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Abstract

At approximately 09:36 UTC on 27 April 2016, a phreatic eruption occurred on Whakaari Island (White Island) produc-
ing an eruption sequence that contained multiple eruptive pulses determined to have occurred over the first 30 min,
with a continuing tremor signal lasting ~ 2 h after the pulsing sequence. To investigate the eruption dynamics, we
used a combination of cross-correlation and coherence methods with acoustic data. To estimate locations for the
eruptive pulses, seismic data were collected and eruption vent locations were inferred through the use of an ampli-
tude source location method. We also investigated volcanic acoustic—seismic ratios for comparing inferred initiation
depths of each pulse. Initial results show vent locations for the eruptive pulses were found to have possibly come
from two separate locations only ~ 50 m apart. These results compare favorably with acoustic lag time analysis. After
error analysis, eruption sources are shown to conceivably come from a single vent, and differences in vent locations
may not be constrained. Both vent location scenarios show that the eruption pulses gradually increase in strength
with time, and that pulses 1, 3,4, and 5 possibly came from a deeper source than pulses 2 and 6. We show herein that

data from several data sources.

the characteristics and locations of volcanic eruptions can be better understood through joint analysis combining
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Introduction

Whakaari (Fig. 1) is an active volcanic composite cone
that lies at the northern end of the Taupo Volcanic Zone
in the Bay of Plenty, New Zealand (Houghton and Nairn
1991; Mayer et al. 2015). The island itself has a basal
diameter of ~17 km, but only has about a 2.0 km diam-
eter above the sea, and rises above sea level to~320 m in
elevation (Houghton and Nairn 1991; Nishi et al. 1996).
The horseshoe-shaped crater on Whakaari Island is a
centrally located crater~0.5x 1.25 km in size, with the
opening extending to the SW coastline, and lies up to
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10 m below sea level (Nishi et al. 1996). Periodically, the
active crater fills up with a combination of seawater, rain-
water, and volcanic vapors, hiding the active vent loca-
tion (Christenson et al. 2017).

The existence of water has given Whakaari many
periods of continuous hydrothermal activity, with spo-
radic phreatic eruptions as well as phreatomagmatic
and Strombolian eruptions (Nishi et al. 1996; Cole et al.
2000; Mayer et al. 2015). It is inferred that these erup-
tions originate at shallow depths (<1.0 km) (i.e., Nishi
et al. 1996; Jolly et al. 2017a) due to the theorized loca-
tion (0.5-2.0 km in depth) of the magma chamber in
the upper crust (Houghton and Nairn 1991; Cole et al.
2000; Werner et al. 2008). The hydrothermal activity
sourced from these shallow depths is expressed on the
surface during non-eruptive periods as intense degassing
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Fig. 1 Map of Whakaari Island, New Zealand, depicting the locations
of seismometers (green triangles), acoustic sensors (magenta
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fumaroles, mud bubbles, steaming ground, and hot
springs (Houghton and Nairn 1991; Heap et al. 2015).

The first seismometer (WIZ) was installed on
Whakaari in 1976 and began recording many differ-
ent types of earthquakes (Sherburn et al. 1998). In 2007,
the seismic station was upgraded to a broadband sensor,
but it was not until 2013 that a second recording station
(WSRZ) was installed. However, since 2011 Geologi-
cal and Nuclear Sciences (GNS) has operated a varying
number of seismic stations, which has led to modern vol-
canic monitoring. Subsequently, ever since seismometers
have been installed on the island, many have described
in detail the different types of signals produced by the
Whakaari volcanic system: volcano-tectonic (VT) events
(Nishi et al. 1996), long-period (LP) events (Sherburn and
Scott 1993), very long-period (VLP) events (Jolly et al.
2017a), and volcanic tremor (Sherburn et al. 1991).

A source location for an event is one of the most
important parameters in risk management and hazard
analysis. This significance has led to the development and
advancement of many source location techniques. Source
location methods are typically divided up into four cat-
egories depending on event type, recording network, and
the properties of the recorded waveforms. Arrival time
methods (e.g., Lee et al. 1972; Lahr 1989) are mostly used
for brittle rock failures that have well-defined onsets (e.g.,
teleseismic earthquakes). Many have tried using these
methods in regard to volcanoes with some success (e.g.,
Lahr et al. 1994; Aspinall et al. 1998), but a plethora of
assumptions and corrections was used. For instance,
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long-period earthquakes from slow rupture or resonance
may have weak or absent S-phases making the S-arrivals
difficult to find among the late arrivals. On the other
hand, the P- and S-arrivals of volcano-tectonic earth-
quakes have more impulsive amplitudes than LP events,
which make the phases slightly easier to distinguish (Lahr
et al. 1994). Another problem that arises in volcanic set-
tings is the heterogeneities of the geological structure
(Jolly et al. 2014b). Nonlinear, poorly known velocity
models can cause travel-time determinations to be diffi-
cult due to weak or emergent arrival times especially in
the S-phase (Lahr et al. 1994). Furthermore, arrival picks
can be difficult when signals are weak or if there are con-
tinually arriving excitations (i.e., tremor).

Coherence methods (e.g., semblance, back projection,
etc.) locate a source from a signal by finding coherency.
The semblance method (e.g., Neidel and Tarner 1971;
Almendros and Chouet 2003) is based on normalizing
the ratio of the sum of the traces by each individual trace,
then cross-correlating them. Semblance is very useful
when waveforms are at low frequencies (e.g., Almendros
and Chouet 2003), hence their utility in locating sources
of different volcanic events such as LP events (Chouet
et al. 1999) and very long-period events (Kawakatsu et al.
2000; Nishimura et al. 2000). However, semblance does
lack in accuracy when locating higher-frequency content
or waveforms with large amounts of noise. Due to the
effectiveness of semblance and other coherence methods
at low frequencies, they have become reliable to use with
acoustic monitoring as well (e.g., Ripepe and Marchetti
2002; Garcés et al. 2003; Johnson et al. 2006). Another
popular coherence method is back projection (e.g., Ishii
et al. 2005). Back projection is based on the reverse-time
migration technique used for reflection seismology and
has the advantage of not needing a priori information
about the event (Ishii et al. 2007). Like semblance, back
projection looks at waveform similarities across multi-
ple stations by normalizing and stacking them, which
can then can be used with a search technique (e.g., grid
search) to locate the source (Ishii et al. 2005). Back pro-
jection can also be applied to acoustic data for locating
acoustic sources (e.g., Jolly et al. 2014a). The drawback to
back projection is that this method requires the energy
release of the source to be time independent. If the
release of energy is highly time dependent, it can create
artifacts from higher energies, which can overpower and
conceal the lower energy signals (Ishii 2011).

The amplitude source location (ASL) method (e.g.,
Kanamori 1993; Yamasato 1997) is used for finding many
different event source locations due to its ability to locate
sources in areas where more traditional methods fail. ASL
exploits the decay of the amplitude through geometrical
spreading and attenuation of the waveform to estimate an
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original amplitude and source location (see ASL section
below). Furthermore, along with traditional ASL, recently
the active source matching method has been able to esti-
mate source locations with great accuracy (e.g., Jolly
et al. 2014a; Walsh et al. 2016). The method compares
the decay characteristics with that of the natural event,
avoiding the need for site and path assumptions. Another
advantage is the ability to estimate the energy of an event
with time by comparing the energy of the active sources
with the event along a path (e.g., mass flows in a channel).
The active source method is lacking when it comes to the
likelihood of having conducted an active source experi-
ment at the site of interest, and locating sources at depth
when using surface sources. Additionally, results can only
be as precise as the number of active sources used, the
resolution of sources, and can only fall within the same
frequency range of the active sources (Jolly et al. 2014b).

Here, we will use a combination of both seismic and
acoustic data to characterize the eruption sequence on
27 April 2016. An ASL technique is used to locate erup-
tion vents by a combination of using the non-corrected
ASL approach, in tandem with calibrating the path and
site effects through the use of active seismic sources.
Acoustic data are used to estimate the precise timing
and properties of the eruption through the use of stand-
ard methods (e.g., migration, coherence, etc.). Finally, the
acoustic and seismic data are compared using a volcanic
acoustic—seismic ratio to estimate eruption characteris-
tics. Furthermore, we examine our results for vent loca-
tions with multiple error analyses and provide possible
outcomes of eruption dynamics.

Data

During the April 2016 eruption, there were two perma-
nent GeoNet seismic stations (WIZ and WSRZ), along
with four GNS Science seismic stations (WI01, WI02,
W104, and WI13) (Fig. 1). The GeoNet seismic stations
consisted of Guralp 3ESP broadband seismometers with
a Quanterra Q330 digitizer. The GNS stations were com-
posed of both Trillium compact seismometers and 24-bit
Nanometrics Taurus digitizers. Furthermore, sites WIZ
and WSRZ contained three acoustic sensors, one Setra
270-600 pressure transducer and two InfraBSU sensors
with a sensitivity of 42 mV/Pa. The acoustic sensors on
Whakaari are set up in two sets of “L’-shaped arrays,
where the distances between sensors could only range
between 5 and 15 m due to topographical boundaries.
Both seismic and acoustic instruments at every recording
site sampled at 100 Hz.

Eruption history and background
On 27 April 2016 at ~09:30 UTC, a moderate-sized phre-
atic eruption occurred during the night, which ejected
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the entire crater lake along with a considerable amount of
ash and debris that deposited on and around Whakaari.
The eruption contained no juvenile material and only
redeposited the crater floor material (Kilgour et al. 2019,
this issue). Furthermore, Hamling (2017) used InSAR to
discover that the eruption was preceded by a period of
uplift. Using line-of-sight measurements Hamling (2017)
recorded motions on the island ranging between 10 and
50 mm/year from June 2015 up until the time of erup-
tion. The eruptive plume reached a maximum height of
4.0 km and covered the entire island with dark yellow-
green ash. The ash thickness was 5.0 mm at a distance
of ~500 m from the eruption vent (Kilgour et al. 2019,
this issue). Along with ash deposits, surge deposits were
found along the eastern side of the crater. The surge
deposits are thought to have been ejected horizontally,
since the deposits were only found on one side of large
objects such as boulders (Kilgour et al. 2019, this issue).
After the eruption, ground displacement rates around the
crater increased by 300% due to the instability brought
on by the expulsion of water in the crater lake. This led to
the partial collapse of the crater rim causing material to
start propagating down slope (Hamling 2017).

The eruption event can be characterized as an eruptive
sequence of up to six distinct pulses occurring over the
first 30 min, and a late tremor sequence lasting up to 2 h
after the pulsing phase. Both seismic (Fig. 2) and acoustic
(Figs. 3, 4) sensors on the island were able to record these
events. The eruptive pulses each lasted~1 to 2 min in
length and were separated on average of ~7.0 min apart.
Additionally, the seismic data recorded a VLP earthquake
that preceded the fourth eruptive pulse and the most
energetic portion of the eruption at~09:53 UTC.

Locating eruption sources using the amplitude
source location method

The amplitude source location method uses the theory
of seismic waves decaying with distance due to intrinsic
attenuation and geometrical spreading to estimate an
original amplitude (Yamasato 1997). Many have since
used ASL to estimate locations from a variety of sources,
such as debris flows (Ogiso and Yomogida 2015), lahars
(Kumagai et al. 2009), pyroclastic flows (Yamasato 1997),
rockfalls (Aki and Ferrazzini 2000), VT earthquakes
(Kumagai et al. 2013), volcanic tremor (Ogiso et al. 2015),
LP events (Battaglia and Aki 2003), explosion events
(Kumagai et al. 2011), and magma intrusions (Taisne
etal. 2011).

Here, we follow the method proposed by Battaglia and
AKki (2003), who were among the first to apply ASL to vol-
canic processes and Walsh et al. (2017) to estimate the
locations of the six main eruptive pulses of the 27 April
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Fig. 2 Seismic waveforms (no filter) from station WIZ of the 27 April 2016 Whakaari eruption. Eruption pulses are shown in time by black arrows.
Subfigures represent each of the eruptive pulses during the event

2016 Whakaari event. Seismic wave decay for a body
wave is represented by:

e—B-r

A=A .S (1)

r
where A is the observed amplitude, r is the distance
between the source and receiver, S is the site amplifica-
tion correction, and B is the attenuation factor described
as:

_

QB
where fis the average frequency of the signal (e.g., 7.5 Hz
for a signal filtered between 5 and 10 Hz), Q is the quality

factor, and S is the average S-wave velocity. Rearranging
Eq. (1) to solve for the original amplitude, we get:

B (2)

N

1 Ai Br:
Ag = N ; Ene
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where N is the total number of seismic stations and i is
a single station. Knowing both observed amplitude and
estimated original amplitudes, we can then calculate
errors by determining normalized residuals by:

N —Br; 2
>lin1 {At — Ao }
N
Y A7

(4)

Residual Error =

To perform ASL, a grid search is used to estimate A,
using Eq. (3) at each grid point. After A, is calculated,
Eq. (4) is used to estimate a residual error for every point
in the grid. Next, the grid point with the minimum resid-
ual error is used as the predicted most likely ASL of the
source. At Whakaari, we use an ASL grid 2 x 2 km in area
with 10 m grid spacing between each point where topog-
raphy is also considered by assigning an elevation value
to each grid point for the analysis. We use a topographi-
cal surface grid because while excitations are likely to
extend below the active vent region, we are only focusing
on the seismic signals that are coincident with the acous-
tic eruption periods, and thus, we assess that the source
is constrained to the surface.

For the ASL method to work, multiple input parame-
ters are needed to make use of Egs. (1-4). First, we note
that, for our location results, we do not calculate site
amplification. Others have shown at various other loca-
tions that amplification corrections are not necessary to
achieve reliable location results, most notably on Tun-
gurahua, Ecuador (Kumagai et al. 2015), Te Maari, New
Zealand (Walsh et al. 2017), and Illgraben, Switzerland
(Walter et al. 2017).

To estimate eruption locations, the frequency range of
5-10 Hz was used, which is consistent with previous ASL
research and well within the peak energy range of the 27
April eruption (Fig. 5). Even though Fig. 5 shows a rea-
sonable amount of energy below 5 Hz, we note that using
the ASL method in these frequency ranges can alter loca-
tion results because of the non-homogeneous radiation
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Fig. 3 Acoustic waveform data for both acoustic stations for the 27 April 2016 eruption on Whakaari. A Non-filtered raw sensor reading for WIZ
showing the increasingly larger down pressures from the rarefaction of the eruption pulses as the acoustic wave passes the station. B Filtered
acoustic data between 0.5 and 10 Hz, C spectrogram for WIZ, D non-filtered raw sensor reading for WSRZ, E filtered acoustic data between 0.5 and
10 Hz for WSRZ, F eruption spectrogram for WSRZ. A1 and D1 are the spectra for WIZ and WSRZ respectively

patterns below 5 Hz (Takemura et al. 2009). Due to  display some pre-event characteristics. Baseline param-
tremor occurring during the time gaps between erup-  eters for the ASL grid search include an S-wave veloc-
tive pulses, the eruption spectra (Fig. 4, black signals) ity of 1300 m/s (Jolly et al. 2017a, b) and a quality factor
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of Q=10 (Jolly et al. 2012) for all subsequent analyses
except where indicated.

Location results for the six pulses were obtained
(Fig. 6) from the vertical waveforms using the base-
line input parameters. Stars represent the ASL minimal
residual error location for the particular eruptive pulse.
Lighter shades represent earlier pulses, and darker shades
represent later arriving pulses. Pulses 1, 4, and 5 plot at
the same location, whereas pulses 2, 3, and 6 are alto-
gether to the Northwest of the crater. The ASL locations
are ~400 to 500 m off from the theorized vent location as
well, not locating in the crater lake. The lowest residual
locations instead plot up on the steep crater slope; thus,
more investigations need to be conducted on input val-
ues in addition to site and path corrections. We also esti-
mated locations based on surface wave velocities (results
not shown) to investigate if they would provide more
reliable results. Using surface waves for the ASL method
produced similar location errors to that of the body wave
results.

To examine the input parameters on the ASL results,
we next assess the sensitivity of the ASL method by
changing the velocity and attenuation of the medium
for each pulse (Fig. 7). For all of the pulses, the mini-
mal residual error ASL after sensitivity analysis changes
up to a~300 m difference. Increasing the quality factor
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Fig. 6 Minimal residual amplitude source location results (stars)
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moves the minimal residual location to the Northwest,
while decreasing the quality factor moves the location
to the Southeast toward the active crater. Increasing and
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decreasing the velocity input produces the same results
displaying the theoretical trade-off between the two val-
ues shown in Eq. (2). Examining all six pulses, inputs of
a quality factor of Q=3 and a velocity of 1300 m/s show
the best locations compared to the theorized vent loca-
tion. The very strong attenuation (Q=3) value used in
obtaining improved results is consistent with a prior
active source experiment on Whakaari (Jolly et al. 2012).
With the best predicted ASL results (Fig. 8 pink stars)
locating on average a couple hundred meters away from
the estimated vent location, we next follow Walsh et al.
(2017) by calibrating the ASL locations. Instead of cal-
culating amplification factors, active source events (Jolly
et al. 2012) are used to correct source and path effects.
In 2011, three large~700 kg bags of beach sand were
dropped ~ 300 to 400 m above ground height. The first
impact location was located by GPS, whereas the next
two impact locations were located by triangulation. The
sand bag impacts were recorded on 15 3-component
broadband seismic stations on Whakaari. To process the
active source data, the impacts arrivals were picked, had
instrument responses removed, were placed under a 1%
Hanning taper, and finally filtered between 5 and 10 Hz
for use with the natural data for the determination of
station corrections on Whakaari (Table 1). Two of the
three active source events landed in the active crater,
with a third locating beyond station WI13 (Fig. 1), and
not centrally located. Subsequently, due to active source
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Table 1 Station corrections estimated from active sources

for 15 broadband seismometers that were installed
during the active source experiment
Station Station corrections Standard
deviation
WIO1 8.209 1.649
WI02 3.596 0.825
WIO3 38.841 13477
WI04 2457 0.549
WIOS 20.083 8.946
WI06 47.797 39.832
WI08 16.114 11.781
WI09 4974 3.954
WI0 4214 2.833
WI12 9.798 1.075
W3 1.828 0.198
Wi14 0.264 0.012
WI5 0.545 0.238
Wiz 1 NA
WSRZ 23334 18.532

locations, we only use the two events that located in the
crater to estimate station corrections.

After calibrating the ASL method from active source
events on Whakaari, location estimates for erup-
tive pulses (Fig. 8, green stars) locate on or close to the
inferred vent location. The calibration of the ASL yielded
a direct distance difference of~300 m from the best
located non-corrected results (Fig. 8, pink stars). Like-
wise, the estimated calibrated pulse locations similarly
locate together like the original results, where pulses 1,
4, and 5, and 2, 3, and 6 are grouped together. The group-
ings may not have any significance because like the origi-
nal results, the group locations are only~50 m apart
from one another (see error analysis in discussion). This
close proximity may also indicate a non-vertical conduit,
at which the minimal residual location may be indicating
the location where the elastic energy couples to the earth
(e.g., Chouet et al. 2010), where pulses 1, 4, 5 are coupling
further down the inclined conduit than pulses 2, 3, and 6
giving the illusion of two possible separate eruption vents
(see VASR section below).

Insights into eruption dynamics using infrasound

The characteristics of the eruption, more specifically the
individual eruptive pulses, will be examined next via the
acoustic waveform data in order to further the investi-
gation. Acoustic data have been used for many years on
and around volcanoes to understand eruptive behavior
(e.g., Vergniolle and Brandeis 1994; Yamasato 1997; John-
son 2003). Acoustic data from volcanoes are relatively
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easy to record because when a volcano erupts, it causes
an increased pressure trace relative to the atmospheric
background (Johnson 2003). Additionally, acoustic sig-
nals given off by eruptions tend to be dominated by fre-
quencies below 10 Hz (e.g., Garcés and McNutt 1997;
Ripepe and Marchetti 2002; Jones et al. 2008).

The April 2016 eruption has shown similar traits, most
notably in the low-frequency content (Fig. 3). The peak
frequency range of the eruption is under ~ 5.0 Hz (Fig. 3c,
f) and is the strongest during the six eruptive pulse
phases. Figure 3 also shows the raw unfiltered acoustic
signal for stations WIZ (Fig. 3a) and WSRZ (Fig. 3d), as
well as, the acoustic signal filtered between 0.5 and 10 Hz
(Fig. 3b, e) for better representation of the pulses and
timing. Even though the infrasonic tremor sequence after
the eruptive pulse phase contains some minor pulses and
peaks, the frequency strength does not show any differ-
ence to the background noise, indicating that there most
likely were no more surface events after the initial pulse
phase.

To further investigate the acoustic data from the April
2016 Whakaari eruption, each pulse was extracted out of
the greater signal and plotted on its own (Fig. 4). Along
with each acoustic pulse signal, we also create an unfil-
tered spectrogram for each eruption pulse (Fig. 4, top
rows). The frequency content of each pulse is very similar
in that the frequency range is all below ~5.0 Hz. While
all the pulses depict similar frequency ranges, the differ-
ences of the spectral content in each pulse lie within the
variable frequencies through the duration of each indi-
vidual pulse. These frequency characteristics have been
recorded on Whakaari previously when Jolly et al. (2016)
recorded mud bubble bursts from within the crater on
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the island. They also noted that station WIZ had higher-
frequency peaks than that of WSRZ, which also can be
seen for the pulses in Figs. 3 and 4 for the April 2016
eruption.

At Whakaari, due to the dimensions of the acous-
tic sensor setup and distance to the active vents/crater
(<1.0 km), traditional volcano acoustic method results
are not the most reliable and accurate. The sensor spac-
ing range of 5-15 m limits the range of frequency content
that can be distinguished between each of the three sen-
sors in the array. To this extent, location methods such
as back projection (e.g., Jolly et al. 2014b) cannot provide
reliable results either, due to the insignificant travel-time
variations and poor station distribution. Therefore, with
this instrumental set up, we only use the Setra acous-
tic sensors from each station location, and estimate lag
times, correlation, and coherence (Fig. 9) for the eruption
(e.g., Ichihara et al. 2012; Matoza and Fee 2014). To create
Fig. 9, we used unfiltered data and calculated the correla-
tion and coherence at 10-s time windows. In estimating
the coherence, we use the magnitude-squared approach
that can be described as:

]/2 _ |512|2
27 81180

(5)

where S;; and S,, are the power spectra from each of
the two acoustic stations, and S, is the cross-spectrum.
To compare the coherence and lag times with the erup-
tion, we also overlaid both acoustic signals (Fig. 9C). In
Fig. 9C, station WIZ (blue) records the eruption onsets
of each pulse first followed by WSRZ (red). The lag times
between the two stations (Fig. 9A) are strongly correlated
to the timing of higher coherence (Fig. 9B) during the
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eruption. When there is an increase in coherence dur-
ing the eruption phase, the correlation with lag signifi-
cantly changes (see time periods of eruptive pulses). To
get a better understanding of the relationship between
the coherence and lag times, we next show the same
plot, but this time for each individual pulse, and at 5-s
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running time windows (Fig. 10). For each pulse, the lag
times between the stations are not consistent, but the
highest correlated lags are all between about —0.25 and
0.25 s, suggesting that the pulses may have come from
the same general area of the crater. As expected, during
time widows of low or no coherence, there is also very

Ohad ! B = .

AT
i ;WIZ |

: _omwmww b Wﬁ{nﬁ,'{; T

30 60 90 120 150

Lag (s)

Frequency

=——WIZ
==WSRZ

W

.c3 L " i

O ot A ol

Pa

2-

-4

o 20 40

1

m
-

o

_Lag (s)

Frequency

1
I
}

Pa

w0
Time (sec)

20 60

i

’ﬁ
bkl l
‘ “ﬁ \ﬂ‘

b ‘i“f”a‘im‘

60

=——WIZ
| [==WSRZ

i \M Al

D3 :

0 WMWWMMMMMWWW Wil
|

b | l‘
e

- F1

0
-0505
-1

0.8
0.6
0.4
0.2
0

60

Time (sec)

30 90

Fig. 10 Acoustic time evolution comparing station WIZ with WSRZ of the 27 April 2016 eruption pulses. A Pulse 1, B pulse 2, C pulse 3, D pulse 4,
E pulse 5, F pulse 6. (1) Unfiltered cross-correlation, (2) unfiltered coherence, (3) acoustic signals WIZ and WSRZ overlain filtered between 0.5 and
10 Hz for each pulse. Subfigures labeled with 1 s and 2 s were estimated from 5-s moving time windows




Walsh et al. Earth, Planets and Space (2019) 71:25

low correlation with any time lag value for the inter-
pulse fluctuations (see Fig. 10D, between intra-pulses).
Furthermore, comparing Fig. 10 with the spectrograms
(Fig. 4), the wavelengths and frequency content within
each pulse are variable.

These inconsistencies or migration patterns could
be due to many effects. Matoza et al. (2013) noted that
high-temperature jet-like gasses that are expelled out of
the vents at high velocities, that create jet noise mixing,
are highly directional, do not radiate acoustic energy uni-
formly, and cause an increase in turbulence within the air.
These jet noise effects could very well cause the frequency
differences within each eruption pulse on Whakaari. Fur-
thermore, the variability in frequency could be caused by
near-field effects, resonance in the conduit, overlapping
of multiple signals, or multiple eruptions occurring at
the same time (Woulff and McGetchin 1976). Another
effect on frequency in the acoustic signal can come from
scattering due to diffraction of the crater geometry or
topography of the ground. Rowell et al. (2014) noted that
reverberations from crater walls could cause signal inter-
ference and cause timing delays in the data. At Whakaari,
the current conduit/vent location is~10 m below the
main crater floor, and then, there is an extra 300 m maxi-
mum increase in elevation to the crater rim. Any acous-
tic signal coming from the vent location would not only
have to travel out of the eruption crater, but up and over
the larger crater rim to reach station WSRZ (Fig. 1). The
increased scattering in correlation with lag times is most
likely occurring from topographical effects (e.g., McKee
et al. 2014). The explanation for the frequency contrasts
in the eruptive pulses could also be due to the type of
eruption mechanism and will be described later.

Determining eruption pulse characteristics using
the volcanic acoustic-seismic ratio

The volcanic acoustic—seismic ratio (VASR) is the ratio
between the acoustic energy and the seismic energy of
an eruption or eruption sequence. VASR was first shown
by Johnson and Aster (2005) on Karymsky, Russia and
Erebus, Antarctica, and later used on Redoubt Volcano,
Alaska (McNutt et al. 2013), Te Maari, New Zealand
(Jolly et al. 2014a), and at Tungurahua, Ecuador (Pala-
cios et al. 2016). We use VASR on the Whakaari erup-
tion sequence as a means to investigate the partition of
energy between the ground and atmosphere to give an
idea what the eruption source characteristics might be,
as well as, other differences between the multiple pulses
(e.g., energy transfer, conduit size, and source area).
Johnson and Aster (2005) outlined varying situations for
values of VASR, where a low VASR may indicate a large
source region, long narrow conduit, and/or a high den-
sity plume. Additionally, if the VASR has a high value, the
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source region may be small, have a short/wide conduit,
and/or have a low density plume.

To infer the VASR, both seismic and acoustic energies
need to be estimated. To approximate the acoustic energy
of an eruption, and assuming that the source is a mono-
pole, the total acoustic energy is depicted by Johnson and
Aster (2005) as:

2
Eacoustic = 2zr /AP(t)zdt (6)
PACA

where r is the source to station distance, p, is the air
density, c, is the air wave velocity, and AP is the excess
pressure. For the use at Whakaari, we use a p, =1.204 kg/
m?® and an air velocity (c,) of 340 m/s. In order to esti-
mate the acoustic energy, many assumptions and caveats
must be addressed. First, the assumption of an isotropic
radiation pattern is made, but the acoustic output from a
volcanic eruption is highly directional, which could intro-
duce errors (Matoza et al. 2013). Additionally, due to the
directionality of jet noise, we may have limited angular
coverage of the jet noise path from the positioning of the
acoustic sensors. Furthermore, dynamics such as moving
sources, and parameters like air temperature contrasts,
density, conduit geometry, etc., can all have significant
effects on the outcome of estimating the energy properly
(Matoza et al. 2013).

Estimating the seismic energy of the eruptive pulses in
terms of body waves can be shown through Boatwright
(1980) and Johnson and Aster (2005) by:

1
Eseismic = 2]11”2/)62 /SZU(t)Zdt (7)

where p is the density of the ground, c is the seismic
medium velocity, S is the site response, U is the seismic
amplitude, and A is the wave propagation attenuation
that can be determined from A=e"""7Q, Estimating
seismic energies, values of p=2120 kg/m? and a homo-
geneous p-wave estimate of ¢=2200 m/s (Jolly et al.
2017b) were used for Whakaari. Due to possible direc-
tional variations among the network array (topography,
source directionality of the radiation pattern, site effects,
etc.) (e.g., Jolly et al. 2017b), we compare the energies
for both acoustic and seismic data for both stations
through partitioning (Fig. 11a). The VASR data for both
data sets were filtered between 0.5 and 10 Hz to obtain
peak energy content from both sources of data (Figs. 4,
5). The acoustic partitioning (Fig. 11a, circles) between
WIZ and WSRZ shows a stable correlation, with station
WIZ recording slightly higher energies. As for the seis-
mic energy, the partitioning (Fig. 11a, squares) shows a
relatively even energy distribution, but the eruptions tend
to have stronger signals for station WSRZ. This could
be due a geological medium effect or an effect from the
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source radiation directionality of each pulse. Since our
signals contain data below 5.0 Hz, we may have near
source scattering effects as noted by Takemura et al.
(2009). However, we surmise that the variations would
be minimal, in the determination for VASR partitioning.
Another form of contamination of the data could come
from infrasound signals coupling with the ground and
being recorded in the seismic data. Even though these
data might be present in the signal, we can still proceed
due to the fact that ground-coupled airwaves usually
have high-frequency content and small energies that only
contribute minimally to the overall total energy (Johnson
and Aster 2005).

Next, we estimate the ratio of the amount of energy that
is transferred through the air compared to the ground by
the VASR represented by:

_ EAcoustic

Eseismic

n (8)

These values can be exemplified visually by plotting the
acoustic and seismic energies for each pulse against each
other (Fig. 11b). Station WIZ (Fig. 11b, squares) depicts
greater energies for all the pulses, except for pulse 6,
which has higher acoustic energy. Furthermore, for sta-
tion WSRZ (Fig. 11b, circles) the veer toward the seis-
mic energy is greater than for WIZ. We also note that for
both stations pulse 6 is the only eruption to be stronger

in acoustic energy than in seismic energy. Additionally,
pulse 5 for both sensors has the most seismic energy.
Additionally, due to the variability within each eruptive
pulse, we also calculated VASRs with time for each pulse
(Fig. 12). Like Fig. 11, Fig. 12 uses seismic and acoustic
data filtered between 0.5 and 10 Hz with the VASR being
estimated in 5-s running time windows. When the VASR
is greater than 1, the result has stronger acoustic energy,
and when the VASR is less than 1, the signal is stronger
for the seismic energy. Figure 12 shows a more complex
VASR situation than when the ratios were estimated for
the entire time period of the eruptive pulse. Within each
pulse, the VASR becomes stronger in the acoustic energy
or seismic energy and vice versa. This same pattern is also
seen in the relationship between the two stations as well,
although WIZ has higher ratios most of the time. The
varying VASRs could be caused by the same effects as the
frequency differences in the pulse signals (Fig. 4). Where
site effects or the way/style of eruption could alter the
VASR. Furthermore, the differences could be caused sim-
ply by impurities in the acoustic signal, in that when the
ratio is heavily favored by the seismic energy, the acoustic
energy may have been dampened by reflections or noise
caused by topography, or jet eddies in the eruption col-
umn. In addition to the aforementioned possibilities,
the differences in VASRs could be caused by eruption
dynamics. The significance of this, as well as the whole
eruption setting and process in acoustic and seismic
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energy will be discussed in detail below in the discussion
section.

Discussion

The varying frequency levels in the acoustic signals for
the 27 April 2016 phreatic eruption on Whakaari could
potentially help describe vent characteristics. Garcés and
Hansen (1998) noted that changes in frequency might
suggest a change in source process or eruption dynam-
ics. The differences in frequency could be explained by
changes in the mass flux created by the gas slug in the
conduit during the eruption (e.g., Goto et al. 2014).
There are two leading theories that combine nicely with
the idea of flux changes from differing gas slug charac-
teristics. First, the frequency contrasts could be due to
simultaneous explosions (e.g., Ripepe et al. 1993; Tad-
deucci et al. 2012), where a large gas slug rises up the
conduit, explodes creating the large eruption, but then is
followed immediately by several smaller bubbles erupt-
ing. The second theory uses multiple gas slugs of dif-
ferent sizes moving up the preexisting crack that erupt
at regular intervals, which creates the variations in the
frequency content of each pulse (Ripepe et al. 1993). For

the eruption in April 2016, it is inferred that the eruption
dynamics most likely occurred in one of these two ways.
On Stromboli, Ripepe et al. (1993) noted that multiple
gas burst dynamics produced high seismic frequencies
between 5 and 8 Hz. Figure 5 shows the seismic fre-
quency content of the 27 April eruption with peak fre-
quencies between 3 and 10 Hz, suggesting that Whakaari
eruption dynamic frequencies may be similar to that of
Stromboli.

Additionally, along with the variations in acoustic fre-
quency, there are also variations within each eruptive
pulse in phase lag between the two stations (Fig. 10). The
phase lag change switching from the two stations could
represent eruptive bursts from multiple vents or source
locations, or as noted by Matoza et al. (2013) could be jet
turbulence excitations or eddies at different altitudes and
jet axis angles in the 4.0 km high eruption column that
occurred on Whakaari.

The seismic results show that there could be multiple
vents, but at the same time considering the propinquity
to each other (~50 m), the pulses could have easily come
from a single vent. Conducting error analysis on the vent
location results estimated from ASL, standard bootstrap/
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Table 2 Summary of error analysis conducted on ASL results
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Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Pulse 6
Standard deviation (m) 78 90 90 79 75 79
Ttest p values 11%x107° 85x107° 82x107° 15%107° 13x107° 32x107°
Table 3 Average delay time between WIZ to WSRZ for each of the six eruption pulses
Pulse 1 Pulse 2 Pulse 3 Pulse 4 Pulse 5 Pulse 6
Delay time (s) 0212 0.140 0.110 0212 0.202 0.096

jackknife methods (e.g., Quenouille 1949; Tukey 1958)
are used. Following the procedure shown by Walsh et al.
(2017), we recalculate the vent locations for each pulse
using every 6, 5, and 4 station combinations. The stand-
ard deviations for vent location for each pulse are listed
in Table 2. From the error analysis, each pulse vent can be
located with an uncertainty on average of less than 80 m
from the six station configuration result. This indicates
that the error analysis cannot uniquely constrain which
vent the pulse may have come from.

To test whether the uncertainties in the error analy-
sis for the ASL results can be trusted, we next conduct
a one-sample ¢ test. One-sample ¢ tests (e.g., Ross and
Willson 2017) can help to infer whether the ASL results
are real or if a result is randomized. T tests are used to
calculate t values, which then can be compared to a
known critical t value to determine if the null hypoth-
esis is accepted (not random) or rejected (random). In
order to determine if the null hypothesis is accepted or
rejected, a p value must be determined and set. In most
cases, the p value is often set at 5% or 0.05, stating that
if the p value is greater than 5% then the null hypothesis
is rejected, and the ASL results could have occurred by
chance. Conversely, if the p<0.05 then the locations are
not random and there is no statistically significant differ-
ence between the ASL results, and the null hypothesis is
accepted. Table 2 lists the p values of the ¢ test for each of
the six eruptive pulses, showing that in each case the null
hypothesis is accepted. This indicates that even though
the pulses on average have an uncertainty of ~80 m, the
bootstrap/jackknife ASL results are not random and
could be real.

Analyzing the acoustic data shows that when the sig-
nals are highly correlated, the phase lag between the
two stations is ~ —0.25 to 0.25 s (Fig. 10), indicating that
the eruption could have come from an area of multiple
vents. To further analyze the difference in time offsets,
we calculate the average delay time from WIZ to WSRZ
(Table 3) for each of the eruption pulses. The average
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delay time estimations suggest that pulses 1, 4, and 5 and
pulses 2, 3, and 6 have similar delay times. These group-
ings of pulse number are the same as for the ASL results.
To better constrain the delay times in terms of distance,
Fig. 13 shows the map projection of what a —0.20 (green
circle) to 0.20 (red circle) second lag time would indi-
cate in terms of distance from the two acoustic stations,
along with the estimated ASL results (green stars). The
circles in Fig. 13 are calculated based on a uniform radia-
tion pattern and airwave velocity of 340 m/s. Estimating
the distance from each station, a —0.20 to 0.20 s time lag
equates to distance difference of ~68 m, or a radii from
each station between 611 and 748 m. Pulses 1, 4, and 5
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are within the —0.20 s circle for WIZ, whereas pulses 2,
3, and 6 are between the —0.20 s radius for WIZ and the
0.20 s radius for WSRZ. If we trust the six station cali-
brated ASL results, this would indicate that pulses 1, 4,
and 5 would have to be at least at a —0.20 s lag, and that
pulses 2, 3, and 6 could be anywhere between —0.20 and
0.20 s radius from WIZ. This indication of two vents can
be seen in the average delay time estimations on Table 3,
as well as, shown by pulses 1, 4, and 5 all having delay
times greater than 0.20 s, while pulses 2, 3, and 6 do not.

To explore eruption dynamics, we looked at the par-
titioning between the acoustic and seismic energies for
each eruptive pulse. A VASR value can mean many dif-
ferent things in terms of the eruptive process. Johnson
and Aster (2005) have detailed four different possibili-
ties for a high or low VASR. A low VASR could mean a
large source region, a deep source, high density plume,
or a high impedance lava lake and vice versa for a high
VASR. Looking at the VASR values for the 27 April erup-
tion and averaging both recording stations, pulses 1, 3, 4,
and 5 have low VASR values compared to pulses 2 and 6.
Considering just the most energetic eruptions, this could
very well mean that pulses 4 and 5 came from a deeper
source region than pulse 6. We favor the theory of depth
differences in terms of VASR difference, because the seis-
mic signals (Fig. 2) show pulses 1, 3, 4, and 5 with dis-
tinct heightened traces compared to the signals of the
other eruptive pulses, and due to the fact that the dif-
ference between the seismic and acoustic energies from
eruptions commonly correlates to the depth of the source
(Ichihara 2016).

Conclusions

At approximately 09:36 UTC on 27 April 2016, a phre-
atic eruption occurred on Whakaari Island producing six
major eruptive pulses. Seismic and acoustic data were
collected, and eruption characteristics were deduced.
The acoustic data had varying frequency content infer-
ring eruption dynamics of either a large gas slug followed
by smaller gas bubbles or multiple gas bubbles bursting
at different time intervals. Eruption vent locations were
estimated through the use of ASL with the seismic data.
Vent locations for the eruptive pulses were found to have
either come from a single vent or possibly from two dif-
ferent locations (albeit in very close proximity), where
pulses 1, 4, and 5 and pulses 2, 3, and 6 originated from
the same vent. These pairings compare favorably with the
VASR analysis conducted to explore eruption dynam-
ics, as well as lag time analysis for the acoustic data.
The VASR analysis showed that pulse 5 contained more
seismic energy, and that pulse 6 had stronger acoustic
strength then the rest of the pulses. This suggests that
pulse 5 came from a deeper source location than pulse
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6. In conclusion, due to error analysis and acoustic phase
lags varying with frequency and eruption pulse duration,
we cannot say for certain that the eruptive pulses came
from one or multiple vents. Each scenario is equally as
possible, but due to the combination of the six station
ASL results and the acoustic delay time analysis (Fig. 13),
we favor the two vent theory where pulses 1, 4, and 5 and
pulses 2, 3, and 6 erupted from the same vent.
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