freys 1925; Dietterich et al. 2021).

Results
Fissure 8 infrasound characteristics

An overview of the FIS8 infrasound array data from fissure
8 is shown in Fig. 2 along with tilt data from the Kilauea
summit station UWD that indicate the timing of the cal-
dera collapses. The array data were filtered from 0.4 to
20 Hz, beamformed, and array processed using 60-s win-
dows with 50% overlap. Infrasound energy increased rap-
idly in early June shortly after the array was installed, and
9 days after activity focused at fissure 8 on May 28 (Diet-
terich et al. 2021). Energy levels peaked in mid-June and
then slowly declined and leveled off from mid-July until
the end of the eruption. The 30-s energy values generally
track the 30-min smoothed energy values, except during
the pulsing behavior when the largest short-term swings
in amplitude are seen (Fig. 2b). Increases in infrasound
energy following summit collapses can be seen as a saw-
tooth pattern in the 30-min RMS energy data starting as
early as June 11 and are especially clear following the last
few collapses of the eruption. Field crews began reporting
surges in lava effusion following summit collapses in late

June, but an outstanding question concerns whether the
earlier increases in infrasound energy following collapses
were also accompanied by increases in effusion rate or
changes in lava fountain activity.

The fissure 8 vent and associated lava fountain were an
almost uninterrupted source of coherent infrasound from the
beginning of the dataset until the onset of field crew reports
about short-term cycles in effusion rate (pulses) in mid-
July. The infrasound back-azimuth from each time window,
measured in degrees from the center of the fissure 8 vent
(121°), is depicted in Fig. 2c. The infrasound back-azimuth
was fixed steadily on the vent with just minor variations of
a few degrees until pulses began in the middle of July. Once
pulses began, large (20°+) variations in back-azimuth were
recorded as the dominant infrasound source moved from
the fissure 8 vent, down the spillway, and then back to the
vent during each pulse cycle. The longer-term surges also
produced changes in the source back-azimuth toward and in
some cases down the spillway following summit collapses.
These changes were generally smaller than those produced
by pulses or are obscured by pulse sequences in mid-July.
The clearest changes in back-azimuth associated with surges
occur following the final four summit collapses.

Pulse infrasound and frequency index

The short-term pulses in effusion rate from fissure 8 gener-
ated remarkable infrasound signals that are unique across

Fig. 3 Fissure 8 pulse sequence
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the eruption sequence in both amplitude and back-azimuth.
Pulse sequences produced the largest short-term variations
in amplitude of the entire data set, as well as the largest
variations in back-azimuth. At the onset of a pulse sequence,
the amplitude would begin to vary higher and lower than
the steady amplitude prior to pulsing (Fig. 3). The variation
in amplitude corresponded with changing back-azimuths as
the dominant source of coherent infrasound moved from the
fissure 8 vent to sources along the spillway (Fig. 3). The
vent source always produced the highest amplitude signals
during each pulse sequence. During each 6-10-min pulse,
the vent source would only remain active for 1-2 min fol-
lowed by infrasound emissions further down the spillway.
The lowest amplitude infrasound typically occurred after
peak amplitude in the 1-2-min transition between vent and
spillway sources as the back-azimuths progressively swept
down the spillway (Fig. 3). Amplitudes would begin increas-
ing as spillway signals became stronger, with back-azimuths
indicating sources at or near the maximum distance down
the spillway. The distal spillway source would persist for
2—-4 min with steady or slightly increasing amplitude until
the sources began to sweep back up the spillway to return
to the vent over 1-2 min. The pulse sequences sometimes
only contained a few cycles, but more often would continue
for hours with only subtle changes in amplitude and back-
azimuth (Fig. 3). The longest pulse sequence lasted more
than 18.5 h on July 15-16.
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— transition
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Fig.4 Back-azimuth and frequency content of pulse sequence from
Fig. 3. (a) Histogram of back-azimuths with a clear bimodal distribu-
tion between spillway and vent sources. The range of back-azimuths
assigned to the spillway, vent, and transition areas is based on analy-
sis of UAS imagery (Fig. 1). (b) PSD curves for vent and spillway
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Analysis of UAS videos showed that the morphology
of the fissure 8 vent and spillway channel was essentially
unchanged during the pulsing episodes (Desmither et al.
2021; Dietterich et al. 2021). This allowed us to charac-
terize the difference between the vent and spillway sources
based on infrasound frequency content. We assigned vent
source back-azimuths from 118 to 130° and spillway source
back-azimuths from 90 to 113° (Fig. 1). Signals between
113 and 118° spanned the area at the edge of the vent as
it moved into the spillway, and we term this source region
the transition (Fig. 4a). The distribution of sources in pulse
sequences often showed a bimodal distribution, with a peak
in detections at a vent location (~121-123°) and another
peak at a mid-spillway location (~ 103—-105°) (Fig. 4a). The
frequency content of spillway and vent sources is somewhat
similar, and since the sources were adjacent and partially
overlap temporally, identifying differences in individual
PSD curves is challenging. However, we find that stacking
PSD curves from spillway and vent sources over hours-long
pulse sequences reveals clear differences in the frequency
content of vent and spillway sources (Fig. 4b). Vent sources
were enriched in lower frequencies compared to spillway
sources while spillway sources contained more higher fre-
quency energy than the vent sources. The vent and spillway
PSD curves intersect around 6 Hz, and we use this value to
separate the upper and lower bands when calculating the FI.
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sources from (a). PSD curves were calculated for each array process-
ing window and then stacked to produce the aggregate vent (gray)
and spillway (orange) curves. The distinct peaks in some of the indi-
vidual curves at 20 Hz and higher are noise due to helicopter over-
flights
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The FI values for pulse events provide a simple means of
confirming that the vent and spillway sources are distinct,
not simply the same infrasound-generating process operating
at the vent and in the spillway. As a time series, the FI values
offer timing constraints on the relative contribution of the
spillway and vent sources to the infrasound signals. The FI
time series also complements the source back-azimuth time
series that together highlight the periodic change in source
location and character during each pulse cycle (Fig. 3c). FI
is nearly a mirror image of the back-azimuth results with the
highest FI values corresponding with well-correlated, high-
amplitude spillway signals and the lowest FI values tracking
with the highest-amplitude vent signals.

Discussion
Infrasound from a lava flow

The open channel flow features generated repeatedly by
the spillway lava flows during pulse cycles are capable
of producing infrasound in fluvial settings (Schmandt
et al. 2013; Ronan et al. 2017), prompting our investi-
gation into whether the spillway source identified in the
FI data is generated by the lava flow directly or through
some other associated process like enhanced degassing.
UAS videos of the spillway and vent area during pulses
provide high sample rate flow measurements to compare
with the infrasound data (Dietterich et al. 2021). The flow
data derived from the UAS videos is limited in duration
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by the flight time; thus, videos capturing full pulse cycle
videos are rare. The magnitudes of the Fr values calcu-
lated for the two pulse cycles shown in Fig. 5 correspond
closely to the FI values. There is a~ 1-min delay or offset
between key peaks and troughs in the Fr values compared
to the FI data that we attribute to the time for the transition
to propagate from the vent to the velocity measurement
location ~ 100 m down the spillway. Fr values approach
minimums near 1 when FI values are lowest, and back-
azimuths indicate a vent source (Fig. 5). Maximum Fr val-
ues occur when FI values are highest, and back-azimuths
indicate a spillway source. Ronan et al. (2017) found that
fluvial waves begin to produce detectable infrasound at Fr
= 1.7, when a standing wave transitions from a undular
(non-breaking) hydraulic jump to a breaking weak jump.
Using this value as a guide indicates that Fr values asso-
ciated with spillway sources are always > 1.7, while vent
sources are < 1.7 (Fig. 5) or are decreasing from higher
spillway values toward values < 1.7.

The primary mechanism of infrasound generation in flu-
vial systems is thought to be interactions at the fluid — air
interface as waves begin to break (Schmandt et al. 2013;
Ronan et al. 2017). Breaking ocean waves have also been
associated with infrasound generation (e.g., Arrowsmith
and Hedlin 2005; Aucan et al. 2006; Garcés 2003b; Lyons
et al. 2014). Breaking wave features consistent with Fr
values greater than 1.7 were routinely seen in the spillway
during pulse sequences (Patrick et al. 2019; Dietterich
et al. 2021). The waves typically developed first along the
upper reaches of the spillway and progressively advanced
further down the spillway as effusion rate in each pulse
cycle increased (Online Resource 1). An especially vigor-
ous set of lateral breaking waves often formed near the
“A” line in Figs. 1 and 5c¢ and corresponds with the region
of lowest back-azimuth values observed during pulses
(Fig. 5, Online Resource 1). The correlation between FI
and Fr and the observed breaking waves in the spillway
support an interpretation that the spillway infrasound sig-
nals were primarily generated by lava — air interactions
when lava flow speeds increased to the point at which the
flow became supercritical, or at about 10 m s~! for the
fissure 8 lavas. An additional consideration is that the
lava, unlike water in fluvial systems, was actively degas-
sing in the spillway and could be an additional source of
infrasound. Enhanced degassing along the spillway during
peaks in effusion rate associated with pulses was reported
by field teams and is evident in UAS imagery (Fig. 5,
Online Resource 1). The spillway degassing appears to
be diffuse and occurred along most of the length of the
spillway, likely enhanced by agitation of the flow surface
and breaking waves (Fig. 5, Online Resource 1). If the
spillway infrasound was primarily due to degassing rather
than breaking waves, the frequency content of the spillway
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signal would likely be more similar to the vent infrasound
that is attributed to focused, energetic degassing, and
would be unlikely to produce the correlation between FI
and Fr values. Future work comparing lava flow infrasound
to infrasound from fluvial systems may permit a more
thorough understanding of how much diffuse lava degas-
sing might contribute to the spillway infrasound.

Infrasound as a proxy for lava effusion rate

Monitoring effusion rate at high-volume, high-speed flows
like fissure 8 is essential for hazard assessment and opera-
tional monitoring but real-time, high-sample rate tools are
limited. Based on the positive correlation between FI and
UAS-derived Fr values, we also calculated FI values to
compare with bulk effusion rate estimates during pulse and
surge activity. Bulk effusion rate estimates were made from
ground-based video and time-lapse imagery at 10-s intervals
during pulsing on July 14-15 and at 30-60-s intervals dur-
ing surges with no pulsing on July 29 and 31 and August 2
(Patrick et al. 2019). The hours-long ground-based effusion
rate estimates capture more varied activity than the shorter
UAS-derived video and provide a more comprehensive data-
set for investigating the relationship between effusion rate
and both infrasound amplitude (energy) and FI.

The July 14-15 pulse data reveals a weak anticorrela-
tion (R= —0.23) between bulk effusion rate and infrasound
energy but a strong positive correlation (R=0.74) between
bulk effusion rate and FI (Fig. 6). These correlations also
correspond to infrasound back-azimuth source locations,
with higher effusion rates, lower infrasound energy, and
higher FI associated with spillway sources and lower effu-
sion rates, higher infrasound energy, and lower FI corre-
sponding with vent sources. The anticorrelation between
effusion rate and infrasound energy during pulses was
reported by Patrick et al. (2019), who saw a similar trend in
real-time seismic amplitude measurements (RSAM) from
the station nearest fissure 8. They attribute the anticorrela-
tion between infrasound and seismic amplitude and effusion
rate to variations in outgassing at the vent. When outgas-
sing was vigorous at the vent, higher infrasound and seismic
amplitudes were observed, as well as low effusion rates and
flow velocities in the spillway. When vent degassing waned,
flow velocity increased, more diffuse degassing occurred in
the spillway, and infrasound and seismic amplitudes were
reduced. The infrasound FI data build on these observations
by allowing the contributions of both the vent and spillway
sources to be represented and compared together with effu-
sion rate, resulting in a strong correlation rather than a weak
anticorrelation.

The surge data show a positive correlation between bulk
effusion rate and both infrasound energy and FI, although
FI shows a stronger correlation for the July 31 surge and
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Fig.6 Lava effusion rate compared with infrasound energy and fre-
quency index during the July 14-15 pulse sequence. Bulk effusion
rate data from Patrick et al. (2019). (a) Bulk effusion rate shows a
weak inverse correlation (R= —0.23) with infrasound energy, while
(b) bulk effusion rate shows a robust positive correlation (R=0.74)
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Fig.7 Lava effusion rate compared with infrasound energy and fre-
quency index during three surges in effusion rate. Bulk effusion rate
data from Patrick et al. (2019). (a) Bulk effusion rate shows moder-
ate to strong correlation with infrasound energy during the July 29

thus a better average correlation than energy (Fig. 7). Pat-
rick et al. (2019) presented a similar correlation between
effusion rate, infrasound energy, and RSAM, and noted
that the surge increases in effusion rate followed collapses
40 km away at Kilauea’s summit. Effusion rates increased
at fissure 8 only minutes after summit collapses, indicat-
ing connectivity between the summit and fissure 8 and sug-
gesting that the collapses generated increased pressure in
the plumbing system that raised the effusion rate for hours
following collapses (Patrick et al. 2019). The surge events
near the end of the eruption produced shifts in back-azimuth
toward the spillway for 2—4 h before slowly returning to the

Frequency index (FI)

with frequency index for the same data. Data are color-coded based
on source back-azimuths from Fig. 4 (orange =spillway, blue =tran-
sition, black=vent). Data range shown is from July 14 21:33:50 to
July 15 01:53:30 UTC, although gaps in the effusion rate data occur
in the final hour
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(blue) and Aug 2 (yellow) surges but a weak correlation for the July
31 (red) surge. (b) Bulk effusion rate shows a moderate to strong cor-
relation with infrasound frequency index for all three surges, and a
better average correlation than infrasound energy

vent back-azimuth, but most of the source back-azimuths
pointed toward the vent — transition area with few spillway
back-azimuths. The July 29 surge shows the clearest cor-
relation between back-azimuth, FI, and effusion rate, while
the July 29 and July 31 back-azimuths are dominated by
vent locations with lesser numbers of transition locations.
Field observations and UAS videos show supercritical flow
features similar to those observed during the pulse events.
However, vigorous degassing continued and often increased
at the vent throughout surges, unlike during pulses when
vent activity waned as spillway activity increased (Patrick
et al. 2019). We attribute the lack of spillway back-azimuths
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during surges to the vent remaining the dominant infrasound
source. Despite the lack of spillway sources indicated by
the array processing, we interpret the maintained correlation
between bulk effusion rate and FI as evidence that supercriti-
cal flow was producing lava flow infrasound in the spillway
that contributed substantially to the overall frequency con-
tent of the surge signals. The algorithm we use to deter-
mine back-azimuths results in a single back-azimuth value
per window of data and favors more energetic sources over
weaker sources, although the infrasound signal comprises
contributions from all active sources. Other beamforming
algorithms are capable of resolving multiple sources in the
same window of data and could be explored in future work
to better resolve the temporal evolution of coeval vent and
spillway sources (den Ouden et al. 2020).

Infrasound FI appears to be a useful proxy for tracking
significant changes in bulk effusion rate in the fissure 8 pulse
and surge data. Pulse and surge events resulted in large vari-
ations in bulk effusion rate, but on very different timescales
and with different distal effects. The pulse events produced
essentially no change in flow downstream of the spillway,
suggesting no change to dense rock equivalent (DRE) effu-
sion rate because the spillway bulk effusion rate was con-
trolled solely by variations in the gas content of the lava
(Patrick et al. 2019). The surges did result in downstream
changes to flow with overflows and breakouts observed
kilometers away from the vent, indicative of a significant
increase in DRE effusion rate (Patrick et al. 2019). Haz-
ards from increased effusion rate were associated with both
pulses and surges. The pulse hazards were largely confined
to channel overflows within~ 1 km of the vent, while the
surge hazards extended many kilometers from the vent (Pat-
rick et al. 2019). In both cases, the infrasound FI provides
information about the velocity of the flow proximal to the
vent, and thus effusion rate. In the special case of the fissure
8 pulses and surges, infrasound energy (or amplitude) and
event duration provide additional information about where
to expect changing hazard conditions. An advantage of the
infrasound FI over either seismic or infrasound amplitude
methods is that it is capable of discriminating vent activ-
ity from supercritical flow activity, and thus can distinguish
between degassing sources and high-speed flow sources.

The infrasound data analyzed here were recorded on an
array just 500 m from the vent with good azimuthal separa-
tion between the vent and spillway. Data from a permanent
infrasound array (WALE) operated by the U.S. Geologi-
cal Survey’s Hawaiian Volcano Observatory and installed
during the LERZ eruption in 2018 shows variations in
amplitude and back-azimuth during pulse events similar to
the FISS8 data (Fig. 2 in Online Resource 2). However, the
WALE array is~3.7 km from fissure 8 and located further
north than the FIS8 campaign array with respect to the fis-
sure 8 vent and spillway (Fig. 1 in Online Resource 2). Thus,
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all the spillway signals on WALE appear to originate from
approximately the same back-azimuth and the vent and spill-
way back-azimuths from WALE are only 1-2° apart, making
it difficult to isolate vent and spillway signals. This limits
the utility of the WALE data in studies like this where mul-
tiple sources are active in a relatively small area and empha-
sizes the need for rapid proximal deployments when new
vents open along fissure systems. The potential for multiple
sources to be closely spaced in rift systems also warrants
efforts to try to reduce array uncertainty for back-azimuth
determination. Two basic steps that can be taken to reduce
uncertainty are to add additional array elements and increase
the sample rate. Additionally, 2-D source locations, rather
than just back-azimuths, would improve future studies of
vent and lava flow infrasound and would require multiple
arrays or networks of single sensors.

Conclusions

Kilauea’s 2018 fissure 8 eruption generated abundant infra-
sound that was recorded on a campaign array located near
the vent and lava flow spillway. Large variations in bulk
effusion rate occurred on both short (6—10-min pulses)
and long (hours-long surges) timescales. During high flow
rates, velocities of 10-17 m s~! were observed by UAS
and ground-based observations. These high flow velocities
resulted in supercritical flow in the spillway and produced
lateral breaking waves, bow shocks, and other flow features
associated with supercritical flow in fluvial systems. Spectral
analysis of infrasound originating from the vent and spill-
way reveals differences in the source characteristics. We use
the infrasound frequency index (FI) to distinguish vent and
spillway source contributions. The lava flow critical state,
or Froude value (Fr), was derived from UAS videos and
shows a positive correlation with infrasound FI. We suggest
that the spillway infrasound source was produced by fluid
— air interactions during times when breaking waves were
occurring in the flow. The infrasound FI values show a posi-
tive correlation with bulk effusion rate for both pulse and
surge events and provide a simple method of distinguishing
a vent or degassing source from a high-speed flow source.
Our results indicate that infrasound offers a new way to char-
acterize lava flow channel hydraulics and is a powerful tool
for monitoring effusive eruptions when high-speed flows are
possible. Future work relating infrasound to lava flow and
other fluvial processes will provide insight on the precise
source mechanisms and potentially allow infrasound-derived
flow parameters.
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