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ABSTRACT

Phreatic eruptions are small, sudden events, commonly with few precursory signals. They are driven by interactions between
magmatic and hydrothermal processes at shallow levels beneath the surface. Here we show that a sequence of banded tremor
events, which occurred several weeks before the 9 December 2019 eruption of Whakaari (White Island), New Zealand, can be used
to hindcast this eruption. The banded tremor sequence reveals a progressively decreasing time interval between tremor bands.
Extrapolating the tremor bands to a time interval of zero provides an accurate estimate, at least one week prior to the eruption,
to within 10.2 hours of when the eruption would occur, with a 2.8-day range between 95 % confidence intervals. A similar set of
tremor signals appeared before the 27 April 2016 eruption, and these signals provide a very accurate hindcast of this eruption to
within 2.61 hours, with a 2.2-day range between 95 % confidence intervals. Our analysis indicates that this potential forecasting
approach may prove useful for successfully and accurately forecasting future eruptions at Whakaari. The approach also may be
applicable to other volcanoes similar to Whakaari which experience sudden phreatic and phreatomagmatic eruptions.
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1 INTRODUCTION

Phreatic eruptions are common events globally [Barberi et al.
1992]. Due to complex feedbacks between subsurface mag-
matic and hydrothermal processes [Stix and de Moor 2018;
Montanaro et al. 2022], we lack insight regarding mechanisms,
triggers, and impending signs of these eruptions. Because of
their sudden nature, phreatic eruptions can be lethal to peo-
ple in the vicinity of active craters, as has recently occurred
at Ontake in Japan [Yamaoka et al. 2016] and at Whakaari
(White Island) in New Zealand [Kilgour et al. 2021] No
phreatic eruption has yet been successfully forecast, although
recent advances have been made at Whakaari using a number
of approaches including inverse Real-time Seismic Amplitude
Measurement [RSAM; Chardot et al. 2015], machine learning
[Dempsey et al. 2020}, and normalized Displacement Seismic
Amplitude Ratios [nDSAR; Ardid et al. 2022].

A key problem for these types of events is the lack of pre-
cursory signals before an eruption. This is probably the main
reason why forecasting such events in real time has not been
successful to date. For an eruption precursor to be useful for
forecasting, it needs to occur reliably before eruptions, and not
occur during times of repose [Ardid et al. 2022; Dempsey et al.
2022]. If the precursors are unreliable, then eruptions may be
missed. If such signals occur during repose, false positives will
ensue. The issue is complicated and complex, because when
phreatic systems pressurize, the pressurization sequence may
or may not end in eruption. In other words, sometimes the
system stops short of erupting. In this paper we examine an
eruption precursor — banded tremor — which can be reliably
used to hindcast two eruptions of Whakaari.

Whakaari is a mostly submarine volcano of andesitic to
dacitic composition [Figure 1; Cole et al. 2000]. It is New
Zealand’s most active volcano, with a high degree of unrest
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and frequent small eruptions [Kilgour et al. 2021]. Styles of
eruptive activity include Strombolian, phreatomagmatic, and
phreatic due to variable interactions between magma and ex-
ternal water [Houghton and Nairn 1991; Kilgour et al. 2021].
The volcano’s activity is the result of a complex interplay be-
tween a shallow hydrothermal system and a shallow mag-
matic system beneath the active crater area [Christenson et
al. 2017 This interplay makes the volcano an ideal natural
laboratory to study magmatic-hydrothermal processes. The
hydrothermal system is characterized by spatially and tem-
porally variable porosity, permeability, and mineralization in-
cluding native sulphur, anhydrite, alunite, cristobalite, and al-
bite [Kennedy et al. 2020]. The magmatic system also resides
at shallow levels, with magma occasionally reaching the sur-
face [Jolly et al. 2020].

Beginning in 2012, a series of phreatic and phreatomag-
matic eruptions have taken place periodically at Whakaari.
These eruptions are sudden, with few apparent precursors.
The most recent eruption occurred on 9 December 2019,
killing 22 people and seriously injuring a number of others
who were visiting the island at the time. A series of unusual
tremor spikes occurred in a regular fashion for several weeks
prior to this eruption. This type of signal is termed banded
tremor [Banks et al. 1989]; such signals have been used to indi-
cate proximity to explosive phreatic eruptions at Karkar [Mc-
Kee et al. 1981], Nevado del Ruiz [Martinelli 1990], and Etna
[Gresta et al. 1996]. The primary goal of this paper is to exam-
ine this tremor sequence in detail, use it for hindcasting the
eruption, and interpret its evolution to explain the behaviour
of the volcano before, during, and after the eruption. We then
search for similar tremor sequences from other eruptions of
Whakaari, to see if these sequences could also be used for ret-
rospective hindcasting purposes with the view to understand-
ing a common causative mechanism across several eruptions.
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Figure 1: Locations of seismic stations WSRZ and WIZ, the
crater lake/vent, and Fumarole 1 on Whakaari/White Island. In-
set points to the location of Whakaari in New Zealand.

2  DETERMINATION OF TREMOR BAND INTERVALS

A sequence of unusual tremor signals was recorded at
Whakaari beginning on 22 November 2019 [GeoNet 2019b],
17 days before the 9 December eruption. These signals were
recorded on both the WSRZ and WIZ seismic stations on
the island [Figure 1; GNS Science 2021]. However, the closer
proximity of WSRZ to the crater meant the signal to noise
ratio is higher at that station (Figure 2). Hence we use data
from WSRZ in our analysis. We use 10-minute RSAM data
which were 2-5 Hz-filtered to remove the higher frequency
component typically caused by wind. Since wind is usually a
broadband signal, the bandpass filtering removes the majority
of the wind signal. Other signals, such as those generated by
sightseeing helicopters, generate a distinctive waveform with a
duration of only several minutes during daylight hours. Thus,
within 10-minute RSAM data, helicopter interference would
not occupy more than one or two 10-minute readings (max-
imum). Furthermore, Meng and Ben-Zion [2018] show that
the average duration of aircraft noise transiting a seismome-
ter array in California is about 200 s and exhibits distinctive
high frequency (>50 Hz) signals which are well above the fre-
quency of interest and indeed above the Nyquist frequency of
the seismic station sampling rate at 100 Hz.

At Whakaari, the tremor bands were well defined from 22
November until 2 December 2019 (Figure 3A). These bands
were recognized by Ardid et al. [2022] and interpreted as pul-
sating gas fluxes. Thereafter, the amplitudes of the bands
declined from 2 to 6 December, although they are still rec-
ognizable (Figure 3B). By December 7-8, the tremor signal
was small without recognizable bands. During this period, the
low-level tremor was interrupted by two large tremor spikes
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Figure 2: Ground velocities recorded by the WSRZ and WIZ seis-
mic stations at Whakaari in November and December 2019.

Data are 10-minute, 2-5 Hz-filtered RSAM.

at 17.5 and 16.2 hours before the eruption which occurred on
9 December at 1411 hours local time (0111 hours UTC). These
tremor spikes were observed and reported as a precursor by
Dempsey et al. [2020]. After the eruption, tremor continued at
low levels for about a day before ramping up rapidly to very
high levels in the following three days [Dempsey et al. 2022].

We first visually identified the tremor bands and intervals
from the published GeoNet data at WSRZ [GeoNet 2019b),
then we used the 10-minute RSAM data for detailed analysis.
The principal criterion for identifying and selecting a tremor
band is that the band is clearly identifiable and distinguish-
able from the background, based on visual inspection and
further verified numerically. The bands and time intervals be-
tween each band were then measured manually (Table 1). We
place particular emphasis on the data from 22 November to
2 December 2019 (Figure 3A) because these tremor bands are
prominent, well developed, and clearly distinguishable from
the background. Another interesting characteristic of most
tremor bands during this period is a gradual increase in am-
plitude over the course of hours to the maximum value of the
tremor band, followed by a rapid decline in amplitude. The
peak observed within interval #5 (Figure 3A) is considered
to be part of the gradual increase to the subsequent tremor
band, hence was not selected as a separate tremor band based
on visual inspection and further numerical verification. A re-
gional earthquake occurs within interval #2, and this event
was removed from consideration when identifying the tremor
bands. The timing of a particular tremor band (and thus the
time interval between successive bands) was determined by
its maximum amplitude, except for the band at the beginning
of interval #9 and the band at the end of interval #10. These
two bands have prominent doublet spikes, and their timing
was determined to be halfway between the doublet spikes.

For the time period of 2—6 December 2019, the overall am-
plitudes of the tremor bands are substantially reduced when
compared to 22 November to 2 December (Figure 3B). Of the
13 tremor bands identified during 2-6 December, the ma-
jority stand out from the background, while 3—4 bands are
less prominent. Hence there is some subjectivity in choosing
tremor peaks for this time period, and these time interval data
may be less reliable.
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Figure 3: [A] Ground velocity recorded by the WSRZ seismic station at Whakaari for one month from 12 November to 14 December
2019. Data are 10-minute, 2-5 Hz-filtered RSAM. Tremor intervals for intervals #1-10 are numbered. Vertical red arrows show
tremor peaks. Elevated levels of tremor began on 22 November, soon after a change in the Volcanic Alert Level from 1 to 2.
Tremor bands were distinct from 22 November to 2 December (tremor bands #1-10), and less pronounced during 2-6 December
(tremor bands #11-23). Thereafter, the tremor level was comparatively low from 6 December until the eruption on 9 December,
punctuated by one small and one large tremor spike at 17.5 and 16.2 hours, respectively, prior to the eruption. After the eruption,
tremor was low for about a day before increasing rapidly to very high levels for about three days. [B] Numbering of tremor
intervals for intervals #11-23. Vertical red arrows show tremor peaks.

Since the peaks were initially chosen by visual inspection,
we also used two peak detection algorithms to compare and
validate the manually picked results with a view to being able
to automate the procedure. The first algorithm uses a critical
ground velocity V., to identify separate periods of high veloc-
ities. Within each period, if there are multiple peak velocities
offset by no more than a critical duration 7¢,., they are grouped
as a single peak at the occurrence time of the highest velocity.
Figure 4A shows that between 22 November and 2 December,
by manually selecting V., = 3250 nm sland 7., =03 days,
we can identify 12 peak occurrences and the successive inter-
vals. Between 3—7 December we used V., = 2850nms~! and
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T.r = 0.2 days to account for the lower peak velocities and
more frequent occurrences. Using slightly different choices of
Ver and T¢, from the above values, as long as they can rea-
sonably differentiate velocity peaks from troughs, results in
identical or nearly identical sets of intervals.

For the second method we calculated the STA/LTA ratio
(short-term average versus long-term average) which takes
two continuously sliding time windows of the RSAM time se-
ries, with the shorter time window representing the current
shaking and the longer window representing the background
noise level and identified peak occurrence times and inter-
vals. Figure 4B shows the 12 peaks identified between 22
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Table 1: Time data for intervals #1-23, 2019.

Interval  Elapsed time since
Interval time 0830 hrs UTC,
(days) 22 Nov 2019 (days)
1 1.097 1.097
2 1.646 2.743
3 1.194 3.937
4 0.917 4.854
5 1.340 6.194
6 0.979 7.174
7 0.875 8.049
8 0.694 8.743
9 0.590 9.333
10 0.642 9.976
11 0.594 10.569
12 0.604 11.174
13 0.389 11.562
14 0.444 12.007
15 0.542 12.549
16 0.382 12.931
17 0.250 13.181
18 0.319 13.500
19 0.153 13.653
20 0.174 13.826
21 0.181 14.007
22 0.125 14.132
23 0.118 14.250

November and 2 December by using a short-term time win-
dow of 0.1 days, a long-term time window of 0.5 days, and a
STA/LTA cutoff ratio of 0.5. As with the V, /T, algorithm,
small variations in the STA, LTA time windows and the cutoff
ratio would not significantly change the timing and interval of
the peaks. We did not extend the STA/LTA analysis after 2
December, since the ratio fluctuates around 0.5 without clear
peaks after this date. The STA/LTA smoothing also results in
slight phase shifts in the timing of identified peaks, in partic-
ular when there are closely spaced RSAM peaks (Figure 4B).

Unlike the manual picks, both algorithms identified #5 as
a separate interval as it satisfies the prescribed selection crite-
ria. Figure 4C shows that, regardless of the peak identification
methods (manual or automatic), the overall trend of decreas-
ing intervals approaching the eruption is robust. The only
clear outlier is the long interval of ~1.5 days on 4 December
(purple circle, Figure 4C), because with the prescribed V.,
and T, the algorithm cannot differentiate the subtle peaks
between 2—4 December. We acknowledge that both algo-
rithms are dependent on certain a-priori information such as
the range of the RSAM amplitude in each cycle, at least for the
first few intervals, to choose the thresholds. Furthermore, as
the volcanic system develops in the pre-eruption period, these
banded tremor patterns may correspondingly evolve and thus
require adaptive thresholds. Real-time or near real-time data
access and analysis are critical for this approach to be practical
in future forecasting tools.
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Figure 4: [A] Tremor bands selected by applying

Ver = 3250 nm s, Te = 0.3 days (blue circles) between
22 November and 2 December, and V¢ = 2850 nm s,
Ter = 0.2 days (purple circles) between 3-7 December, to
the RSAM velocity, [B] tremor bands selected by STA/LTA
using short-term window of 0.1 days and long-term window of
0.5 days and a cutoff STA/LTA ratio of 0.5 (orange squares)
between 22 November and 2 December, and [C] comparison of
tremor band intervals identified from visual inspection (black
diamonds, same as in Figure 5), from RSAM raw data (blue
and purple circles) and from STA/LTA ratio (orange squares).

3 HINDCASTING THE 9 DECEMBER 2019 ERUPTION OF
WHAKAARI

We now analyze the pre-eruption tremor data to calculate a
hindcast of when the 9 December 2019 eruption should have
occurred. With the benefit of hindsight, it may have been
possible to forecast this eruption. From 22 November until 6
December, we visually identified 23 intervals of comparatively
low-level tremor between each tremor band (Figure 3). The
durations of these intervals vary with time, from ~26—40 hours
at the beginning of the sequence on 22 November to less than
5 hours near the end of the sequence on 6 December. In detail,
the durations exhibit a systematic, quasi-linear decrease with
time (Table 1). In Figure 5, we plot these time intervals as a
function of time in days to the eruption at 0111 hours UTC on
9 December 2019. Using a linear fit to the data, it is possible
to extrapolate this trend to y = 0, i.e. the point at which the in-
tervals become zero. The extrapolation yields 16.27 days from
the initial tremor band at 0830 hours UTC on 22 November,
with the 95 % confidence intervals at 15.15 and 17.93 days,
respectively, hence a range of 2.78 days. This “zero point” is
10.2 hours before the eruption on 9 December which occurred
16.69 days after the initial tremor band. Hence this approach
provides an accurate hindcast for the date of the eruption. The
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Figure 6: Plot showing hindcast day of eruption by extrapolat-
ing linear equations forward to where y = 0 (the zero point). On
the diagram, successive linear equations are constructed for
cumulative time intervals between tremor bands, and the as-
sociated hindcast day of eruption is plotted (black diamonds).
The horizontal red line shows the actual day of eruption (16.69
days) since the appearance of the first tremor peak at 0830
hours UTC on 22 November 2019. The blue line shows the
changing R? values of the successive linear equations. The
plot shows that by Day 9 (1 December), the hindcast days are
approximating well the actual day of eruption, remaining stable
through Day 14 (6 December).

algorithm-detected peak velocity times and intervals (Figure 4)
are consistent with the linear trend established by the visual
inspection data points (Figure 5).

A further analysis of the data can be made by examining the
changing linear equations and zero points as each new tremor
band forms in the sequence (Figure 6). By Day 9 (1 Decem-
ber), the hindcast days are approaching the actual day of the
eruption, which occurred 16.69 days after the first tremor peak
on 22 November at 0830 hours. From Day 9 and thereafter,
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the hindcast values are stable, thus accurate for determining
when the eruption would occur. When we average these sta-
ble hindcast values over tremor intervals #9 to #23, the mean
hindcast value is 17.27 days with a 95 % confidence limit of 1.3
days. This mean hindcast value is 13.8 hours after the erup-
tion. Thus the “zero point” approach and hindcast averaging
approach are both highly accurate with errors of 1-3 days.

The simple linear approach we have used is justified by the
generally consistent zero point values. Nevertheless, the rela-
tionships that we have shown above may not be truly linear.
For example, intervals #2—4 exhibit variability which could
be a series of fluctuations (Figure 5). To illustrate this point,
these intervals exhibit two tendencies, the first progressively
shorter time intervals and the second progressively increasing
maximum amplitudes of tremor bands (Figure 7). Thereafter,
the fluctuating behaviour declines, and the trend toward zero
becomes more stable and more linear with time. We discuss
the implications of this behaviour below.

4 HINDCASTING THE 27 APRIL 2016 ERUPTION OF
WHAKAARI

We searched for similar signals before other eruptions at
Whakaari since the current unrest and eruption sequence be-
gan in 2012. No clear banded tremor signals were observed
prior to eruptions in August 2012, August 2013, and October
2013. Although there is an expression of banded tremor in
October 2013, the peaks and intervals are too poorly defined
for analysis. By contrast, a series of interesting tremor signals
were noted before the 27 April 2016 eruption. These signals
appear to begin on 17 April at 1410 hours UTC; they may in
fact begin before this time, but the peaks are small and not
clearly expressed in the RSAM data (Figure 8). From 17 to
24 April 2016, a series of four peaks occur which are shown
in Figure 8A. Within this sequence, a peak on 19 April at
2110 hours UTC is due to a local M3.3 earthquake rather than
tremor, so it was excluded. Two small peaks on 20 April were
also ignored due to their comparatively small amplitudes rela-
tive to the other peaks. A wide band of elevated tremor occurs
on 23-24 April, creating some uncertainty in terms of the cor-
rect tremor peak to use. Nevertheless, for this wide band, the
maximum amplitude on 23 April at 1930 hours UTC was used
for consistency. Beginning on 24 April at 2130 hours UTC,
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Figure 8: Ground velocity recorded by the WSRZ seismic station at Whakaari in April 2016 prior to an eruption on 27 April at 1020
hours UTC. Data are 10-minute, 2-5 Hz-filtered RSAM. [A] Ground velocity during 10-30 April. [B] Ground velocity during 20-30
April. A total of ten tremor peaks were observed from 17-27 April, with the last six peaks the most prominent. The vertical red
arrows show tremor peaks, and the blue numbers indicate tremor intervals.

a further series of six peaks are well expressed (Figure 8B).
Thus, there are ten peaks from 17 until 27 April at 0220 hours
UTC, eight hours before the eruption at 1020 hours UTC. The
time intervals between these peaks also decrease with time
(Figure 9 and Table 2), similar to that seen for the 2019 data.

Treating the 2016 data in a similar fashion to the 2019 se-
quence and using all peaks and intervals, extrapolation of the
time interval to zero gives an elapsed time of 9.64 days since
the first peak, with the 95 % confidence intervals at 8.48 days
and 12.42 days, respectively, hence a range of 3.94 days (Fig-
ure 9A). This extrapolation is 4.74 hours before the eruption.
Using only the last six peaks, which are the best data, pro-
duces a zero point of 9.95 days, which is 2.61 hours after

Table 2: Time data for intervals #1-9, 2016.

Interval  FElapsed time since
Interval time 1410 hrs UTC,

(days) 17 April 2016 (days)
1 3.833 3.833
2 1.167 5.000
3 1.222 6.222
4 1.083 7.306
5 0.819 8.125
6 0.493 8.618
7 0.431 9.049
8 0.201 9.250
9 0.257 9.507

Presses universitaires de Strasbourg

the eruption, with 95 % confidence intervals at 9.44 days and
11.67 days, respectively, thus a range of 2.23 days (Figure 9B).
This hindcast can be made only 8.0 hours before the eruption.
However, by neglecting the last peak on 27 April at 0220 hours
UTC produces a zero point which is 2.328 hours before the
eruption, and this hindcast can be made 14.2 hours before the
eruption. These operational details may prove useful for fu-
ture eruptions of Whakaari, in particular those where tremor
peaks immediately precede an eruption and the time window
for forecasting an eruption is short.

We did a further analysis of how the linear equations and
zero points changed as each new tremor peak formed in the
sequence (Figure 10), similar to our treatment for the 2019
eruption (Figure 6). In this analysis, we used all peaks and
intervals. For the April 2016 sequence, the zero points become
increasingly accurate with time. For example, two days before
the eruption, the hindcast is indicating an eruption to within
22 hours of when the actual eruption occurred.

Similar to our treatment of the 2019 data, we ran the 2016
data through both our peak detection algorithms (Figure 11).
The algorithm has difficulty in defining the initial tremor
peaks of the sequence because of high frequency oscillations
and less obvious peaks. For the last five peaks between 25-27
April, however, the algorithm’s peak selection is fully consis-
tent with the peaks chosen by visual inspection and displays a
linear decreasing trend of band intervals toward the eruption.
Hence the two approaches accurately hindcast the eruption
using these five peaks. In summary, our approach is able to
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Figure 9: [A] Durations of time intervals between tremor peaks plotted from the first peak occurring on 17 April 2016 at 1410
hours UTC. Extrapolation of the time interval to zero gives an elapsed time of 9.64 days since the first peak. This zero point
is 4.7 hours before the eruption at 1020 hours UTC on 27 April. The 95 % confidence intervals at the extrapolated time (y = 0)
span 3.94 days. [B] Same approach as in [A] above but using only the last six tremor peaks prior to the eruption. This zero point
occurs 2.6 hours after the eruption. The 95 % confidence intervals at the extrapolated time (y = 0) span 2.23 days.

hindcast the 2016 eruption at several different timescales, and
it appears accurate to within several hours of the eruption.

5 DiscussIoN

The pre-eruptive tremor that we have observed at Whakaari
provides a means to accurately hindcast the two most recent
eruptions. For the 2019 tremor sequence, the changing pat-
terns of the tremor over several weeks’ time can be related to
subsurface processes within the volcano leading to its erup-
tion. The occurrence of the tremor starting on 22 Novem-
ber is indicative of the interaction of the shallow magmatic
system with the shallow hydrothermal system, whereby hot
magmatic gas and possibly magma were injected into the hy-
drothermal system. We propose this injection caused the two-
phase or liquid-dominated portion of the hydrothermal system
[Miller et al. 2020] to boil periodically, creating the tremor sig-
nals.

Similar periodic tremor signals were noted by Vandemeule-
brouck et al. [2005] at Inferno Crater, Waimangu geothermal
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field, New Zealand, who ascribed them to periodic boiling of
the shallow hydrothermal system. At Whakaari the concep-
tual model of the magmatic/hydrothermal system [Christenson
et al. 2017; Miller et al. 2020] comprises single-phase gas con-
duits linked to shallow magma that grade radially into two-
phase and finally single-phase liquid as a function of distance
from the conduit. We propose that as new hot magmatic gas
is injected, these single-phase gas zones expand outward and
boil off any remaining liquid in the two-phase or single-phase
liquid region, thereby creating pressurized steam zones. Hy-
drothermal sealing of the conduit via precipitation of minerals
such as alunite and gypsum [Christenson et al. 2017] also aids
in pressurizing the conduit.

Whakaari is described as a pulsatory gas emitter [Werner
et al. 2008] that in addition to tremor, creates a range of
low-frequency seismic signals associated with deep degassing
through a leaky magma carapace [Jolly et al. 2018]. We sug-
gest that repeated pulses of heat and gas from the magma
carapace into overlying single-phase gas conduits create peri-
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Figure 10: Plot showing hindcast day for the 27 April 2016 erup-
tion by extrapolating linear equations forward to where y = 0
(the zero point). Successive linear equations are constructed
for cumulative time intervals between tremor peaks, and the as-
sociated hindcast day of eruption is plotted (black diamonds).
The horizontal red line shows the actual day of eruption (9.84
days) since the appearance of the first tremor peak at 1410
hours UTC on 17 April 2016. The blue line shows the changing
R? values of the successive linear equations. The plot shows
an increasingly accurate forecast with time.
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Figure 11:  [A] Tremor bands selected by applying
Ver = 420 nm s~, T = 0.2 days (blue circles) between
23-28 April 2016, [B] tremor bands selected by STA/LTA using
short-term window of 0.01 days and long-term window of 0.05
days and a cutoff STA/LTA ratio of 0.23 (orange squares),
and [C] comparison of tremor bands intervals identified from
visual inspection (black diamonds, same as in Figure 9), from
RSAM raw data (blue circles) and from STA/LTA ratio (orange
squares).

odic boiling of the neighbouring two-phase and single-phase
liquid zones, increasing overall conduit pressure. Then, at the
peak of the tremor signal, the conduit is micro-fractured by
the increased steam pressure causing boiling to stop and the
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tremor to abruptly drop. Repeated boiling and fracture cycles
eventually lead to large scale failure and eruption.

For the 2019 eruption, the narrowing intervals between
tremor bands were the result of increased pressurization
within the hydrothermal system, with the hydrothermal sys-
tem boiling more frequently as pressure built within. During
the early phase of the tremor sequence, we hypothesize that
pressurization rates were variable. The decreasing interval
times and increasing maximum amplitudes of tremor bands
within intervals #2—4 (Figure 7) are suggestive of increasing
pressurization rates. From interval #6 onward, the variability
declined (Figure 5), indicative of overpressures approaching
and then stabilizing at a maximum value. A key difference
between our model and that of Ardid et al. [2022] is that pres-
surization occurs at an earlier stage in our model relative to
theirs.

Sulfur dioxide fluxes measured by TROPOMI satellite im-
agery on 26, 29, and 30 November were low and did not ex-
ceed 4kgs™! [Burton et al. 2021], consistent with a system
sealed by hydrothermal minerals [Heap et al. 2019; Kennedy
et al. 2020; Miller et al. 2020; Mick et al. 2021]. Such highly al-
tered materials have tensile strengths less than 7 MPa [Heap et
al. 2022}, thus, the maximum overpressure was likely of sim-
ilar magnitude or less. The sudden decline in amplitudes of
the tremor bands beginning on 2 December suggests two sce-
narios. (1) At this point, boiling was no longer able to generate
high pressures, indicating that the seal above the hydrothermal
system started to weaken at this time due to pressure-induced
fracturing accumulated with each pressurization/tremor cycle
in the two weeks prior [Montanaro et al. 2022]. This point cor-
responds to the peak in nDSAR rate variance which Ardid et
al. [2022] correlated with high gas fluxes at the surface. (2) An
alternative hypothesis is that the decline in amplitudes signals
higher sealing pressures that reduced boiling. The seal then
remained intact until it failed catastrophically on 9 December.
Seal weakening, or pressure building beneath an intact seal,
continued from 2 to 9 December, at which point the pres-
sure exceeded seal strength and the volcano erupted. The
large tremor spikes observed at 17.5 and 16.2 hours prior to
eruption could indicate failed or aborted eruptions [Dempsey
et al. 2020} These spikes correspond with the initiation of
an inverse RSAM decline which continued until the eruption
[Ardid et al. 2022]. Interestingly, the two large spikes were
themselves preceded by two smaller spikes at 23.3 and 25.5
hours before the eruption. These could represent the initia-
tion of seal failure. Such signals are termed cascading material
failure by Ardid et al. [2022].

A resistivity survey of the shallow subsurface beneath the
crater area at Whakaari was made in January 2019, 11 months
before the 9 December eruption [Miller et al. 2020]. A laterally
extensive conductive zone was mapped at depths of 20-150 m
and interpreted as liquid-dominated and sealed on top [Miller
et al. 2020]. Single and two-phase zones were imaged around
the Fumarole 1 conduit (Figure 1), like those proposed by
Christenson et al. [2017] beneath the main vent. We hypoth-
esize that increased supply of hot magmatic fluids (gas) start-
ing on 22 November resulted in boiling of the two-phase or
liquid-dominated zones within the main vent area, generating
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Figure 12: Conceptual representation of the Whakaari magmatic-hydrothermal system prior to the 9 December 2019 eruption,
modified from Christenson et al. [2017]. [A] The hydrothermal system is stable prior to 22 November 2019. The system comprises
a series of vapour, vapour plus liquid, and brine zones radiating outward from a residual magmatic core. The shallow seal is
strong. [B] State of the hydrothermal system after 2 December 2019. Input of magmatic fluids has expanded the vapour zone,
the system is now fully pressurized, and the seal has begun to weaken.

overpressure as liquid boiled and converted to vapour. The
decreased amplitude of the tremor bands beginning on 2 De-
cember could also be explained by a third scenario whereby
the bulk of the liquid was now converted to vapour in the
two-phase or liquid zones. If so, this vapour-dominated and
overpressured system was now primed to erupt.

A schematic view of the pre-eruptive sequence is shown
in Figure 12 and summarized as follows. Prior to 22 Novem-
ber, the magmatic-hydrothermal system was in a state of com-
parative stability. Injection of magmatic fluids beginning on
22 November began to destabilize the system, with the main
pressurization interval occurring from 22 November to 2 De-
cember. The seal began to fail 25.5 hours prior to the eruption,
and then failed fully during the eruption on 9 December. The
low tremor during the week before the eruption may indicate
that: (a) seal weakening was a largely aseismic process driven
by ductile failure of low-strength hydrothermally altered ma-
terials, (b) pressures below the seal were high enough to sup-
press boiling and hence tremor generation, and/or (c) there
was no remaining liquid to boil, as it had been previously
converted to vapour. The very high level of tremor for three
days after the eruption may be ascribed to strong degassing
and/or rise of magma through a now open conduit. SO, fluxes
measured by COSPEC on 12 December three days after the
eruption were elevated at 20kgs~! [GeoNet 2019al, and lava
was first observed in the crater on 20 January 2020 [GeoNet
2020].

Our model for the 2019 eruption can be applied to
the 2016 eruption as well. ~ The main difference be-
tween the two eruptions is the shorter time interval in
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2016 between the first tremor spike and the eruption (~10
days for 2016 vs. ~17 days for 2019). This differ-
ence could indicate a shorter pressurization interval, a dif-
ferent magmatic input, and/or a greater degree of seal-
ing initially. In detail, the best-defined tremor peaks for
2016 began occurring only 2.5 days before the eruption,
indicating that the sequence of pressurization, seal weakening,
and eruption was short. These observations suggest that the
Whakaari system can reach critical pressurization thresholds
and erupt on short timescales varying from days to weeks,
making it difficult (but not impossible) to provide timely fore-
casts and warnings in the future.

6 OUTLOOK AND CONCLUSIONS

The seismic sequences observed at Whakaari in November—
December 2019 and April 2016 are important for three prin-
cipal reasons. First, the sequences provide new insight into
forecasting eruptions and understanding shallow subsurface
processes at Whakaari, with the banded tremor serving as
a harbinger to impending explosive eruptions. Second, data
from both seismic stations on the island reveal a clearly de-
creasing interval between tremor bands, providing an accurate
hindcast to within 10.2 hours of the 9 December 2019 erup-
tion one week beforehand. The same approach provides an
even better hindcast to within 2.3 hours of the 27 April 2016
eruption 14.2 hours prior. The simple approach described
herein may represent a way forward to accurately forecast
and even predict future eruptions at this volcano. Third, the
patterns observed at Whakaari suggest multiple timescales of
unrest and activity. We have shown above that the volcano
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can reach critical pressurization and erupt on timescales of
days to weeks. Longer eruptive patterns on the order of years
could also be operating within the volcano. Since the recent
unrest period began in 2011, eruptions have occurred in 2012—
2013, 2016, and 2019. This hypothetical three to four-year
cycle could indicate the timescale of fracture closing, mineral
precipitation, and longer-term sealing processes before a crit-
ical pressurization threshold is reached.

Banded tremor is a clear indication of active pressurization
within a shallow magmatic-hydrothermal system. It is also a
good indicator of an impending explosive eruption. The 2016
and 2019 Whakaari data presented in this paper show that the
interval between pressurization and eruption can be variable,
and this variability is most likely a function of the rate and du-
ration of the magmatic input, be it gas, heat, and/or magma.
Hence the available time window for forecasting an eruption
can also vary on the order of days as shown by 95 % confi-
dence intervals. These operational details can become critical
when the window is short, as seen for the 2016 eruption.

The patterns of banded tremor seen at Whakaari show cer-
tain parallels with the material failure forecast method (FFM)
[Voight 1988; Voight and Cornelius 1991], as observed at a
number of volcanoes. Both have “zero points” which can be
used to indicate when an eruption should occur. The FFM
method applies to material such as rock or magma which is
being stressed and weakened. As a result, seismicity acceler-
ates exponentially as the material fractures and breaks. This
was observed at Redoubt volcano, Alaska, in 2009 as the pe-
riod of both harmonic tremor and earthquakes declined prior
to explosive eruptions [Hotovec et al. 2013]. In contrast, the
banded tremor signals at Whakaari indicate progressive pres-
surization of the hydrothermal system. As the pressure builds,
the signals become more frequent and their period decreases.

A key consideration is when pressurization is not followed
by an eruption. This raises three crucial issues for forecasting,
namely if a volcano will erupt, when it will erupt, and how
big the eruption will be. While the issues of if and how big
remain significant challenges for future work, here we have
shown through a detailed retrospective analysis some use-
ful relationships in regards to when. A systematic search for
similar precursory signals and patterns of decreasing banded
tremor intervals are needed to help recognize global patterns,
in particular at volcanoes with well-developed hydrothermal
systems. Another interesting question for future studies is to
investigate whether similar patterns are present or not during
periods of elevated tremor but no eruptions.

The utility of this potential forecasting approach may
be applicable to other volcanoes which behave similarly to
Whakaari. Such volcanoes can have magma residing at shal-
low levels beneath the volcano and may reach critical pres-
surization thresholds over short time periods. They generally
have well-developed hydrothermal systems, and subsurface
magmatic-hydrothermal interactions are common. FEruption
styles include phreatic, phreatomagmatic, and magmatic. To
date, it has not been possible to forecast or predict sudden
eruptions from these types of volcanoes. The analysis pre-
sented in this paper may offer a new step forward toward this
goal.
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