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ABSTRACT

Ruapehu is an active andesitic composite volcano that had two significant eruptions
on 4 October 2006 and on 25 September 2007 since the last major eruption in 1995-1996.
These were mostly phreatic explosions that happened with minimal precursors. A sig-
nificant unrest period occurred between March and June at Ruapehu volcano in 2022,
with heating of the crater lake and tremor levels consistent with moderate to high levels
of volcanic unrest.

In this study, velocity changes during the 2022 unrest were explored using seismic
interferometry. Analysis of one year of ambient noise data using moving window cross-
spectral analysis (MWCS) found a nearly 0.5% drop in the East-North edifice’s seismic
velocity, while no reduction in velocity was noted in the West-North. This decrease
began three weeks before the unrest signals of Crater Lake temperature and tremor
were observed. This drop is a reversible process, and several factors, including fractures
opening, fluid fluxes like water, gas, or magma, magmatic anomalies, magma intruding
into the subsurface without reaching the surface, and environmental factors (such as
rainfalls or changes in atmospheric pressure), could cause a low-velocity zone. There is,

however, no evidence of the precise reason for the 2022 unrest.
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CHAPTER 1
INTRODUCTION

New Zealand is made up of three different tectonic processes, including two opposing
subducting systems that are divided by a strike-slip fault [Figure 1.1]. These faults
produce strong earthquake activity as a result. As the Pacific plate subducted beneath
New Zealand’s North Island toward the west, intense volcanism resulted forming the
Taupo Volcanic Zone (TVZ) [Rowlands et al., 2005]. Two of the TVZ’s most visually
striking volcanic features are the Tongariro and Ruapehu volcanoes, which are both
situated in the southern part of the TVZ [Leonard et al., 2021]. Ruapehu volcano is
a significant area of research due to the variety of eruption sizes, hazardous processes
produced, and the potential effects they may have on nearby tourists and the North
Island of New Zealand |[Leonard et al., 2021].

The iconic stratovolcanoes Ruapehu (150 km? cone, 150 km?® ring-plain) and Ton-
gariro (90 km? cone, 60 km? ring-plain) formed at ~ 230 and ~ 350 ka, respectively, in
the southern Taupo Volcanic Zone and Taupo Rift [Leonard et al., 2021]. Most historical
eruptions of Mt. Ruapehu have come through Crater Lake, and a very common artifact
of eruptions of Ruapehu is the production of lahars [Manville and Cronin, 2007, Mordret
et al., 2010]. Additionally, these eruptions produce ballistics that may injure climbers
near the Crater Lake. Mt. Ruapehu is also home to two sizable ski areas, which increases
the risk from eruptions during winter periods. Ruapehu is vulnerable to damaging lahars
because of the 107 m? of hot, acidic water in Crater Lake and the surrounding summit
glaciers and ice fields. The thousands of skiers in the ski area are the ones most at risk
that cross a northern lahar route [Leonard et al., 2021]. This risk makes it critical for us

to monitor and understand the volcanic processes at Ruapehu.

For this reason, the structure, history, unrest events, and evaluation of Ruapehu have

been the subject of scientific research, but there are still many unanswered questions
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that need to be investigated. This thesis explores volcanic unrest during the year 2022 at
Ruapehu and presents the results of the cross-correlation function from the ambient noise
technique to assess whether the ambient noise velocity variations technique is feasible for

monitoring Ruapehu Volcano.

Seismic interferometry analysis techniques have shown that large earthquakes or vol-
canic activities are connected with temporary variations in seismic velocity. These in-
terferometric techniques are now widely used to monitor temporal changes in structure
[Hirose et al., 2017]. Seismic interferometry estimates seismic velocity changes using
cross-correlation functions of ambient seismic noise, allowing us to track seismic velocity
changes continuously [Hirose et al., 2017, Curtis et al., 2006, Brenguier et al., 2008b].
Cross-correlating seismic wavefields collected at several seismic stations can then make it
possible to identify subtle changes in the subsurface that may be attributed to a number

of geophysical processes.

1.1 STUDY AIMS AND OBJECTIVES

Predicting the timing and location of volcanic eruptions is a primary goal of volcanol-
ogy, which seeks to get a thorough understanding of the magmatic processes and products
of volcanoes worldwide [Sparks, 2003]. However, a lot of information remains unknown,
making it difficult for us to forecast when and how a volcano will erupt [Wilson, 2017].
One way to think of volcanic activity is as the consequence of magma rising into contact
with the Earth’s surface. The identification of rising magma or the disruption of a pre-
existing shallow chamber is an essential factor in predicting the timing of an eruption.
Deformation of the crust is predicted to be caused by increases in subsurface pressures
prior to volcanic eruptions [Sparks, 2003, Savage et al., 2015]. To better understand
volcanic processes, a wide range of disciplines have focussed on monitoring precursory

activity at volcanoes [Sparks, 2003].



Recently seismologists started to utilize seismic ambient noise which has created an ex-
citing new path for the monitoring of small crustal changes. The use of ambient noise is
significant because it can yield continuous seismic velocity data that can identify small
variations in the crust’s elastic properties. This makes it possible to collect data when
there are no seismic events, such as during the pressurization or movement of magma
[Brenguier et al., 2008a]. The study of seismic velocity variations has become a reliable
and robust method for monitoring volcanic activity. These variations are sensitive to the
subsurface changes and provide important information regarding magma flow, pressure
fluctuations, and structural changes within volcanic systems. As a result, the method has
gained significance for monitoring volcanoes, and the number of research studies using it
is expanding quickly [Mordret et al., 2010, Ratdomopurbo and Poupinet, 1995, Minato
et al., 2012, Lecocq et al., 2014, Clarke et al., 2011, Poupinet et al., 1984, Aki and Fer-

razzini, 2000].

An interesting case study for ambient noise-based monitoring is Mount Ruapehu in New
Zealand. Not only have there been several well-recorded eruptions in recent years, in-
cluding the one that occurred in 2006, but also significant periods of heightened volcanic
activity detected through increased seismicity and changes in crater lake dynamics. The
significant unrest period that occurred in 2022 at Ruapehu volcano presents a unique op-
portunity to investigate changes in seismic velocity during volcanic unrest. This period
of heightened seismic activity, rising Crater Lake temperature, and increasing gas emis-
sions, including sulfur dioxide, without causing an eruption, provides scientists with an
opportunity to further investigation the causes of the increased seismic activity and the
dynamic processes occurring beneath the surface of the volcano. Seismic velocity fluc-
tuations during this unrest may provide knowledge of how seismic velocities vary over

time, and can yield important insights into fluid dynamics and magma transport within



the volcanic system. Furthermore, studying variations in seismic velocity during volcanic
activity can help build better early warning and monitoring systems for volcanic hazards,
which will eventually increase our capacity to reduce risks and safeguard communities

infrastructure and populations.

This thesis aims to investigate seismic velocity changes during volcanic unrest and to
understand how velocity change could help us monitor volcanoes such as Ruapehu. The

key objectives of this study to meet this aim are delineated below:

e Identify the seismic velocity and velocity variations at Ruapehu volcano during

2022.
e Investigate the correlation between the seismic velocity variations and the unrest.
e Identify changes in seismic velocity during the unrest in 2022.

e Consider the use of ambient noise for the detection and monitoring of volcanic

unrest and activity.

1.2 THESIS STRUCTURE

To meet these aims and objectives, this thesis comprises five chapters in the following

structure:

e CHAPTER 01 - INTRODUCTION

The motivation for this study as well as its goals are presented in this chapter.
It also briefly overviews the background, covering the region’s geology, tectonic
setting, and recent unrest in the TVZ and at Ruapehu.

e CHAPTER 02 - BACKGROUND THEORY

In this chapter, we present background information on the theory of seismic noise

including the characteristics of ambient seismic noise, cross-correlation methods

4



and methods for extracting seismic velocity variations. Additionally, it summarises

previous studies that used similar methods to monitor volcanoes.

CHAPTER 03 - METHODOLOGY AND DATA

The procedures for handling cross-correlations for station pairs are described in this
chapter. Included here are the explanations of the procedures used to compute the

Green Function and extract seismic velocity, and parameter testing.

CHAPTER 04 - RESULTS

After processing the cross-component station pair ambient noise up to velocity
variations, this chapter presents the seismic velocity variations for 2022 at Ruapehu

volcano.

CHAPTER 05 - DISCUSSIONS

This chapter discusses the velocity variations identified in reference to other signals
of unrest (Crater Lake temperature and volcanic tremor) and the potential for

ambient noise in monitoring of volcanic unrest.

CHAPTER 06 - CONCLUSION

A summary of this thesis’ primary objectives and how we achieved them are pre-
sented in the last chapter. The chapter ends with suggestions for further research

as well as the limitations of our research.

APPENDICES

There are two sections to the appendices. All of the final processing parameters
that MSNoise uses to process data from ambient noise to velocity changes are listed
in this Appendix [see Appendix A.1]. The station final filter utilized in this finding

is included in Appendix A.2.



1.3 GEOLOGICAL AND TECTONIC SETTINGS OF NEW ZEALAND

New Zealand was thought of as part of Gondwanaland which was attached to Australia
and Antarctica before the Late Cretaceous seafloor spreading. Only 5 - 10 % of the
continent Zealandia lies above sea level, which forms the New Zealand region [Campbell
et al., 2012, Mortimer, 2004]. The tectonics of New Zealand are primarily governed by
the convergence of the Australian and Pacific Plates at rates of 39-48 mm /yr [Anderson
et al., 1993, Norris et al., 1990, Wallace et al., 2012, Norris and Cooper, 1997, Hamling
et al., 2015]. New Zealand comprises three types of tectonic processes with the northern
and southern regions of two opposing subducting systems, separated by a strike-slip fault
[Figure 1.1]. This section will provide a brief overview of the geological evolution and

tectonic setting of New Zealand.

-35°
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Figure 1.1: Map of New Zealand’s geology. The map shows three of the main tectonic
faults the Alpine Fault, the Hikurangi subduction zone, and the Puysegur Trench.



1.3.1 NORTH ISLAND OF NEW ZEALAND

The North Island of New Zealand is located in the boundary zone between the
obliquely convergent (40° - 70°) Pacific and Australian Plates, with rates of 38-49 mm /yr
[Hamling et al., 2015, Reyners et al., 2006]. The relative rotation of the Australia-Pacific
plate slows down in rate and develops a greater parallel component southward along
the New Zealand Zone. The oblique relative plate motion produces a margin-parallel
[Mouslopoulou et al., 2007| and margin-normal [Walcott, 1998| component of motion, ac-
commodating strike-slip faulting and rotation of the forearc, respectively. The national
seismograph network of New Zealand has produced compilations of seismicity that have
provided insight into the basic form of the subducted plate [Anderson and Webb, 1994].
The plate interface in Hawkes Bay on the East Coast is around 15 km deep and dips at a
10° angle to the northwest. Therefore, the coastal area is above the plate interface’s seis-
mogenic zone, which has the potential to produce powerful subduction thrust earthquakes
[Hyndman et al., 1997]. According to both seismological and GPS data, the interseismic
coupling at the seismogenic zone appears to be increasing southward [Reyners, 1998|. As
a result, much of the forearc rotates clockwise at a rate between 1.6 and 3.8° Myr—! as

multiple, distinct tectonic blocks [Reyners et al., 2006]. Due to the forearc’s rotation the

northern part of the TVZ has seen an extension of backarc continental crust [Figure 1.1].

1.3.2 TAUPo VOLCANIC ZONE (TVZ)

The Taupo Volcanic Zone (TVZ), which is situated in the central North Island, is
where most of New Zealand’s volcanic activity takes place [Figure 1.2|. Taupo Volcanic
Zone is a zone of active extension connected to the oblique subduction of the Pacific Plate
beneath the Australian Plate, with a 300 km long (200 km onshore) and up to 60-km-
wide extensional basin [Mouslopoulou et al., 2007, Wilson et al., 1995, Hamling et al.,
2015, as defined by vent positions and caldera structural boundaries, and formed as a

result of back-arc rifting. The TVZ is rifting at rates between 7 and 18 mm/yr [Wilson



et al.,; 1995, Hamling et al., 2015|. Estimated from fault slip data, the late quaternary
extension rates, depict that the rate of slip increases from 1.9 mm/yr at the surface to
3.6 - 10.2 mm/yr at seismogenic depths of 6 to 10 km. Five volcanic centres are found
in the zone: Tongariro, Taupo, Maroa, Okataina, and Rotorua [Cole, 1979|. The Taupo
Volcanic Zone, which was formed by crustal extension above the subduction zone, is
separated into an old and young TVZ [see Figure 1.2]. The young TVZ is an actively
rifting arc, widening at 7 mm/year to 15 mm/year and productive rhyolitic volcanism
[Wilson and Rowland, 2016, Rowland and Sibson, 2004, Bibby et al., 1995].

TVZ is characterized by extraordinarily high heat flow and magma eruption rates,
which result in geothermal waters with high temperatures. The majority of the volcanism
in the TVZ is andesitic in the northern and southern regions, although rhyolitic volcan-
ism predominates in the area in between [Bannister, 1992, Hurst et al., 2002, Hyndman
et al., 1997]. This volcanism is seen in the central TVZ as many calderas have caused
rhyolite eruptions [Figure 1.2]. TVZ is considered one of the most active rhyolitic systems
on our planet, magma has been erupting from the central rhyolite-dominated part of the
TVZ at an average rate of 0.3 m3s™! for the last 0.3 Myr [Bannister et al., 2004, Reyners
et al., 2007, 2006]. Volcanic activity in the TVZ is characterized by rhyolitic eruptions
that formed calderas and produced numerous ignimbrite flows that predominated the
surface geology. The rhyolites exhibit no significant compositional changes through time,
although the area of magma chamber zonation may have varied with the incoming rifting
and crustal expansion in the recent 0.9 Ma [Wilson et al., 1995]. The TVZ is also charac-
terized by an extremely high heat flow, with more than 20 high-temperature geothermal
systems alongside these volcanic activities that discharge more than 4000 + 500 MW of
heat, an average heat flow of about 700 mW m~2 for the region [Bannister et al., 2004,

Hurst et al., 2002, Reyners et al., 2007, Hyndman et al., 1997].

Numerous shallow earthquakes characterize the seismicity of the central part of the North



Island [Bryan et al., 1999, Anderson and Webb, 1994, Hurst et al., 2002]. The site of the
most intense seismic activity occurs in the TVZ, which is delineated by the envelope of
active volcanism during the last two million years [Bryan et al., 1999, Hurst et al., 2002].
There are steep gravity gradients of the eastern margin of the TVZ, from Mt Ruapehu to
the Bay of Plenty, which is interpreted as the greywacke basement downfaulting to the
northwest. The northwest margin lacks a distinct gravity gradient, but the southwestern
margin is distinguished by a similarly strong gradient [Bryan et al., 1999, Hurst et al.,
2002]. Until recently, it has been difficult to reliably pinpoint earthquakes due to the
lack of many permanent seismometers in the region and the low-velocity surface layer
that is both highly attenuating and varies in thickness [Bannister, 1992]. It is challeng-
ing to identify good focal mechanisms from the permanent seismic stations due to the
shallowness of the seismicity. In the central TVZ, the only focal mechanisms available
previously were composite ones that were obtained from earthquake swarms [Hurst et al.,
2002]. These were mostly strike-slip mechanisms rather than normal mechanisms.

On the North Island of New Zealand, the shallow seismicity is dominated by the
Hikurangi subduction zone and the rift region above it. The thickness of TVZ volcanic
deposits is controversial because a subvolcanic basement has not been identified, although
current data point to bulk quantities of 15 — 20,000 km?, and has produced at least 10,000
km? of magma [Alloway et al., 2005]. The Whakamaru eruptions, which largely buried
the evidence for earlier activity inside the zone, serve as a dividing line between the "old
TVZ" from 2.0 Ma to 0.34 Ma and the "young TVZ" from 0.34 Ma onward in the history
of the TVZ [Wilson et al., 1995, Hurst et al., 2016]. The young central TVZ is the most
active and productive silicic volcanic, erupting rhyolite at a rate of around 0.28 m3s~1,
and data shows that this has been the case for at least the last 0.34 Myr [Wilson et al.,
1995, Reyners et al., 2006|. According to seismic research, there are not enough detailed
velocity estimates in the deep crust under the TVZ to distinguish between the various

kinds of rocks, but they suggest that the base of the rocks has v, ~ 6.1 km s~! [Reyners



et al., 2006, Wilson et al., 1995]. Moreover, at this depth, there is an anomalous mantle
with a different velocity v, = 7.4 - 7.5 km s~! [Rowlands et al., 2005, Hurst et al., 2016,
Stern et al., 2010]. Despite fitting with theories of crustal thinning due to rifting or
spreading in the TVZ, this oversimplified crustal model cannot adequately explain the
complexity of the region. Seismicity in the upper crust is linked to low vp/vg (<1.70)
within the TVZ [Reyners et al., 2007|. In northern Japan, similar low vp/vg ratios
have been seen beneath active volcanoes; this can be explained by the presence of water
[Nakajima et al., 2001]. In the lower crust of the TVZ, vp/vg increases rapidly, and
the temperature sensitivity of attenuation Qp is low (<300) [Reyners et al., 2007]. The
low velocity vp feature, which is centered close to 18 km deep, has been interpreted by
Reyners et al. (2006) as an area of texturally equilibrated partial melt [Reyners et al.,
2006, Hurst et al., 2016]. This interpretation is consistent with the low @ p observed in

this region.
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Figure 1.2: Various aspects of the geological features of New Zealand: a map showing
the major faults across the country, an outline of the North Island showing the various
regions of the Taupo Volcanic Zone (TVZ), both young and old, and a figure showing
Mt Ruapehu and the calderas (black circles) within the TVZ.
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According to both InSAR and vertical GPS data, the central TVZ is experiencing
widespread subsidence at rates of up to 20 mm per year [Hamling et al., 2015]. Hamling
et al. [2015] expects that the central TVZ would experience a yearly volume change of
0.011 - 0.016 km?® as a result of the cooling and subsequent contraction of magma within
the shallow crust. InSAR data shows a complex pattern of uplift or subsidence around
the volcanic centre, these alterations could be brought on by the migration of the magma,
intrusion into the hydro-thermal system, or contraction of molten rock underneath the
volcanic zone causing it to cool down. Finding the underlying process can offer crucial
insights into the magmatic plumbing system and the potential hazards associated with

periods of unrest.

1.3.3 RUAPEHU VOLCANO

Mount Ruapehu is an active andesite-dacite stratovolcano with a volume of around
110 km? located at the southern terminus of the Taupo Volcanic Zone, Central North
Island, New Zealand |[Hackett, 1985, Leonard et al., 2008]. Ruapehu is characterized by
high volcanism, crustal extension, and high heat flow [Hackett, 1985, Houghton et al.,
1987, Hurst and McGinty, 1999]. Ruapehu’s major peaks encircle a summit plateau that
is ~ 1 km? in extent and located at an elevation of over 2600 m. A severely acidic
(pH < 1) Crater lake [Ingham et al., 2009, Hurst et al., 2018] is located at the southern
end this plateau at an elevation of 2540 meters, and is the surface manifestation of the
volcanic—hydrothermal system. Based on stratigraphic research and geologic mapping,
four distinct eras of cone construction have been identified, each spanning 104-105 years
[Hackett, 1985]. Mount Ruapehu has not erupted since 2007 [Houghton et al., 1987]. The
chronology of eruption events at Mount Ruapehu are 1969, 1971, 1975, 1977, 1978, 1979,
1980 and 1981-1982, 1985 and 1987 |[Gamble et al., 1999, Sherburn et al., 1999]; these
eruptions have caused damage or destruction to ski-field facilities, road and rail bridges,

and parts of a large hydroelectric power project [Houghton et al., 1987]. Around 35 erup-
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tions of Ruapehu have been documented since 1830, with the most recent one occurring
in September 2007 [Hurst et al., 2018]. A significant amount of material around 0.1 km?
has erupted during the two largest known historical eruptions, which occurred in 1945
and 1995-1996. Other historical eruptions, such as 2007, were much smaller [Kilgour
et al., 2010, Gamble et al., 1999|. This indicates that the volcano has the capacity for
both small and large eruptions. The greatest hazards at Ruapehu are the collapse of its
fragile southeast wall or the renewed phreatomagmatic activity in Crater Lake [Houghton
et al., 1987]. The times between eruptions can be as short as one to three years, however,
and Ruapehu erupts on average roughly every 10 to 50 years [Leonard et al., 2008]. For
phreatomagmatic eruptions, three categories of hazard zones may be identified: outside
zones of service interruption due to fall deposits, inner zones of high danger from bal-
listic blocks and surges, and zones of risk from lahars [Houghton et al., 1987]. Ruapehu
Volcano poses a risk from volcanic eruptions that produce ashfalls, pyroclastic flows,
lava flows, sector collapses, and lahars [Houghton et al., 1987, Hodgson et al., 2007]. The
most common and dangerous hazard at Ruapehu are lahars, due to the 9 x 106 m3 Crater
Lake that covers the active venting zone at the southern border of the summit plateau
[Hodgson et al., 2007]. Through recorded history, 151 people have lost their lives and
infrastructure was damaged as a result of the lahars created by Crater Lake eruptions

[Houghton et al., 1987, Hodgson et al., 2007].

The main characteristics of Ruapehu cone-building phase were mainly the changes in
petrology and geochemistry brought about by discrete crystal fractionation, shallow
magma mixing, and partial melting and assimilation processes [Kereszturi et al., 2021,
Zellmer et al., 2021, Hodgson et al., 2007|. The mineral phases found in juvenile Ruapehu
are Plagioclase, orthopyroxene, and clinopyroxene (A), while rare olivine undergoing peri-
tectic reaction is mostly absent |[Zellmer et al., 2021]. For Ruapehu Group, Hackett [1985|

has suggested four new formation names, each of which denotes a cone-building phase

12



over a time scale of 10* — 10° years. The forms are Te Herenga, Wahianoa, Mangawhero,
and Whakapapa, in order of age. Currently, the mountain’s Te Herenga Formation,
which comprises the oldest Ruapehu cone, is only weakly visible [Graham and Hackett,
1987|. Lavas from the Wahianoa Formation are primarily exposed in Ruapehu’s south-
east quadrant. Although the Wahianoa Formation’s age is unknown, it is unquestionably
older than the Mangawhero Formation, which it unconformably overlies [Graham and
Hackett, 1987]. Five distinct vent locations produced the Whakapapa Formation’s young
(less than 15 ka) lava flows and pyroclastics, which all unconformably overlie deposits
from earlier layers |[Graham and Hackett, 1987|. According to Johnston et al. [2000], the
historical explosions that occurred at Ruapehu featured small to moderate magnitude

with a VEI > 3.

The first recorded seismic activity at Ruapehu occurred during the 1945 eruptions; how-
ever these data were never published [Sherburn et al., 1999]. In general, volcanic tremor
is known as a quasi-continuous seismic signal generated by an active volcano, in contrast
to earthquakes, which are often discrete events. Volcanic tremors and some volcanic
earthquakes are alike to some degree, with tremors becoming less continuous and more
like energy impulses. In the frequency domain, this translates to a shift from a spectrum
characterized by narrow peaks to a broader spectrum that resembles the spectrum of a
typical earthquake [Hurst and Sherburn, 1993|. Research on volcanic tremors has been
focused on analyzing the 2 Hz tremor, which is Ruapehu’s most frequent tremor [Hurst,
1992|. Even for a lag time longer than twenty seconds, the autocorrelation function of this
signal exhibits a high degree of coherence and a strong peak in its spectrum. While the 2
Hz tremor and the 2 Hz volcanic earthquakes most likely come from the same source, the
tremor is not caused by small volcanic earthquakes occurring repeatedly [Hurst, 1992].
Hurst and Sherburn (1993) demonstrated that the 2 Hz tremor is mostly propagated as

Rayleigh waves and also proposed that it originates in a single-phase vapor zone below
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the vent under Crater Lake [Hurst and Sherburn, 1993, Sherburn et al., 1999]. Volcanic
tremor at 3 Hz was frequent between 1985 and 1988 [Sherburn et al., 1999|. It was
assumed that it had something to do with the source of extra heat input into the lake
during heating periods [Sherburn et al., 1999|. The temperature records near the lake’s
surface indicated that it can change significantly in a matter of hours. It appears that
some of these changes are due to disturbances in the lake’s convective heat transport
[Hurst, 1980|. Due to the frequency of these brief temperature changes, there is no clear
and simple correlation between the temperatures in Crater Lake and Ruapehu’s volcanic
activity. However, as a result of releasing heat from Ruapehu into the lake, the lake’s
temperature serves as an indicator of Ruapehu’s heat production and activity level. Only
slight chemical variations are visible in water samples taken from various lake surface lo-
cations and depths: in 1966, samples taken from 25 meters down to 200 meters showed
3% variations in chloride concentrations while in 1970, samples taken at 0, 40, and 78
meters contained 11.45, 11.46, and 11.44 g/kg of chloride, respectively [Sherburn et al.,
1999]. According to these results, the waters of Crater Lake are generally homogeneous

and well-mixed.

1.3.4 UNREST AT NEW ZEALAND VOLCANOES

Volcanoes typically exhibit indicators of instability (unrest episodes) prior to eruption,
which often consist of increased ground deformation |Passarelli and Brodsky, 2012, Ham-
ling, 2021, Hamling et al., 2015], volcanic tremors [Hurst and McGinty, 1999], Seismic
swarms, and geothermal system changes [Mannen et al., 2021]. Nevertheless, monitoring
many volcanoes via ground deformation observations alone might be difficult because
of their distant locations and hazardous environments [Hamling et al., 2015]. In New
Zealand, volcanic behaviour is classified into background activity and unrest. Depending
on how unrest is defined, the threshold takes into account the point at which background

activity turns into unrest. There are two ways to characterize volcanic unrest [Potter
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et al., 2015a, 2014]. The first method places the activity level relative to the typical

activity level of a particular volcano while the second method places the activity level

relative to all volcanoes’ activities. Volcanoes that have background activity, such as at

Ruapehu with a continuously warm crater lake, active geothermal system, and high gas

flux use the Volcanic Alert Level (VAL) system [Potter et al., 2014] which is based on

6 levels, which has a range of 0 (meaning "no unrest") to 5 (meaning "major volcanic

eruption") and designed to characterize the current status of each active volcano |Table

1.1].

Status Alert Level | Volcanic Activity Hazards

Eruption 5 Major volcanic eruption Eruption hazards on and
beyond volcano

Eruption 4 Moderate volcanic eruption | Eruption hazards on and
near volcano

Eruption 3 Minor volcanic eruption Eruption hazards near vent

Unrest 2 Moderate to heightened vol- | Volcanic unrest hazards,

canic unrest potential for eruption haz-

ards

Unrest 1 Minor volcanic unrest Volcanic unrest hazards

No Activity | 0 No unrest Volcanic environment haz-

ards

Table 1.1: Volcanic Alert Levels description

1.3.5 RECENT UNREST AT RUAPEHU - 2022 UNREST

Early in 2022, The Volcanic Alert Level was at Level 1 and the Aviation Colour Code

was at Green since there was not much volcanic activity. On March 13 2022, a new
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heating cycle of Ruapehu Crater Lake began and was accompanied by an increase in
seismic activity. Since the tremor levels had changed from weak to moderate [see Figure
1.4], the Volcanic Alert Level was raised to Level 2 and the Aviation Colour Code turned
to Yellow on March 21. Eruptions are often more likely to occur when a volcano is at
Volcanic Alert Level 2 than when it is at Volcanic Alert Level 1. This period between
March and June at Ruapehu volcano in 2022 is considered consistent with moderate to
high levels of volcanic unrest.

Ruapehu Crater Lake increased in temperature, reaching ~ 40.77°C' on May 8th. The
temperature then decreased to ~ 21°C' on June 14th, followed by an increase to ~ 25°C'
during the next two weeks [see Figure 5.1]. During this unrest period, the lake colour
shifted from the more typical grey hue seen in the previous few months to a blue-green,
according to an observation conducted on November 22. The lake was full, however,

there were sulfur slicks visible on the surface. No upwellings were noticed.
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Figure 1.3: The figure displays the Crater’s Lake temperature and level at Ruapehu
volcano for 2022. The gray-colored box indicates the duration of the unrest period. The
red and gray lines represent the start of the unrest and the period of heightened lake
temperature, respectively.

The level of tremors or types of volcanic earthquakes [see Figure 1.4] also increased
during this period, and intensified on March 20. The recorded tremors varied, with
strong tremors interspersed by short periods of weaker activity. A rise in gas emissions,
including sulfur dioxide, was also observed during the unrest in 2022. The gas measured

on April 28th, at 390 tonnes per day, showed the sixth-highest SO, flow since 2003.
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Volcanic Tremor levels at Mt Ruapehu; January 1 to July 3, 2022
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Figure 1.4: The level of volcanic tremor at Mt. Ruapehu, 2022 from GNS volcanic activity
bulletin RUA-2022/18 (https://www.geonet.org.nz/vabs/6ek50kT{13CM9IBqY538frb)

Early in July, when seismic activity and the heat cycle returned to their usual mean
values, the Alert level dropped to Level 1. The monitoring data does not reveal which
mechanism is causing the unrest during this period. If velocity changes are shown to be a
reliable monitoring technique at Mt. Ruapehu, it will be able to predict the next eruption

before it occurs by monitoring and understanding what causes the unrest episode there.
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CHAPTER 2
BACKGROUND THEORY

The objective of this chapter is to discuss the background theories that underpin this
thesis. Green’s function and its recovery are covered in Section 2.1. The topic of ambient
noise wavefield is discussed, including what it is, and how recent developments have made
it possible for us to use it as a tool for subsurface monitoring [Section 6.1.2]. Section 2.4
discusses the application to ambient noise and how this tool can be used to determine

changes in seismic velocity.

2.1 GREEN’S FUNCTION RECOVERY

Seismic interferometry is a method based on the cross-correlation of two seismic waves
from two different stations recorded and was presented as a means of obtaining infor-
mation on the physical characteristics between these receivers called Green’s function
[Wapenaar et al., 2010]. Applications of Green’s theorem in seismic processing are re-
viewed by Ramirez and Weglein [2009]. Aki [1957] was the first to demonstrate that seis-
mic noise could be utilized to extract information about the propagation media, which
led to early breakthroughs in seismic interferometry. Later, Claerbout [1968] showed
that the autocorrelation of signals at the surface might be used to estimate the impulse
response of a medium. It has been found that Green’s function is recoverable over a
wide variety of length scales, from a few kilometers [Sabra et al., 2005] between seismic
stations to thousands of kilometers [Bensen et al., 2008, Yang et al., 2007|. As a result,
the technique is now widely used for seismic tomography [Yang et al., 2007]. Accurate
recovery of the Green’s Function usually requires sufficiently long recordings of the am-
bient noise signal and the noise must travel randomly in a complex scattering way on
Earth. For tomography-based work, which usually employs noise recordings on the order
of years, this is not an issue. On the other hand, smaller noise recordings are needed

to repeatedly compute cross-correlation functions utilizing noise records at different pe-
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riods, which is necessary for monitoring temporal velocity changes. It has been shown
that small changes in velocity may be monitored without a complete reconstructing of
the Green’s Function. Rather, the most crucial need for lowering errors in measurements

is the stability of noise sources |[Hadziioannou et al., 2009].

The concept of seismic interferometry is applied to create new seismic responses of
virtual sources by cross-correlating seismic measurements at different receiver locations
[Wapenaar et al., 2010]. The energy that travels between the two stations is added con-
structively if the cross-correlation is stacked together; otherwise, the energy that comes
indirectly is added destructively. Particularly for ambient noise, the cross-correlation
result is roughly the Green function between the two stations, which is dominated by
surface waves. An illustration to explain the principles of seismic interferometry is pro-
vided in Figure 2.1. This method involves cross-correlation as discussed in [Chapter 3.4].
We begin our discussion of seismic interferometry by taking a close look at a synthetic
example of direct-wave interferometry. Figure 2.1a shows a direct path wave that trav-
els between A and B from a random source. We assume that the medium is lossless
and that the propagation velocity, ¢, is constant. Along the propagation path, there
are two receivers: A and B. Figure 2.1b shows the synthetic response observed by re-
ceivers A and B, and the cross-correlation of these two receivers. A synthetic response
was created to simulate the ambient noise that is recorded by a receiver as shown in
Figure 2.1b. The response is denoted as G(za p,zs,t), where G stands for the Green’s
function. The Green’s function consists of an impulse at t4 = (x4 — x5)/c; therefore,
G(xa,xs,t) = 0(t —ta), where 0(t) is the Dirac delta function. Similarly, the response at
xp is given by G(zp, xs,t) = 0(t — tp), with tg = (zp — x5)/c. The cross-correlation of
responses at two receivers, in this example at x4 and x g, is an important step in seismic
interferometry. Looking at Figure 2.1b, the raypaths associated with G(z4,z,t) and

G(zp,xs,t) have the path from zg to x4 in common. In the cross-correlation process,
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the travel time along this common path cancels, leaving the travel time along the re-
maining path, which is At = tg —t4 = (zp — x4)/c, from x4 to xg. The receiver at
xrp would recode the same impulse response as the receiver at x4 but would be shifted
by the same amount of time t,, which would be cancelled in the cross-correlation. The

cross-correlation of the impulse responses at x4 and xp are defined as:

G(za, 25, 1) * G(xp, x5, 1) = /G(zA,xs,t +t")G(zp, x5, t')dt’ (2.1)

Substituting the delta functions into the right-hand side gives:

d(t+t —tp)o(t' —ta)dt' =06(t — (tg —ta)) =0(t — (xa —xB)/C) (2.2)

This is the Green’s function G(z g, x4,t), propagating from x4 to x. This expresses
the principle that the response at one of two receivers, xp, may be obtained from the
cross-correlation of observations at those two receivers (x4 and xzg) as if a source were
present at the other receiver, x 4. It also demonstrates why seismic interferometry is often

called Green’s function retrieval. The Green’s function representation is as follows:

G(zp,xa,t) = G(xp, v, t) * G(x 4, 5, —1) (2.3)

The source isn’t always an impulse. Suppose a wavelet is used as the source function
rather than an impulse. In that case, the Green’s function between two receivers may be
obtained by the cross-correlation of their responses, convolved with the auto-correlation

of the source function [Wapenaar et al., 2010].
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Figure 2.1: This figure illustrates the cross-correlation concept using synthetic data.

2.2 AMBIENT NOISE INTERFEROMETRY

The conventional view of noise (seismic, acoustic, etc.) is that it is a random, un-
wanted signal that appears above the desired signals. Several earlier investigations offered
a new understanding of this noise, revealing its use in applications [Claerbout, 1968|.
There are many different sources of noise, including anthropogenic sources from indus-
trial machines and automobiles as well as natural sources such as air pressure changes and
tides from wind and ocean movements. Gutenberg [1958] compiled a list of sources cate-
gorized by frequency and demonstrated that noise at high frequencies above 1 Hz is often
generated by anthropogenic (human activity) sources, whereas noise at lower frequencies,
less than 1 Hz, originates naturally from sources such as ocean waves. Cross-correlation
of recorded ambient waves to recover Green’s function is referred to as a passive technique
as no active source (such as man-made explosions, earthquakes, or volcanic eruptions) is
required [Clarke et al., 2011, Wapenaar et al., 2010]. One of the most important factors

in using ambient noise for extracting the Green function and revealing the characteristics
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of the crust and upper mantle structures is the ability to process ambient seismic sig-
nals, extracting signals of interest while suppressing signals of disinterest like earthquake
signals, instrument irregularities, and non-stationary noise sources close to the stations
[Anggono et al., 2012, Shapiro et al., 2005|. The ambient noise interferometry method
has been shown to be reliable for retrieving Green’s function between two receivers in
the absence of an active source [Nooghabi, 2018, Clarke et al., 2011|. The importance
of applying the Cross-Correlation approach to diffuse waveforms like ambient noise and
scattered coda waves has been demonstrated in several studies [Wapenaar et al., 2010,
Ramirez and Weglein, 2009, Aki, 1957]. With the help of this approach, we may esti-
mate the Green function between two stations while being given information about the

subsurface features.

2.2.1 AMBIENT NOISE

In seismology, two types of signals have been considered to create random wavefields.
Seismic coda wavefields are the first type that results from the effect of repeated scattering
of seismic waves by small-scale inhomogeneities in the lithosphere. Ambient seismic noise
is the second type of signal. The advantage of ambient noise over seismic coda is that
ambient noise is continuously recorded in space and time, and is not dependent on the
occurrence of earthquakes [Yang and Ritzwoller, 2008, Clarke et al., 2011]. The study of
seismic ambient noise dates back to the early days of seismology, primarily due to the
requirement to improve the level of detection of deterministic arrivals. From early studies
such as Gutenberg [1958], It was recognized that the origin of the ongoing disturbance of
the earth’s surface varies depending on the frequency range [Hechels, 2017]. The cause
of high frequency noise (>1 Hz) is typically human activities (e.g., traffic, machinery).
The energy of these signals varies significantly over time and is associated with daily and
weekly periodicities in human activity. In contrast, the relationship between amplitude

and meteorological conditions allowed identify the natural source of ambient noise over
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extended periods. The frequency defining the human activity domain depends on local
conditions [Bonnefoy-Claudet et al., 2006]. Microseisms often refer to the background
noise in the range of 0.3 Hz to 0.05 Hz. Two strong peaks of the short-period seismic noise
are typically observed in the primary (10-20 s) and secondary (5-10 s) microseism bands
[Yang and Ritzwoller, 2008]. Microseisms have large amplitudes that make it challenging
to detect the weak arrivals caused by earthquakes. The noise in the microseism spectral
band is mostly dominated by surface waves, primarily Rayleigh waves [Tokstz and Lacoss,
1968|. Despite this, there is evidence of the presence of body waves dominating the
noise between 0.4 and 0.8 Hz [Vinnik, 1973]. Early on, it was discovered that there
is a coincidence between periods of strong microseisms and high surges that reach the
coastline |Gutenberg, 1958|.

Long periods (> 50 s) of ambient noise, often called hum, have the spectral structure
of Earth’s free oscillations [Tanimoto et al., 1998, Xie et al., 2016]. It is assumed that
the interaction between the solid Earth and the infragravity waves of the ocean causes
this excitation [Xie et al., 2016, Hasselmann, 1963|. This mechanism has been confirmed
by the link between large wave height regions and the apparent locations of hum sources
[Bromirski and Gerstoft, 2009]. The generation of background ambient noise at long

periods occurs both in deep oceans and coastal areas.

Ambient noise is known as the seismic energy signal that travels through the Earth
but is not produced by active sources. Along its travel path, this noise records the veloc-
ity structures of the ground and other subsurface features, and it is possible to estimate
the velocity of the structure between two sensors at any time from the ambient noise ex-
tracted from the waveform data. Therefore, information on the velocity structure may be
obtained without an active seismic source. Seismic noise has emerged as a very promising
field of study in recent times, owing to its ability to overcome the constraints imposed

by dependence on the occurrence of seismic events. These constraints are overcome
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through seismic Green’s functions that are obtained by computing the cross-correlation
(cc) of records of a random seismic wavefield acquired at various locations within a re-
gion of interest [Clarke et al., 2011]. The ambient noise recorded by station pairs is
cross-correlated to obtain an impulse response that provides information on the subsur-
face velocity structure. However, cross-correlations can greatly lower the likelihood of
obtaining a reliable impulse response between the two sensors if the ambient noise is
not generated by randomly distributed homogeneous sources. Section 3.4 discusses the

cross-correlation technique.

2.2.2 MEASURING SEISMIC VELOCITY VARIATION BASED ON AM-
BIENT NOISE

It has been demonstrated both theoretically and experimentally that utilizing ambi-
ent noise to monitor seismic wave velocity changes is a useful technique for examining
variations in the stress state of the crust [Wang and Yao, 2020]. As a result, we can
track how the seismic wave velocity varies over time. We can study the stress state of
the crust at depth and continuously over time by measuring variations in seismic velocity
[Wang and Yao, 2020, Nur, 1971]. This can provide information on dynamic processes
occurring in the crust, such as those caused by earthquakes, volcanoes, and other activ-
ities. The ambient noise-based monitoring technique may also be used to monitor the
changes in subsurface velocity caused by environmental changes. The seismic velocity
travelling along the Earth’s surface is very sensitive to small perturbations in the elastic
properties of the crust, it is possible take advantage of the sensitivity to estimate the

seismic structure |[Aki, 1957].
The basic concept behind employing seismic noise to track changes in seismic veloci-

ties is to compare "current" cross-correlation functions (CCFs) that depict the situation

at a given time period with "reference" cross-correlation functions (CCFs), that represent
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the average background state of the medium [Clarke et al., 2011]. Coda wave interfer-
ometry is the conventional technique for measuring seismic wave velocity using ambient
noise. This method, which was first presented by Poupinet et al. [1984], involves analyz-
ing the subtle phase shifts in waveforms that occur between earthquake doublets along
seismograms. This idea was developed further by Snieder et al. [2002], who suggested a
similar technique for measuring time changes by using different lag time moving windows.
To estimate the seismic velocity variation, let us consider a reference medium where the
seismic wave propagation path is d = vt, where d is the path’s length, v is the seismic
wave’s velocity, and t is the propagation time.

Assuming that the path remains unchanged and a homogenous velocity variation in

space 0v, then:

d=vt = (6v+v)(0t+1) (2.4)
This results to first order
ot ov
o 2.5
; . (2.5)

where dv/v denotes the relative velocity change and 4t is the propagation time vari-
ation brought on by the velocity variation. Therefore, one may estimate the relative ve-
locity variation by measuring the relative travel time shift between the reference "CCF"
and the current "CCF". This is the basis for very accurate measurements of the velocity
change with coda waves. Moving-window cross-spectral analysis, or MWCS, is a linear
regression technique that was introduced by Snieder et al. [2002], Poupinet et al. [1984]
to measure 0t in moving windows along seismograms and evaluate dv/v. Section 2.3

discusses moving-window cross-spectral analysis (MWCS).
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To monitor small changes in velocity, the stretching approach optimizes a stretching
parameter €. Using this procedure, the seismic trace is deformed by setting the time
variable (t) to a new value (¢’ = t(1 — ¢€)). Using varying stretching factors (e), the
technique includes interpolating the coda at different times (¢(1 — €)). The actual rel-
ative velocity change (ey = dv/v) can be estimated by maximizing the cross-correlation
coefficient between the traces collected before and after the velocity shift. The stretching
approach is especially useful for data with low signal-to-noise ratios when true global
velocity variations are present [Hadziioannou et al., 2009].

Studies showing the use of ambient noise for monitoring of environmental processes
are increasing, as it has been shown that a variety of natural events can cause measurable
changes in seismic velocity. These include short and long-term volcano activity related
to deformation [Brenguier et al., 2008a, Obermann et al., 2013a, Rivet et al., 2014,
Mordret et al., 2010], large earthquakes [Minato et al., 2012, Madley et al., 2021], and
some activities linked to environmental factors (e.g. rainfall or atmospheric pressure
changes) [Sens-Schonfelder and Wegler, 2006, Silver et al., 2007, Hillers et al., 2015]. In
volcanic regions, significant changes in the seismic velocity may be inferred as a result
of local volcanic processes occurring prior to eruptive activity [Mordret et al., 2010].
These velocity variations typically have a magnitude of 0.1% or less [Sens-Schonfelder

and Wegler, 2011].

2.3 MOVING WINDOW CROSS SPECTRUM (MWCS) ANALYSIS

The MWCS approach was the first presented by Poupinet et al. [1984] for retrieving
relative velocity changes between earthquake doublets. Brenguier et al. [2008a,b] used
this method to apply it to seismic noise data [Gouédard et al., 2008]. An important
method in monitoring the variation in the subsurface properties of the Earth using seis-
mic noise data is Moving Window Cross Spectrum (MWCS) analysis, which provides

a special lens through which to study the temporal changes in the relative dephasing
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between seismic signals. This analysis is performed on time series that are generated
for every possible pair of seismic stations by cross-correlating the noise sequences that
were collected at those stations |Lecocq et al., 2014, Clarke et al., 2011]. Creating many
current cross-correlations and at least one reference [see Section 3.5]. A certain number
of single cc’s must be stacked since the continuous noise records are divided into short
sequences (e.g. one for each day or hour).

The method consists of two phases for any pair of reference and current stack func-
tions. The first stage is seismic data time series split into overlapping windows using the
moving window approach [Clarke et al., 2011]. Then, calculating the time-delay between
these sequences of overlapping windows. The windows’ overlap minimizes artifacts at
window boundaries and ensures continuity. The seismic waves may be whitened before
doing cross spectrum analysis [see Section 3.3]. Evaluating the relative velocity varia-
tion linked to the current function in relation to the reference is the second stage. For
simplicity, it is assumed in this second stage that the examined media’s seismic wave
propagation velocity is disturbed uniformly [0v/v = 6t/t = Const.].

It is important to note that the first stage is executed in the spectral domain. In
the phase of the cross spectrum analysis, the Fourier transform of two seismic signals
is computed, and the complex conjugate of one signal is then multiplied by the other.
The coherence between signals is calculated by measuring the normalized cross-spectral
power of the two signals. A high degree of coherence suggests a correlation between
the two signals. Every calculated delay time has a corresponding cross-correlation lag
time, which serves as the central point of the window |Clarke et al., 2011]. Consequently,
the second phase entails estimating the relative time delay 0t/t across the entirety of the
signals. The time delay between the two signals is represented by a slope of regression line
[Lecocq et al., 2014] [see Figure 2.2|. Measuring the lag times at every window provides
information insight into how the delays between signals change over time. The relative

homogeneous velocity perturbation of the current cross-correlating stack with respect to
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the reference cross-correlating stack is, to a first approximation, indicated by the slope

of their linear regression [Clarke et al., 2011] [see Figure 2.2, see Section 3.6].

0.8

Delay Time (s)

Lag Time (s)

Figure 2.2: An example of a moving-window cross-spectral analysis fitted to delay values
taken from |[Kortink, 2020], showing the slope (red line) and its uncertainty (dashed red
lines). The lowest and maximum lag periods at positive and negative delays are indicated
by shaded blue boxes.

2.4 MONITORING VOLCANOES WITH AMBIENT NOISE

Studying the temporal variations of crustal structure associated with seismic and
volcanic activity is becoming an increasingly popular field of Earth science research.
This study contributes not only to fundamental geological understanding but also to the
development of improved models for seismic hazard assessment and volcanic monitoring
[Poupinet et al., 1984, Mordret et al., 2010]. Nowadays, many techniques have been used
to identify changes in the crust around volcanoes; such as surface deformation |Cayol
et al., 2000, Lu et al., 2000], anisotropy [Savage et al., 2015, Gerst and Savage, 2004],
investigation of volcanic and long-period earthquakes [Aki and Ferrazzini, 2000, Chouet
et al., 1994], and velocity changes studies [Mordret et al., 2010, Bennington et al., 2015,
Wang and Yao, 2020]. The sensitivity to changes at depth and the continuity of the
dataset are the main advantages of employing ambient noise over some of the other

approaches mentioned. The physical mechanism of temporal changes in volcanic systems
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will be covered in Section 2.4.1, and some findings from related research are presented in

Section 2.4.2.

2.4.1 PHYSICAL MECHANISM

The characteristics of volcanic eruptions indicate that they are not like other tectonic
events. Three types of seismic signals are often used to describe volcanic earthquakes
that are not directly associated with eruptions: Type A events, seismic characteristics
of high-frequency (>10 Hz) are similar to those of tectonic earthquakes. Signals from
type B events have a low-frequency content, often between 0 and 5 Hz. Type C events,
harmonic tremors are defined as persistent low-frequency (0 to 10 Hz) ground vibrations
that endure for a few minutes to many hours |Ferrick et al., 1982, Aki et al., 1977]. The
origin of low-frequency volcanic earthquakes is controversial. Some theories of the origin
of the tremors are free oscillations of a magma chamber, oscillations of gas in a volcanic
vent [Steinberg and Steinberg, 1975|, oscillation of volcanic layers from flowing magma,
and random opening of tensile fractures from excess fluid pressure [Aki et al., 1977, Aki
and Koyanagi, 1981]. These hypotheses all suggest that source effects are what produce
tremors.

Many studies have been conducted on the effects of stress on seismic velocities in dry
rock at pressures and temperatures that mimic shallow crustal conditions [Wang and
Yao, 2020, Nur, 1971, Lockner et al., 1977|. However, our understanding of the processes
underlying attenuation is lacking. At relatively low temperatures and pressures, cracks
are assumed to be the source of the dissipation that produces seismic attenuation in
rock [Lockner et al., 1977]. Microcrack distribution is commonly hypothesised as the
source of seismic velocity changes in volcanic zones [Nur, 1971|. These changes result
from the material interacting with its surroundings and variations in the stress field at
depth as it ascends [Ratdomopurbo and Poupinet, 1995|. Laboratory experiments have

demonstrated that seismic velocities increase when microcracks close and become stiffer
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as a result of pressure rise [Nur, 1971|. According to sample observations made by Nur
and Simmons [1969], Lockner et al. [1977|, velocity increases parallel to the applied stress
axis as uniaxial stress increases, and this increase is significantly larger than the increase
in directions normal to the axis. The magnitude of this increase is dependent upon the
angle formed by the stress and the direction in which the compressional wave propagates
[Nur and Simmons, 1969]. Such a larger pressure and a new deformation may result
in the creation of new cracks surrounding rock, such damage would lower the seismic

velocity [Nur and Simmons, 1969, Lockner et al., 1977].

2.4.2 PREVIOUS STUDIES

A possible monitoring technique for volcanoes is the measurement of seismic velocity
by passive interferometry utilizing seismic noise. This method is sensitive to magma
pressurization and the redistribution of melt within a subsurface plumbing system [Don-
aldson et al., 2017]. Monitoring changes in seismic velocity at the volcanic zones has been
the focus of several studies [Clarke et al., 2011, Mordret et al., 2010, Meier et al., 2010,
Daskalakis et al., 2016|. Improved monitoring utilizing volcano velocity change moni-
toring could improve hazard resilience if we had a thorough understanding of what is
happening in the volcanic zones, what causes the velocity changes before eruptions, and
if these changes in velocity are indicative of an eruption. Here, a summary of the primary
causes of changes in seismic velocity, which include earthquake coseismic and postseismic
procedures, pressure buildup, magma migration within the volcanic area, environmental
perturbations and activities occurring within natural and man-made reservoirs is pre-
sented. A selection of representative noise-based monitoring studies with various forcing

sources in this part was represented.

A number of recent studies have demonstrated the decrease of velocity correlated with

fault system activity, earthquakes, and transient creep [Aki and Ferrazzini, 2000, Chouet
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et al., 1994, Brenguier et al., 2008a]. A partial postseismic recovery after a quick coseismic
velocity drop was observed following several large earthquakes in Japan [Hobiger et al.,
2016]. The 2003 San Simeon and the 2004 Parkfield earthquakes enhanced non-volcanic
tremor activity along the San Andreas Fault and decreased seismic velocities [Brenguier
et al., 2008a]. These two earthquakes in the San Andreas fault zone were linked to a
velocity drop ( ~ 0.08%) that was observed by Brenguier et al. [2008a|. This drop was
interpreted as the result of deep coseismic stress change and postseismic stress relaxation
within the fault zone, as well as coseismic damage in the shallow layers [Brenguier et al.,
2008a, Wang and Yao, 2020]. Research on the M, 9.0 Tohoku-Oki earthquake that oc-
curred offshore of Japan in 2011 revealed a ~ 1.5% drop in seismic velocity in the area
nearest to the mainshock [Minato et al., 2012]. After the earthquakes, a gradual healing
process was displayed. In addition, a decrease was observed following Japan’s M, 6.6
mid-Niigata earthquake [Sens-Schonfelder and Wegler, 2006]. The change in velocity is
not only related to the response of the sallow layers but also associated with the earth-

quake.

Another crucial application is monitoring changes on a relatively small scale in volcanic
zones. Brenguier et al. [2008b] first observed alterations caused by ambient noise at the
Piton de la Fournaise volcano, La Réunion Island. Analyzing 18-month data, they ob-
served a clear indication that short-term velocity decreases in the interior of the Piton de
la Fournaise volcano of about 0.05 — 0.1% occur a few weeks to a few days prior to the
major eruption on April 2, 2007. Seismic velocity decreases before the eruptions indicate
pre-eruptive inflation of the volcanic edifice, most likely as a result of elevated magma
pressure [Brenguier et al., 2016, Wang et al., 2019]|. In addition, the deformation obser-
vations from InSAR and GPS showed that a simultaneous seismic velocity drop occurred
before the eruption with a widespread flank movement when magma was injected to feed

an initial eruption [Clarke et al., 2013, Brenguier et al., 2008a]. This proved that ambient
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noise could be used as a predicting tool for eruptions and, made Piton de la Fournaise
volcano a focal point for ambient noise-based volcano monitoring, and this raised the

question of whether the behaviours of all volcanoes are the same.

The number of volcanoes where seismic velocity changes have been studied with ambient
noise is still increasing. Examples include the Kilauea volcano in Hawaii [Donaldson
et al., 2017|, Ruapehu volcano [Mordret et al., 2010] and White Island (Whakaari) Vol-
cano |Yates et al., 2019] in New Zealand , Okmok volcano in Alaska [Bennington et al.,
2015], and Miyakejima volcano in Japan [Anggono et al., 2012]. Mt Ruapehu exhibited
a significant 0.8% seismic velocity reduction in the edifice two days prior to the phreatic
eruption in 2006 [Mordret et al., 2010]. Mordret et al. [2010] interpreted the drop in
velocity attributed to a pressure buildup in a magma pocket beneath Ruapehu’s east
flank as a result of new magma flowing into a small reservoir. This increasing pressure
caused open cracks, which in turn caused a localized decrease in seismic velocity. In
contrast, no significant change in the velocity related to the 2007 eruption was observed
[Mordret et al., 2010]. This might be attributed to the different pressurization time
scales for the two events (October 2006 and September 2007 eruption) as well as the
low temporal resolution. In 2000, the Japanese volcano Miyakejima displayed intriguing
volcanic activity [Anggono et al., 2012]. The study revealed both increases and decreases
in seismic velocity. There was a 3.3% increase in seismic velocity at the volcanic edifice
on the flanks while the areas around the collapsed caldera saw a 2.3% drop. For a better
comprehension of the velocity increase and decrease, Anggono et al. [2012] examined
several potential mechanisms of the velocity changes, including stress changes, caldera
formation, and topographic changes. The results indicated that the compression brought
on by the deflation sources connected to magma activity in 2000 might account for the
observed increases in seismic velocity. However, the drop could also be attributed to

topographic changes brought about by a caldera. Similar to the volcano Miyakejima, the
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Hawaiian Kilauea volcano has recorded both increases and decreases in velocity [Don-
aldson et al., 2017, Anggono et al., 2012]. This can be interpreted as indicating distinct
deformation patterns with regions experiencing deflation-inflation events based on the

source’s relative position.

In addition to seismic velocity variations caused by tectonic and volcanic activity, envi-
ronmental perturbations originating from many sources can have an important impact
on seismic wave velocity. Rainwater infiltration causes (delayed) increases in pore pres-
sure in the crust when rainfall rises [Hillers et al., 2015]. In the end, this results in a
decrease in the shear modulus, which also lowers the seismic wave velocity [Wang and
Yao, 2020]. Seismic velocity declines associated with groundwater and rainfall, which
can reach ~ 0.2% to 0.1%, have been widely discussed as evidence of the significance of
hydraulic impacts on seismic wave velocity [Sens-Schonfelder and Wegler, 2006, Meier
et al., 2010, Tsai, 2011, Hotovec-Ellis et al., 2014]. Using data from Merapi volcano, pas-
sive image interferometry revealed velocity changes of 0.1% at a temporal resolution of
one day. Based on precipitation, Mt. Merapi’s velocity changes exhibit a major seasonal
effect. Sens-Schonfelder and Wegler [2006] demonstrate that hydrological circumstances
may alter seismic velocities by more than 10% in a depth range [Sens-Schonfelder and
Wegler, 2006]. Moreover, the shallow layer seismic wave velocity is affected annually by
variations in air pressure, thermoelastic stress [Lecocq et al., 2017|, sea surface height,
precipitation, and snowfall [Donaldson et al., 2017|. Research was conducted in Germany
to study the groundwater effect on velocity changes [Lecocq et al., 2017|. In their study,
thirty years of continuous data were used, and observed velocity changes of approxi-
mately 0.01% of the surface waves. The velocity changes can be interpreted as impacts

of temperature diffusion and water storage changes.
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CHAPTER 3
METHODOLOGY

This chapter will cover the instrumentation and data acquisition [Section 3.1|, process-
ing techniques [Section 3.2|, data pre-processing [Section 3.3|, cross-correlation [Section
3.4], moving and reference stacks [Section 3.5|, velocity calculations [Section 3.6], and
parameter justification in this investigation [Section 3.7]. A portion of this study is fo-
cused on the processes and explanations for the parameters used in the computation of

seismic velocity variations were discussed.

3.1 INSTRUMENTATION AND DATA ACQUISITION

Raw seismic data is obtained through the International Federation of Digital Seis-
mograph Networks (FDSN), downloaded in MSSED format using the Python package
Obspy [Krischer et al., 2015]. The dataset used in this thesis comprises eight broadband
stations and six short-period sensors located around Ruapehu volcano. Data was ob-
tained from GeoNet between January and December of 2022 for the vertical components
with a sampling frequency of 100 Hz. The different station pairs [Figure 3.1| chosen for
this study had interstation separation distances ranging from 2 km to 26 km, figure 3.1
also shows the cross-correlation raypath coverage between all station pairs. These sta-
tions were chosen by their location to Ruapehu. Due to the small number of broadband
instruments across Ruapehu and to acquire good coverage of the study area we also have
used data from short-period instruments surrounding Ruapehu. The availability of data
for the seismic stations in this study is displayed in Figure 3.2 across the studied time
period. The gaps in the figure show the station was not recording during that period.
One important step in the MSNoise process is to make sure the data is continuous and
gap-free. Once any gaps are identified, the data must be processed to make it as contin-
uous as possible. To do this, the daily traces are split into equal length segments. After

that, the segments are merged into continuous day-long segments.
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Figure 3.1: Map showing station locations and cross-correlation raypath coverage between
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Figure 3.2: Station data availability. Stations are listed on the left with duration at the

bottom. Data availability, as recorded in the database, is indicated in red. Days with no
data remain blank. The number of operating stations is displayed in the lower chart.
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3.2 DATA PROCESSING

In this study, I used the software MSNoise which handled a large portion of the data
processing for this study, mostly using the techniques described by Bensen et al. [2007].
MSNoise is an open-source and free Python package developed by Lecocq et al. [2014]
to process and recover velocity changes. As shown in Figure 3.3, computing temporal
velocity changes using an ambient noise processing procedure is divided into four phases.
These procedures are: [Phase 1| pre-processing raw data, a single-station data prepara-
tion step that involves removing the instrumentation response, the mean, the trend, and
cutting the data to the chosen time frame. The data is then normalized in the time and
frequency domains to prevent earthquake signals. In [phase 2| cross-correlation func-
tions (CCFs) of the ambient seismic noise for each pair of seismic stations are computed.
In [phase 3| these cross-correlations are stacked in the temporal domain. Lastly, [phase
4] involves computing travel-time delays of various arrivals between these individual
cross-correlated functions and a defined reference cross-correlated function. Afterward, a
simple model of uniform relative velocity change [dv/v = —dt/t = constant| [Ratdomop-
urbo and Poupinet, 1995] is used to estimate seismic velocity changes in the study region.
Different options and parameters are available for each of the aforementioned procedures,
which require selection and tuning for the study area; these options and parameters will

be covered in the following sections.
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Data Processing

Preprocessing data: Removing
Phase 1 instrument response, Applying time domain
demeaning, detrending, and ——| and spectral normalization
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velocity changes functions (CCFs)

Figure 3.3: The data processing workflow. Phase 1 demonstrates the preprocessing
required for single-station data before cross-correlation. Phase 2 involves computing the
cross-correlation method and Phase 3 involves stacking the CCFs. Lastly, Phase 4 deals
with computing velocity variations.

3.3 PHASE 1: PRE-PROCESSING

Pre-processing the raw data includes several important steps that are required to
be completed before cross-correlation. The purpose of the preprocessing step is to en-
hance ambient noise signals by setting up control parameters to maximize the surface
wave energy for estimated Green’s functions, and to attenuate transient signals such as
earthquakes. The initial step is to prepare the waveform data for each single individual
station. The raw data are organized into continuous seismic day-long traces. The data
files provide daily traces for every station. Initially, these daily traces are merged in order
to address any potential gaps caused by artifacts in the seismic station. The combined
data is then split into day-long chunks to ensure continuous segments for each day. These
day-long chunks are checked to identify gaps; in order to preserve data continuity, chunks
with gaps less than 80% of the day’s duration are rejected. Afterward, the accepted day-
long chunks are subjected to several preprocessing steps. First, the data is demeaned by

removing the mean value to center the waveform around zero. Next, detrending removes

37



any linear trend present in the data to eliminate long-term variations. A 20-second taper
is then applied to each day-long waveform to ensure smooth transitions at the segment
boundaries [see Appendix A.1]. Following these initial preprocessing steps, this waveform
is then subjected to a band-pass filter to remove frequency content over 12 Hz and below
0.01 Hz [see Appendix A.1|. This filtering step focuses the analysis on seismic signals
within the desired frequency band. The next critical step involves removing the instru-
ment response and data is downsampled from its original sampling rate of 100 Hz to 25
Hz using a Lanczos resampling method [see Appendix A.1]. Normalization is then ap-
plied to the data in both the time-domain and frequency domain in order to standardize
the spectral and amplitude characteristics throughout various datasets.

In this study, I chose to investigate the vertical component of the cross-correlation
function. There are several parameters that have a significantly non-linear impact on
instrument response and normalization. The parameters used for the pre-processing
steps were tested and chosen carefully since they greatly rely on the waveform and the

desired investigation.

e INSTRUMENT RESPONSE

Correcting instrument response is essential to processing seismic data to ensure the
ground motion, earthquakes, and other seismic events captured by seismological
sensors are accurately represented. That being said, these instruments by nature
incorporate a response function that needs to be corrected, before the raw data
can be interpreted accurately. The first phase of data processing is to prepare
the waveform data from each station individually. The purpose of this phase is to
retrieve the accurate broadband frequency by removing instrument response. In
general, the average broadband instrument’s response range is between 0.01 and
100 Hz, and for a short-period instrument, it is between 1 and 100 Hz. However,
the instrument response frequency varies for a single station [e.g. Figure 3.5 and

3.4]. The response function for most broadband instruments has a flat amplitude
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in the periods of interest. Consequently, the instrument response only serves as a
scaling factor and does not perturb the cross-correlation waveform for broadband
stations |Gorbatov et al., 2012]. However, we employed broadband and short-period
seismometers in this study. As a result, instrument response was removed during

preprocessing to optimize our signal for some stations.
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Figure 3.4: Plots showing the amplitude and phase response for a GeoNet broad-band
station (TMVZ)

L.
1
3.4e+08!
8 4 I
10 I ‘
4 105
=1
=
a
g 102 4
d
10°l-— NZ TUVZ.10.EHZ — NZ.TUVZ.10.EHZ — NZ.TUVZ.10.EHZ
—— NZ.TUVZ.10.EHZ — NZ.TUVZ.10.EHZ —— NZ.TUVZ.10.EHZ
= 1 1
— o
= T
<
PECE
2
[
=
o
T
A
10~ 1073 102 1071 100 101

Frequency [Hz]

Figure 3.5: Plots showing the amplitude and phase response for a GeoNet short-period
station (TUVZ)
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A filter was applied before the instrument response was removed. This involved
determining the four corner frequencies (f1, 2, {3, f4) of a band-pass filter, which al-
lows frequencies between f2 and 3 while attenuating frequencies outside this range.
The pre-filter applied in this study is (0.005, 0.006, 30.0, 35.0) Hz as indicated in
Table A.1. This prefiltering step is essential to focus on the seismic signal of inter-
est and ensure accurate removal of the instrument response. Because short-period
instruments have a high corner frequency, their cross-correlations are not as stable

or dependable for study on ambient noise as broadband correlations.

TEMPORAL NORMALIZATION

The most important step when working with single-station data preparation is
time-domain (or temporal) normalization. Temporal normalization is a technique
used to remove or reduce non-uniform signals, high amplitude signals produced
near the receiver (e.g., earthquakes, explosions), or non-stationary noise produced
in the neighbourhood of the station due to daily human activities. Bensen et al.

[2007] outlines the five types of time domain normalization techniques:

— Clipped waveform normalization uses a clipping threshold set as a factor of

the RMS amplitude of the signal for that particular day.

— Automated event detection and removal involves setting the waveform’s next 30
minutes to zero if its amplitude rises over a certain threshold. The arbitrary
nature of this threshold makes it challenging to choose because amplitudes

vary throughout stations.

— Absolute-mean normalization is a method that calculates the running average
of the waveform’s absolute value across a fixed-length time frame and weights

the waveform at the window’s centre by the inverse of this average.

— Water-level normalization involves down-weighting any amplitude that ex-

ceeds a certain multiple of the daily RMS amplitude.

40



Amplitude

—1000 -

—2000 1

Amplitude

2000 -

1000 -

o

1.04

0.5 4

0.0

~0.5 4

MSNoise can utilize RMS (clipped waveform) clipping and one-bit normalization as
shown in Figure 3.6. The method I employed in this study, one-bit normalization
is widely utilized in both passive and active seismic studies. It replaces all positive
amplitudes with a +1 and all negative amplitudes with a —1, retaining just the sign

of the raw signal, which was chosen as it increases the signal-to-noise ratio (SNR).
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200

Amplitude
o

-200

-400

0 5000 10000 15000 20000 25000 30000 0 5000 10000 15000 20000 25000 30000
Time [s] Time [s]

C: 1bit Normalization

0 5000 10000 15000 20000 25000 30000
Time [s]

Figure 3.6: Waveforms showing examples of the two time-domain normalization tech-
niques have been tested. (a) Raw data with about ~ 8 h of windowed data recorded
at TUVZ station. (b) Clipped waveform, in which the signal’s RMS amplitude for the
specified day equals the clipping threshold. (c¢) A one-bit normalized waveform, in which
the signal is set to £ 1 depending on the original waveform’s sign.

SPECTRAL NORMALIZATION OR WHITENING

The ambient noise spectrum is not flat [see Figure 3.7A], it is therefore necessary
to broaden the bandwidth of the estimated Green’s function and to reduce the im-
pact of band-limited spatially localized sources such as the 26s microseism [Bensen
et al., 2007|. Frequency domain normalization through spectral whitening acts to
balance the amplitude of the data at different frequencies [Pham and Tkalci¢, 2017]
- shown in Figure 3.7, as not all instruments record frequencies at the same level.
One-bit normalization is used to clip the traces in MSNoise, and the signal’s ampli-
tude is then whitened in the frequency domain. The goal is to represent broadband

Green’s function estimations more accurately in the stacked cross-correlation func-
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tions (CCFs) that are ultimately generated. In this study, the phase weighted
stacking method (PWS) [Schimmel and Paulssen, 1997| was used. Given several N

individual one-sided cross-correlograms s, (t), their analytical signals are defined as

So(t) = s,(t) + iH,(t) = Ape’®n® (3.1)

Where H,(t) is the Hilbert transform of the original trace s,(t), and A, phi,(t)

are the amplitude and phase components, respectively.

The analytical phase average amplitude, which is a measure of the coherence among

all signals in the stack, is used to weight their linear stack

n

(3.2)

1
ipn (t)
E e
N —

o(t) = = > st

Where 7 > 0 is the PWS order and ¢(t) is the phase-weighted stack. The order of
controls the contribution of the overall coherency measure in the final stack. If n =
0, PWS becomes a linear stack while 7 is large, the coherency measure dominates
the stack and makes it severely distorted. We used linear stacking (n = 0) which

gives the best results [see Table A.1].
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Figure 3.7: (A) Raw data recorded at TUVZ station and (B) spectrally whitened am-
plitude spectra for 1 sample per second vertical component data at station TUVZ for
March 10, 2022. A 20-100 s bandpass filter is primarily responsible for the taper seen at
both ends of the spectrum.

3.4 PHASE 2: COMPUTING CROSS-CORRELATION FUNCTION (CCF)

After processing the individual stations, the next stage is to compute the cross-
correlations, which produce daily cross-correlations. Cross-correlations were initially
calculated between every possible pair of stations, although there is a possibility that
certain interstation distances are either short or too long to obtain accurate data. With

N being the total number of stations, this results in a total of M potential station pairings.

M= N(N —1)/2 (3.3)

Fully diffuse wave fields are made up of waves with random amplitudes in all directions

[Snieder, 2004]. The cross-correlation of a pair of these wave fields indicates a complete
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Green’s function between the pair of receivers [Snieder, 2004|. This indicates that by
calculating the cross-correlations between the two receivers, information on all poten-
tial paths—such as all possible reflections, scatterings, and propagation modes—can be
retrieved from them [Gouédard et al., 2008].

Cross-correlation is computed by comparing the similarity of the data from two distant
seismic stations — where the trace in one station is shifted relative to the other in time.
The cross-correlation that results is saved with both the positive and negative lag parts,
which are sometimes referred to as causal and acausal signals, respectively. These parts
represent waves that move in opposing directions between the two station pairs and are
identical if the noise sources are evenly distributed in the azimuth. The signals observed
in the cross-correlation function will only come from sources close to the line joining
two stations [Snieder, 2004]. Sources on opposing sides of the line will, in the cross-
correlation function, contribute to the signal at positive lag (causal) and negative lag
(acausal), respectively.

The cross-correlation is computed in the frequency domain using the two-time se-
ries, x(t) and y(t), which are transformed into Fourier transforms X(f) and Y(f). The

correlation operation is defined as

C(f) = X"(f) xY(f) (3-4)

where X*(f) represents the complex conjugate of X (f). The cross-correlation func-

tion ¢(t) is the inverse Fourier transform of C(f).
Then, a stacking process was conducted to improve the coherence of the Green’s func-

tion and to increase the signal-to-noise ratio (SNR). MSNoise offers two distinct stacking

methods: phase-weighted stack (PWS) and linear mean stacking. The PWS is a nonlinear
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stacking technique that is computed to enhance coherent signals between instantaneous
phases of all windows [Paulssen et al., 1993|. On the other hand, a linear stack results if
the PWS order is zero. A simple mean CCF of all windows is saved as the daily CCF if
the stacking technique is linear. On the other hand, if the stack method is PWS then all

PWS is calculated and stored as a daily CCF [Lecocq et al., 2014].

3.5 PHASE 3: MOVING AND REFERENCE STACKS

The main purpose of stacking is to enhance coherence, improve the signal-to-noise
ratio, cancel out information that comes in perpendicular to the stations, and amplify
the information that comes basically from directions near 0 or 180 degrees. Generally

speaking, stacking across longer time series increases the SNR ratio [Bensen et al., 2007].

In the dv/v equation, the reference stack serves as the denominator. Not only will a
moving stack that is too small generate noise, but an insufficiently small reference stack
will not give a suitable ’average’ velocity. However, very large stacks will also com-
bine changes across short time intervals, which will reduce the signal of the velocity
change. The goal is then to select a stack size that is both large enough to yield accurate
velocity measurements and small enough to yield useful temporal information. The ref-
erence stack and moving stack (current function) are defined as the number of summed
cross-correlations (cc’s); which are N,.; and N, respectively. In this study, cc’s are

calculated daily.

The moving stack CC,,,, involves summing the daily cross-correlations of specific pe-
riod of time together, such as 2, 5, and 10 days, while the reference stack C'C,.y may be
created by summing the cross-correlations of a station pair over a reference study period.
The only requirement is that the reference stack should be longer than the moving-

window stack, Nyer » Npov to guarantee the reference stack is reflective of a background
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value, while the moving stack contains information on the actual state of the crust [Clarke
et al., 2011]. More days stacked together generally result in better coherency; but, small
velocity changes, particularly those that happen over a short period, might become more
challenging to recover from as day stack sizes increase. There is an immediate decrease

in resolution when a too long moving-window stack is taken |Lecocq et al., 2014].

The reference function (REF) can be specified by an absolute or relative data span.
For instance, a relative range could be the last 200 days, while the period from 1 January
to 31 December 2022 could be considered an absolute range [Lecocq et al., 2014|. It is
good practice to test many moving-window stacks, for example, 2, 5, 10, and 30 days. In
this study, various moving stack choices are tested and the reference stack is set as the

entire duration (1 January to 31 December 2022).

3.6 PHASE 4: VELOCITY VARIATIONS CALCULATIONS

There are two techniques for estimating time delays in MSNoise: moving-window
cross spectrum (MWCS) and stretching method. MSNoise relies on moving-window
cross spectrum technique, which operates in the frequency domain to estimate time
delay. The technology was first introduced by Poupinet et al. [1984] for the recovery of
relative velocity variations between earthquake doublets, the MWCS methodology was
developed for noise analysis by Clarke et al. [2011]. The current C'C,,,, is compared with
the reference C'C,.s, and both time series are sliced in several overlapping windows. A
cosine taper of 1% is applied to both ends of each slice for adjustment before it is Fourier
transformed to the frequency domain [Lecocq et al., 2014, Poupinet et al., 1984]. The

cross spectrum X (v) is defined as:

X(v) = Frep(v) x F) (V) (3.5)

mov
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The cross coherence between energy densities in the frequency domain:

X))

Cv) =
Ve )P B )

(3.6)

where the overline indicates the smoothing of energy spectra F,.¢, Fi,0,, and the spec-
trum of X. The time delay between the two cross correlations is found in the unwrapped

phase, ¢(v), of the cross spectrum and is linearly proportional to frequency:

¢j = mvjy, (37)

m = 27t. (3.8)

where 6t is the time delay and the phase ¢; is expressed in radians. Within the fre-
quency range of interest, the time shift for every window separating two signals is the

slope m of a weighted linear regression of the sample data [Lecocq et al., 2014].

The delay time can be estimated by comparing the lag time between the reference stack
CC)er and the moving window stack C'Cl,,,. Relative velocity variations then can be
estimated from the linear slope of the time delay against lag time [Lecocq et al., 2014].
It is important to choose the minimum and maximum lag times for the time shift calcu-
lations that are used to estimate relative velocity variations and the slope of the delay
times. The maximum lag time is defined by setting a width, in seconds, for the window
containing delay times. It is noteworthy that the reliability of the results is increased by
cross-correlating over a large range of station pairs, which also increases the stability of

the measured velocity changes.

47



3.7 PARAMETER VALIDATION

The cross-correlation functions of the ambient noise approach are greatly influenced
by several parameter choices. To increase the reliability of ambient noise measurements,
a variety of processing parameters have been investigated. The main objective of this sec-
tion is to investigate and justify the many processing choices that are offered to guarantee

the highest quality of measured velocity changes.

e SIGNAL-TO-NOISE RATIO COMPUTATION

The signal-to-noise ratio (SNR) measures how strong a signal is compared to back-
ground noise present in the same data. Measuring the signal-to-noise ratio (SNR)
of a stacked set of cross-correlation functions (cc) is important to determine which
stacks can yield reliable delay-time measurements and which cannot |Clarke et al.,
2011]. Prior to calculating the lag-time dependent SNR, several parameters were
tested using a method first introduced by Larose et al. [2007] and later by Yates

[2018].

The SNR of a cross-correlation function can be obtained by:

(3.9)

where N is the number of stacked individual days, s(V,t) is the signal level and
o(N,t) is the noise level. One may estimate the noise level o(N,t) by calculating
the variation between each constituent cross-correlation function (CCF) at every

lag time (t);
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(N, 1) = \/< ce(t)? ?V—_? ce(t) >2 (3.10)

Before computing the SNR, The signal level s(V,t) and the noise level (N, t) are
both smoothed using a 30-second sliding Hanning window. The signal level s(N t),

in the stacked cross-correlation, is calculated by taking the Hilbert envelope:

s(N,t) = |< ce(t) > +iH (< cc(t) >)| (3.11)

where < . > denotes the average of N single-day cross-correlation functions (cc(t))

and H(.) the Hilbert transform.

RELATIONSHIP BETWEEN SNR AND COHERENCE

Signal quality control is largely dependent on coherence and SNR to compute the
velocity changes. Coherence is a measure of how similar the current and refer-
ence stacks are to one another within the moving-window stack. Both Coherence
and SNR depend on time lags, and plotting coherence against SNR can aid in de-
termining the appropriate coherence threshold to produce high-quality data for a
particular station pair by excluding any results that fall below a defined thresh-
old [Yates, 2018|, and showing the level of coherence at which the SNR will drop.
When MWCS computations are performed, MSNoise produces coherence values,
which quantify how similar the current stack is to the reference stack within the
moving window. The entire year (2022) of data from all stations was used to eval-
uate eight filters with different frequency ranges [see Figure 3.8|. As can be seen,

every filter has a distinct SNR from the others; selecting the filter that has the
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greatest SNR produces more trustworthy results. Among the other filters in use,

filters 6 and 8, at 0.03-0.35 Hz and 0.05-0.4 Hz respectively, show the highest SNR.

SNR Vs lagtime SNR Vs lagtime

5 0 —— Average SNR
|
I
[

-100 -50 0 50 100 -100 -50 0 50 100
Lag Time [s] Lag Time [s]

(a) SNR for all filters. In contrast to the other filters, (b) the SNR average in black while all filters adopted here are
filters eight and six have a high SNR. depicted in grey colour.

Figure 3.8: The effect of changes in the filters used [see Table 3.1]| for 45-day stacked cross-
correlation functions on SNR during a 12-month period at the COVZ-FWVZ station. The
gray box shows where direct energy arrivals and exhibits a high SNR for it.

In this study, the maximum interstation distance is 26 km. Assuming surface waves
travel at velocities between 2 and 4 km/s, the travel time range is approximately
between 6.5 seconds and 13 seconds. The lag time is discussed in Section 3.7.
Figure 3.8 serves as an example to show that the direct arrivals come from around

6.5 s and 13 s and exhibit a high SNR above 2 inside the gray-shaded box.

Coherency values with a 45-day stack size were calculated for the NZ.COVZ.10-
NZ.FWVZ.10 pair. Figure 3.9 illustrates this in relation to lag time. When the
direct arrivals show up in the waveforms, the coherency values are maximum against
lagtime. A filter should exhibit strong coherence values during the whole lagtime
period 4120 seconds, not only when the direct arrivals come, in order to be selected
as a good filter among the ones displayed in the figure. Filters 8 and 6, which are
0.05 - 0.4 Hz and 0.03 - 0.35 Hz respectively, are the best results since they exhibit

a high correlation value throughout the period, as can be seen here.
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It is important to note that filters 8 and 6 performed the best according to the
figures [see Figures 3.9, 3.8|, which are based on the two tests mentioned above.
The greatest SNR and coherence are shown by both filters (filters 8 and 6). More
broadly, strong coherence values during the direct arrivals and a high signal-to-noise
ratio (SNR) are indicative of the high consistency of the CCF produced during the

tremor, which gives us accurate results.

L.00 1 Filters Change.

i ‘ —— Filter 01
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é 0.85 « “‘yﬁ “;
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Figure 3.9: Coherence of filters tested for the one-year 2022 dataset for NZ.COVZ.10-
NZ.FWVZ.10 using a stack size of 35 days. These are the filters that are displayed in
Table 3.1. The filter eight and six has the highest coherency.

e TEMPORAL STACKING - MOVING WINDOW STACKSIZE

Stacking cross-correlation functions is mostly used to increase temporal stability
by improving the signal-to-noise ratio. Coherent energy is expected to combine
constructively, while incoherent energy is expected to combine destructively. Fig-
ure 3.10 illustrates 1-day and 30-day stacks over a 12-month period. It should be
noted that an N-day stack in MSNoise denotes the cross-correlation function for a
specific day stacked with the N — 1 preceding days. Using 30-day stacks clearly

improves temporal stability [Figure 3.10b|, whereas 1-day stacks make it difficult
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to notice coherent arrivals at longer lag periods |[Figure 3.10a]. However, the ca-
pacity to identify velocity variations and the temporal resolution of the data are
diminished with more stacking. Selecting a stack size that is both large enough
to yield accurate velocity measurements and small enough to yield useful tempo-
ral information is the next step. Cross-correlation functions that are separately
compared with the reference stack are referred to as current stacks. The reference
stack, which is a cross-correlation reflecting the background state, is made up of
a large number of stacked days so that N,.; » Npop. The basis of measurement
for velocity changes is the difference between the current stacks and the reference
stack. As a result, choosing a current stack that incorporates all accessible data

deserves careful thought.

NZ.ETVZ.10 : NZ.SNVZ.10, ZZ, Filter 8 (0.05 - 0.40 Hz), Stack 1 NZ.ETVZ.10 : NZ.SNVZ.10, ZZ, Filter 8 (0.05 - 0.40 Hz), Stack 30

202301 2023.01

o_—_— P S sarcnsm ARNA e o 2025

o
Time Lag (s)

o
Time Lag (5)

(a) 1-day stacks (b) 30-day stacks

Figure 3.10: Comparison of 30-day stacked and 1-day stacked cross-correlation functions
over a 12-month period using a filter (0.05 -0.40) Hz at the ETVZ-SNVZ station.

Figure 3.11 illustrates how coherence is affected by the number of days in the
moving stack. It is important to note that, as shown, the coherence is impacted by
the filter that is applied as well. When the filter was adjusted from 0.05-0.4 Hz to
0.1-0.9 Hz, the correlation coefficient values very slightly dropped [see Figures 3.11a
and 3.11b for comparison|. Coherency improves as more days are stacked together;

but, as the stack sizes rise, it may become harder to identify small velocity changes.
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As a result, selecting the ideal moving stack window that offers precise data and

strong coherence requires further consideration [see Chapter 4].
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(a) A 0.05-0.4 Hz filter was used to generate this.
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(b) A 0.1-0.9 Hz filter was used to generate this.
Figure  3.11: Average  correlation  coefficient  (CC)  for  station-pair

NZ.COVZ.10-NZ.FWVZ.10 data during a one-year period in 2022 for stack win-
dow sizes of 5, 30, and 45 days

e LAG TIME

It is important to choose the minimum lag time for the time shift calculations. Most
studies conducted in volcanic events used the late arrivals of the CCF because scat-
tered waves traveling along longer distances collect larger temporal delays [Lecocq
et al., 2014]. To make sure we were measuring the velocity change from the coda
of the cross-correlation functions, we had to specify a minimum time lag for the
velocity computations. Both inter-station distance and anticipated wave veloci-
ties were considered to set this minimum lag time as a threshold parameter. A
single minimum time lag is inappropriate for several station pairs with varying in-

terstation distances because direct arrives later for longer paths. As a result, the
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inter-station distance and a minimum velocity parameter are used to dynamically
define the minimum lag [see Appendix A.1]. We selected nearby stations in our
Ruapehu study region [Figure 3.1], totaling 15 stations with varying distance sepa-
ration [Figure 3.12|. The time delay for every station pair is shown in Figure 3.12,
demonstrating the coherent nature of the signal. Based on Mestel’s unpublished

velocity model, a minimum velocity of 2 km/s was selected [Mestel, 2023, Schuler,

2023]
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Figure 3.12: The distance against lag time, illustrating the various arrivals predicted at
various velocities.

It was also necessary to choose the width of the time lag window, where the width
is double the complete cycles of the lowest frequency. Given our lowest frequency
of 0.04 Hz [see Table 3.1], the width of the time lag nearly equals 50 seconds.
We are satisfied with 40 seconds lag time width as it captures the information

from that frequency and within the maximum lag time range of 120 seconds for
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our cross-correlation function [see Appendix A.1]. Both the causal and acausal
components are employed in §t/t computations and maximum error and maximum
0t were applied in MSNoise. The default value of 0.1 was maintained for the
maximum error and the maximum dt is 0.5 s [see Appendix A.1]. Figure 3.13
shows the relationship between coherence and lag time, and lag time against the
maximum and the minimum dt for the station pair NZ.NGV.10 and NZ.TRVZ.10
[Figure 3.1 for locations|. The CCFs coherency is excellent in all stations and
extremely consistent. Offering an effective way to guarantee high-quality results,
the coherence threshold was taken at 0.9 [see Appendix A.1].
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Figure 3.13: The plot shows coherence and dt against lag time

e FILTER FREQUENCY TEST

Filters require special attention since MSNoise has several parameters that impact

each other nonlinearly. Pre-processing, whitening, and a MWCS filter are applied
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by MSNoise that can narrow down frequency bands gradually. As indicated in
Table A.1, the pre-processing bandpass filter was determined to be 0.01 up to 12
Hz to prevent going over the Nyquist frequency and resulting in aliasing issues.
The whiten and MWCS filters were then manually tested and adjusted based on
which filter yielded the highest SNR value [see Table 3.1]. Each filter has a window
length (Wlen) and step that affects the trade-off between frequency resolution and
temporal resolution. The Window Length (Wlen) defines the size of the traces
that are used in the MSWC. Better frequency resolution is achieved with a wider
window length, but temporal resolution is poorer. The step also referred to as

" controls how much the window moves forward in time between subse-

"overlap,'
quent traces. Filters were obtained from a mix of Schuler [2023|, Kortink [2020],
and Yates [2018] to assess a varied range of filters that were effectively employed in
similar investigations carried out in New Zealand. While several of the examined
filters had poor SNR, many of them had acceptable SNR. The best-performing fil-
ters were those with narrower frequency widths, between 0.01 and 0.5 Hz, whereas
the worst-performing filters had higher frequencies >1 Hz. Using the entire time
(one year) in which the low frequency of less than 2 Hz predominates and the
high frequency dominates the unrest period, the low-frequency filters yield a cross-
correlation function (CCF) that is more consistent than the high-frequency filters.
In this study, filter 6—which ranges from 0.04 to 0.34—was used. Several filters
are contained under the MSNoise parameter in Table 3.1; the whitening low and

high-frequency parameters are manually changed, and the MWCS window length

(Wlen) and step are included.
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Ref | Low | MWCS Low | MWCS High | High | MWCS Wlen | MWCS Step
(Hz) (Hz) (Hz) (Hz) (s) (s)

1 | 01 0.1 1.0 1.0 20.0 4.0

2 | 01 0.15 0.85 0.9 10.0 2.0

3 | 01 0.15 0.4 0.65 12.0 3.0

4 | 01 0.1 0.9 1.1 10.0 2.0

5 | 0.1 0.15 1.15 1.2 10.0 4.0

6 | 0.03 0.04 0.34 0.35 20.0 4.0

7 | 012 0.14 0.96 0.98 10.0 2.0

8 | 0.05 0.06 0.4 0.4 4.0 2.0

Table 3.1: Station pair dataset test filters table
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Velocity change findings obtained after the ambient noise processing steps are shown
in this chapter. Section 4.1 contains the details of the seismic stations. In Section 4.2,

we go over the stations’ signal quality and stability in more detail. Lastly, Section 4.3

CHAPTER 4

RESULTS

displays the results of a year test of various moving windows.

4.1 SEISMIC STATION DETAILS

Eight broadband stations and seven short-period sensors spread around Ruapehu were
used between January and December of 2022 to create the dataset used in this thesis.
In this work, the vertical component was employed, and the lowest distance separation
between stations is 2 km, while the maximum interstation distance is 26 km. For the
vertical components, data has been acquired at a 100 Hz sample frequency. The WHVZ

station had a 5-month data gap, while the WNVZ station did not have any data available

during the study period. Therefore, these stations were excluded from this study.

Longitude | Latitude | Station code | Channel | Sensor Type
175.542 -39.200 COVZ HHZ Broadband seismometer
175.548 -39.299 TRVZ HHZ Broadband seismometer
175.654 -39.268 TUVZ EHZ Short period seismometer
175.601 -39.176 NGZ EHZ Short period seismometer
175.553 -39.255 FWVZ HHZ Broadband seismometer
175.562 -39.268 MAVZ HHZ Broadband seismometer
175.640 -39.186 SNVZ EHZ Short period seismometer
175.611 -39.126 NOVZ EHZ Short period seismometer
175.711 -39.136 ETVZ HHZ Broadband seismometer

Continued on the next page
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Longitude | Latitude | Station code | Channel | Sensor Type
175.704 -39.116 TMVZ HHZ Broadband seismometer
175.676 -39.098 NTVZ HHZ Broadband seismometer
175.641 -39.094 KRVZ EHZ Short period seismometer
175.590 -39.115 WTVZ EHZ Short period seismometer
175.589 -39.282 WHVZ HHZ Broadband seismometer
175.665 -39.163 OTVZ HHZ Broadband seismometer

Table 4.1: Table of Stations Used

4.2 SIGNAL STABILITY AND QUALITY OF THE STATIONS

The data filtering process is one of the most important aspects of controlling the
data signal. In order to compute the cross-correlation, the station recordings have been
bandpassed between 0.01 and 12.0 Hz [see Table A.1 for all parameter details|, and then
decimated by a factor of 4. Following that, whitening was used to limit the frequency of
the signal; the lower frequency should be > 0.01 and the high frequency < 12 HZ; the
signals then need to be filtered once more using the MWCS filter [see Table 3.1]. Given
the sampling rate of 25 Hz, a low-pass filter was set at 12 Hz to prevent exceeding the
Nyquist frequency and avoid aliasing issues [see Appendix A.1].

Coherent energy is another important factor that was investigated to ensure the data
has high quality. if our signal is coherent, it will be visible through the coherent energy
recorded travelling across all pairs from different seismic stations. A very high degree of
coherence and consistency of the phase relationship was demonstrated across all stacked
cross-correlation functions from different seismic stations, which was more than 0.9 as
shown in Figure 3.9. The minimum coherence on the delay time measurement was
consequently set at 0.9 for high data quality [see Table A.1]; so, moving window cross-

spectrum (MWCS) with coherence lower than that will not be included in the weighted
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linear regression (WLS) calculation. A correlation between the two signals is suggested
by this high level of coherence.

Additionally, the SNR is important for determining the coherence threshold at which
the coherence drops. Finding a suitable number of days for which the correlation co-
efficient reaches over 0.90 can be aided by cross-correlating an increasing stack of days
with the reference stack. However, there is an immediate decrease in resolution and
low capacity to identify velocity variations when using a moving window stack that is
too large. Consequently, choosing a stack size that is both large enough to get precise
velocity measurements and small enough to produce reliable temporal information that
includes all available data is necessary. Many tests were carried out on a range of mov-
ing window stacks, ranging from 5 to 50, as indicated by the MSNoise configuration
parameter [see Appendix A.1|. In contrast to the 5-day window stack, which showed a
coherence of around 0.85, the 45-day window stack indicated a coherence of 0.95 [see
Figure 3.11]. Consequently, the coherence increased with the number of stacks. Unless
otherwise indicated, a 45-day moving window stack was the default window size used in

this study.

4.3 GEONET STATION PAIR VELOCITY CHANGES

In this section, we present the seismic velocity observations for the unrest; in the next
chapter, we discuss and interpret the results. Velocity variations and error in velocity
changes for each station pair were calculated for the entire study period. The vertical
component of station pairs near Ruapehu produced some of the most consistent and
high coherence cross-correlation functions during the tremor. The mean velocity changes
for all pair stations utilized are shown in Figure 4.1. Following the unrest, there was
an estimated 0.1-0.2 % decrease in the relative mean velocity variation. The constant

dv/v shown in the beginning in Figure 4.1 is due to the 45-day moving window lag, and
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because it has been smoothed over a longer moving window time, the result is much more
obvious than with smaller moving windows would be.

ZZ, Filter 6 (0.03 - 0.35 Hz)

45 Days Moving Window

dv/v (%)

—0.05

—0.10

N 33 3N ¥ N
Q&’Q 0,5,0 Q‘)'“ S o © Q

o>
0 0 3 0 % 2
20 2 28 2o 28 2o

Figure 4.1: Relative Median velocity variations using one year’s worth of data for the
vertical-vertical component for a 45-day moving window with a one-year reference period.
The combined colors indicate the duration of the unrest period which started in early
March and lasted until the end of June. The yellow shade represents the period of velocity
drop, while the light green shade signifies the subsequent recovery phase following the
velocity decrease.

This overall velocity change was calculated for all station pairs in this study [see Fig-
ure 3.1]; however, many station paths do not cross Ruapehu edifice. Rather, in order
to understand the change in velocity, certain pairings were selected to get more precise
results, shown in Figure 4.3. Furthermore, paths along the West-North and East-North
of Mount Ruapehu were examined to identify any seismic velocity changes. These pairs
of short-period and broadband seismometers were NGZ-TUVZ, OTVZ-TUVZ, SNVZ-
TRVZ, FWVZ-TRVZ, NOVZ-TRVZ, and COVZ-TRVZ. These station pairings were cho-

sen to record any velocity variations because their courses crossed Ruapehu edifice.
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Figure 4.2: Spatial distribution of GeoNet seismic network around Mt. Ruapehu. An
inset map shows the location of Mt. Ruapehu at the southern end of the Taupo Volcanic
Zone on the North Island of New Zealand. Red squares show broadband seismic stations,

whereas blue circles represent short-period seismic stations. The seismic station pairs
cited in this study are highlighted. The solid and dashed lines show the WN and EN of
Mount Ruapehu, respectively.

Figure 4.3 illustrates station pairs near Mount Ruapehu, including those to the east-
north (EN), in a single figure. These station pairs exhibit a consistent reduction in
velocity starting nearly four weeks before the onset of unrest. Specifically, a decrease in
velocity of approximately 0.5 % is observed for station pairs until May 1, 2022, followed by
a subsequent increase. The figure displays several notable features, including a decrease in
velocity that occurred approximately two weeks prior to the heightened lake temperature
and volcanic activity on March 13 according to GNS bulletin [see Section 5.3|, the velocity

then recovered to return to its mean after the unrest ended in late June, and a flat line
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at the beginning due to not having enough data to average the moving window yet.
This velocity decrease took place four weeks (approximately on February 22) prior to the
change in volcanic alert level (March 22, 2022) and is a feature shared between all station
pairs that can be seen in Figure 4.3. Before the onset of unrest on March 22, 2022, the
alert level was 1, which escalated to level 2 during the unrest period, and returned to
level 1 shortly after the unrest ended in early July. The velocity started to decrease four
weeks before the unrest and reached a maximum variation of ~ 0.5% following the event,
peaking in early May. After that, the velocity slowly recovers to the long-term average
velocity in the next weeks. These results demonstrate the mechanism responsible for
these velocity variation observations is reversible. This mechanism is best displayed in
Figure 4.4, showing 45-day moving window used to display the velocity variations for the

NGZ-TUVZ station pair, which are situated on the east flank of Ruapehu.
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Figure 4.3: Velocity changes for all station pairs calculated for 45-day moving windows
using one year of data for the vertical-vertical component. The combined colors indicate
the duration of the unrest period which started in early March and lasted until the end
of June. The yellow shade represents the period of velocity drop, while the light green
shade signifies the subsequent recovery phase following the velocity decrease.
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Figure 4.4: Velocity changes for NGZ-TUVZ station pair calculated for 45-day moving
windows using one year of data for the vertical-vertical component. The combined colors
indicate the duration of the unrest period which started in early March and lasted until
the end of June. The yellow shade represents the period of velocity drop, while the light
green shade signifies the subsequent recovery phase following the velocity decrease.

This decrease before the unrest is visible in the 35-day, 40-day, 45-day, and 50-day
moving window velocity variation plots for the NGZ-TUVZ station pair, shown in Figure
4.5. The usage of various moving stack day windows results in a flat line in the relative
velocity change for the beginning of the study period. For instance, there is a 35-day flat
line at the start of the 35-day moving window, and a 40-day flat line at the start of the
40-day moving window, along with the same for the remainder. The N-moving window
is the average velocity of the previous N days, including the current day. Figure 4.5,
shows velocity began to decrease from approximately the same position in late February,
and velocity variances were at their mean before the drop began. In this study, a 45-day
moving window was used, which results in smoothing of the small daily variations and
velocity reduction that occurs two weeks prior to the unrest and shows a gradual decline.

A smaller stack size, like five hours, may indicate sub-daily variations and, as a result,
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the reduction in velocity before unrest would be more reliable, potentially showing a less

gradual drop in velocity pre-unrest.
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Figure 4.5: Velocity changes for NGZ-TUVZ station pair calculated for 35-day, 40-day,
45-day, and 50-day moving windows using one year of data for the vertical-vertical com-
ponent. The combined colors indicate the duration of the unrest period which started in
early March and lasted until the end of June. The yellow shade represents the period of
velocity drop, while the light green shade signifies the subsequent recovery phase follow-
ing the velocity decrease.

Velocity changes for two station pairs on the west flank of Mount Ruapehu are shown
in Figure 4.6. The plotted data reveals that the mean velocity has not changed signifi-
cantly on the subsurface of the west side. This stability may be explained by the lack of
nearby faults the western side of Ruapehu, which are usually linked to notable ground
movement. These observations are consistent with Mordret et al. [2010] that observed
0.8% reduction in the east flank of Ruapehu two days prior to the 2006 eruption, which
corresponded to an opening crack in that region and caused a localized drop in velocity
[Mordret et al., 2010], but little variation in the west flank velocity. The 2022 unrest
was characterized by a similar decline in the velocity in the eastern part of Ruapehu,

with no appreciable velocity change in the mean velocity in the western part. A detailed
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analysis of the geological background and past seismic activity would be beneficial for fu-
ture interpretation in order to ensure complete comprehension of the absence of velocity
variations on the west side of Ruapehu.
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Figure 4.6: Velocity changes calculated for 45-day moving windows using one year of data
for the vertical-vertical component of west flank stations. The combined colors indicate
the duration of the unrest period which started in early March and lasted until the end
of June.
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CHAPTER 5
DISCUSSIONS

Recognizing the signs that volcanoes frequently exhibit before the start of eruptions
is the first step toward intermediate- or short-term eruption forecasting. Seismicity,
ground deformation, gas emissions, and thermal emissions are only a few of the signs of
volcanic unrest that have been observed in active volcanoes over the past few decades and
occasionally result in eruptions. As magma builds up at depth and subsequently rises
towards the surface, these signs can be seen at various phases of pre-eruptive unrest.

In this discussion, we focus on interpreting the recent unrest that occurred in 2022
based on the seismic velocity results, recordings of volcanic tremor and crater lake tem-
perature. First, information on the heating cycle and volcanic tremor that occurred
during the unrest in 2022 are summarised in Sections 5.1 and 5.2. These observations

are then analyzed in comparison to the seismic velocity results in Section 5.3.

5.1 HEATING OF THE CRATER LAKE AT MOUNT RUAPEHU

The temperature and lake level of Ruapehu Crater Lake during 2022 are displayed
in Figure 5.1. This is an attempt to examine the temperature changes that occurred
during the unrest episode and understand the relationship between temperature and the
unrest event. On March 13, 2022, Te Wai A-moe Crater Lake in Mount Ruapehu began
to warm. The temperature increased throughout the following two months, peaking on
May 8 at 40.77 °C [see Figure 5.1]. The increase in temperature might be interpreted
by magma intrusion into the hydrothermal system while magma attempts to ascend to
the surface, however, there is no evidence to support this theory in the unrest of 2022.
Nevertheless, from April 7 to the end of the month, the temperature remained constant
at about ~ 37 °C. This may be attributed to potential influences on the heat such as
rainfall, external temperature changes, or hydrothermal systems, which kept the lake’s

temperature stable for a considerable amount of time.
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Figure 5.1: This figure presents the changes in Crater Lake’s temperature and level during
the year 2022. On May 8, 2022, the highest temperature recorded was 40.77 degrees.
The gray-colored box indicates the duration of the unrest period, which started in early
March and lasted until the end of June. The red and gray lines represent the start of the
unrest (March 22, 2022) and the period of heightened lake temperature and increased
tremors (March 15, 2022), respectively.

On the other hand, early May saw a sharp dip in temperature to 21 °C and nearly
stable later on at 25 °C, although it did so at a different rate than it had been rising.
This suggests that precipitation during May may have had a significant impact on the
rapid drop in the lake’s temperature. The volcanic alert level was changed to level one
in July since the totality of the evidence pointed to a significantly lower level of volcanic
activity and temperature drop to its normal.

It is noteworthy that there exists a correlation between temperature and other envi-
ronmental parameters and how they affect variations in velocity and surface structure.
Furthermore, the specifics of these correlations might differ greatly based on the charac-

teristics, location, and scale of the system under study.

5.2 STRONG TREMOR

For the 2022 period, the mean daily ground velocity is shown in Figure 5.2. As can
be seen, the tremors began on March 13, 2022, and became more intense on March 21,
surpassing the threshold level, which led to the alert level being raised to level 2. This

threshold, known as the Baseline Threshold Level (BTL), is represented by the dashed
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green line in Figure 5.2 and has a value of 330 RSAM for this seismograph. Early in May,
the daily mean ground velocity increased over 2000 nm/s. The unrest period occurred
between March and June [see Section 1.3.5], and corresponds to the seismic activity
[Figure 5.2|. Furthermore, the lake’s temperature exhibited a very similar pattern of

behaviour during the unrest.
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Figure 5.2: Real-time Seismic-Amplitude Measurement (RSAM) for the MAVZ station
located on Ruapehu for 2022, averaged daily. The data was filtered between 1.0 - 4.0 Hz
before calculating the RSAM. The dashed green line on the graph represents the Tremor
Baseline Threshold Level (BTL). The red and gray lines represent the start of the unrest
(March 22, 2022) and the period of heightened lake temperature and increased tremors
(March 15, 2022), respectively. The RSAM value from this seismograph is 330.

5.3 SEISMIC VELOCITY VARIATIONS AS AN INDICATOR OF UNREST

The unrest period at Ruapehu, as indicated by elevated levels of volcanic tremor and
crater lake temperature began on March 13, 2022. In contrast, the velocity variation
results indicated a decrease in velocity in late February, 2 weeks before both the tremors
and lake temperature increased. This is further evidence for seismic velocity variations as
an indicator of unrest at Ruapehu. For example, in 2006, we witnessed an eruption with
a 0.8 decrease in seismic velocity two days prior to the eruption [Mordret et al., 2010].
These results suggest seismic velocity variations may be a leading indicator of unrest and

eruption at Ruapehu.
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On March 13, 2022, Ruapehu’s crater lake started to experience a heating cycle
accompanied by increasing levels of volcanic tremor. The increase in lake temperature is
not an instantaneous event but a process that needs time, days, weeks, or even a month,
and it depends on the amount of gases entering the lake and the crater lake geothermal
system. Crater Lake temperature is therefore likely to be a lagging indicator of unrest
or subsurface changes at Ruapehu. The increased seismic activity noted [refer to Figure
5.3] likely indicates increased magma and/or fluid flow in the volcanic conduit system
beneath the surface of Ruapehu and may be a contemporaneous indicator of volcanic
unrest at Ruapehu.

The velocity drop was not observed or it is dubious for the station pairs WNVZ, and
WHVZ due to their inadequate data set. The data for the station pairings MAVZ-WHVZ
and TRVZ-TUVZ likewise indicate a large rise in velocity, which is quite ambiguous.
This increase in seismic velocity might be interpreted as resulting from limitations or
inconsistencies in data collection and processing and is not indicative of a volcanic process.

This leads us to the reason for the seismic velocity drop. A complete understanding
of the seismic velocity changes is outside of the scope of this thesis, however, several
possible sources may be identified. Seismic velocity changes may decrease as a result of
magma intruding into the subsurface without reaching the surface and magma moving
more slowly due to the resistance of the surrounding rocks [Ratdomopurbo and Poupinet,
2000, Sparks, 1997, Obermann et al., 2013b, Annen et al., 2005]. As a result, magma
may have been trapped beneath the volcano, which could explain the formation of a
low-velocity zone in the East-North of Ruapehu [see Figure 4.3]. Moreover, fluid fluxes
like water, gas, or magma can alter the characteristics of the rocks they travel through
or produce voids or gas bubbles inside the rocks, which will cause a decrease in velocity

during volcanic unrest.
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Figure 5.3: This figure displays changes in Crater Lake’s temperature and level, RSAM,
and relative seismic velocity during the year 2022. The gray-colored box indicates the
duration of the unrest period, which started in early March and lasted until the end
of June. The red and gray lines represent the start of the unrest (March 22, 2022)
and the period of heightened lake temperature and increased tremors (March 15, 2022),

respectively.
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CHAPTER 6
CONCLUSIONS

In this thesis, seismic velocity variations from ambient noise interferometry for the
year 2022, covering the recent unrest at Ruapehu volcano were obtained, utilizing a
year’s worth of data acquired by GeoNet. Chapter 1 stated four main goals, which were

summarised as

Identify the seismic velocity and velocity variations at Ruapehu volcano during 2022.

Investigate the correlation between the seismic velocity variations and the unrest.

Identify changes in seismic velocity during the unrest in 2022.

Consider the use of ambient noise for the detection and monitoring of volcanic

unrest and activity.

Analysis was conducted over a one-year period to determine changes that occurred
prior to and during the unrest in 2022. The vertical-vertical component of the cross-
components showed a drop in seismic velocity prior to the 2022 unrest and the decrease
continued during the unrest between March and June. Furthermore, because our filter
was used for the entire period (one year), the low frequency of less than 2 Hz predomi-
nates. For this reason, high-frequency filters would be more appropriate if the study was
focused on the unrest period, which was dominated by the tremors. This chapter includes
a summary of the thesis’s results [Section 6.1] and suggestions for possible directions for

further research [Section 6.2].

6.1 SUMMARY OF FINDINGS

The main conclusions of this thesis are developed in connection to the main objectives
in Sections 6.1.1 and 6.1.2. The challenges and the future work research are presented in

Section 6.1.3 and 6.2, respectively.
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6.1.1 VELOCITY CHANGES AT RUAPEHU VOLCANO DURING 2022

During the 2022 unrest at Ruapehu volcano, between March and June, a variation
in seismic velocity was noticed. The studied dataset shows a drop in seismic velocity
started late in February 2022 [see Figure 4.3]. This decrease in seismic velocity persisted
throughout the unrest and was accompanied by a rise in lake temperature and increased
volcanic activity [see Figure 5.1 and 5.2|. Since this drop is a reversible process, the
velocity recovery will occur after the decrease and before it returns to its mean velocity,
this was observed between early May and June. All of the stations that were utilized had a
mean velocity change of around 0.2% [see Figure 4.3|. These stations are dispersed across
Tongariro National Park [see Figure 3.1|; however, Ruapehu volcano showed a ~ 0.5%
reduction in seismic velocity across the East-North of Ruapehu [see Figures 4.3, 4.2].
This drop in velocity might be caused by a variety of events, such as fractures opening,
fluid fluxes such as water, gas, or magma, magmatic anomalies, magma intruding into
the subsurface without reaching the surface, or environmental factors (e.g. rainfall or
atmospheric pressure changes). However, there is no conclusive indication of what factor
caused this unrest. Given this, further research would help understand the mechanism
that results in such a drop in seismic velocity.

An interesting observation was noted about the seismic velocity throughout Ruapehu’s
West-North, which has not changed [see Figure 4.6], in contrast to the drop across the
East-North of Mount Ruapehu. Interestingly the decrease in seismic velocity occurred
before the lake’s elevated temperature and rise in seismic activity. Thus, seismic velocity

variations may be a leading indicator of unrest.

6.1.2 IMPLICATIONS FOR AMBIENT NOISE MONITORING

It may be possible to monitor the unrest of volcanoes in real time using ambient noise.
The dataset used in this thesis demonstrates how challenging it would be to understand

changes in seismic velocity based on ambient noise prior to the unrest in 2022 if such
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approaches were not coupled with other methods. However, this method clearly shows
the velocity reduction both before and during the unrest event. The findings of this
thesis highlight how effective it may be to monitor Ruapehu utilizing ambient seismic
noise. The ability to measure relative seismic velocity variations (dv/v) using ambient
noise can support monitoring volcanic activity in real time or short time and work as
a supplementary method to other techniques used to monitor the volcanic activity in
the region, empowering authorities to promptly warn the public. Therefore, ambient
noise may serve as a helpful tool for volcanoes that are close to populations’ residence or
activity when identifying whether a volcanic system has been disturbed by fluid intrusion
or far-off tectonic earthquakes. Monitoring these changes before the unrest in real-time
can also help in the early identification of any future intrusive events or changes in

Ruapehu’s volcanic activity.

6.1.3 CHALLENGES

Given the magnitude of the unrest accompanied by the increased lake temperature and
seismic activity over the study period, it is very probable that clear indicators of a change
were observed prior to this unrest. Yet, this method is unable to predict if an eruption
will occur or if the drop is due to fluid interaction with a conduit or magma intruding
into the subsurface. The complexity of the area is a major factor, as is our unawareness
of the exact amount of velocity reductions required to induce an eruption, which makes
it very difficult to determine whether will we have an eruption or a heightened phase of
volcanic activity only.

One of the challenges was the lack of station density around Mt. Ruapehu therefore
the GeoNet network has to be improved, and increasing the stations around the volcano in
order for temporal seismic velocity changes to become a strong and trustworthy approach.
Other methods, including single-station velocity changes [De Plaen et al., 2016], would

also be beneficial to have as it functions well in areas with a few seismometers.
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6.2 RECOMMENDATIONS FOR FURTHER WORK

The ambient noise made it possible to monitor seismic changes as it is very sensitive
to small changes in the subsurface. Despite the restricted station duration operation and
quality, the ability to measure these velocity changes was not affected. Here are some
suggestions for further research. With these recommendations, we seek to shed light on
how ambient noise may be utilized to learn more about Ruapehu region and how these

findings might help us understand the bigger picture of the region.

- Seismic tomography and magnetic anomaly of the western flank of Mt.
Ruapehu: The study’s result was interesting since we noticed a decrease in seismic
velocity in the eastern north region of Mt. Ruapehu but not in its western north
region. This raises the question, "What is underneath the western part and the
reason behind the velocity drop seen in the Mount Ruapehu EN edifice?". Fur-
ther investigation looking for anomalies in the region can aid us in comprehending
the subsurface beneath Mt Ruapehu. Thus, magmatic anomalies and tomography
studies would provide a piece of convincing evidence and support for the findings

that the seismic velocity decreases are more visible in the EN than in the WN.

- Extend the time frame for seismic data: A year’s worth of data for 2022 was
analyzed in this thesis to look for significant changes in seismic velocity both before
and after the unrest event. The seismic velocity in this dataset decreased beginning
in late February. Since the moving window size is 45 days in this study, extending
the period would enable us to monitor prior to unrest and would provide a more
comprehensive view of the velocity change values. For instance, we may begin in

October 2021 rather than February 1st, 2022.

- Analysing Seasonal Variations: This thesis included information on the tem-
peratures and level of Crater Lake in 2022. The rise in the lake’s level may have

been caused by rainfall or snowmelt. It would be interesting to investigate seasonal
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variations, such as relationships between rainfall and weather, to determine if they

had a significant impact on velocity changes during the unrest in 2022.
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APPENDIX A

VELOCITY VARIATIONS SUPPLEMENTARY MATERIAL

The appendices are split into two parts. This Appendix chapter contains the pa-

rameter choices that MSNoise uses to process data from raw ambient noise to velocity

information [see AppendixA.1l]. Appendix A.2 contains the station final filter used in

this study.

A.1 FINAL MSNOISE PARAMETERS

This section includes the parameter choices that MSNoise uses to process data from

raw ambient noise to velocity information.

Parameter Value Definition

startdate 2022-01-01 Start Date to process.

enddate 2022-12-31 End Date to process.

channels EHZ, HHZ Sensors’ channels.

analysis__duration 86400 Duration of the Analysis in
seconds.

cc_sampling rate 25 Sampling Rate for the Cross-
Correlation (in Hz).

cc_normalisation ABSMAX Normalisation method for in-

dividual CCFs, default is
not normalized (NO), but
can be normalized based on
the power of the two traces
(POW), or by the maximum
(MAX) or absolute maximum

(ABSMAX) of the CCF.
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Parameter

Value

Definition

resampling  method

preprocess_lowpass

preprocess _highpass

preprocess _max__ gap

preprocess taper length

remove _response

response_ prefilt

maxlag

corr _duration

overlap

Lanczos

12

0.01

10

20

(0.005, 0.006, 30.0, 35.0)

120
1800

Resampling method [Lanc-

zos|/Decimate.

Preprocessing Low-pass value
(in Hz).
Preprocessing High-pass value
(in Hz).

Preprocessing maximum gap
length that will be filled by in-

terpolation (in seconds).

Duration of the taper applied
at the beginning and end of
trace during the preprocess-
ing, to allow highpass filtering

(in seconds).

Remove instrument response
Y/[N].

Remove instrument correction
pre-filter (in Hz).

Maximum lag (in seconds).

Data windows to correlate (in

seconds).

Amount of overlap between

data windows [0:1].
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Parameter

Value

Definition

windsorizing

whitening

whitening type

clip_after whiten

stack method

components to compute

keep days

ref begin

ref end

linear

77

2022-01-01
2022-12-31

The upper frequency bound
of the whiten function Wind-
sorizing at N time RMS, 0 dis-
ables windsorizing, -1 enables

1-bit normalization.

Whiten Traces before cross-
correlation: [A]ll (except for
autocorr), [N|one, or only if

|[Clomponents are different.

Type of spectral whitening
function to use: [Blrutal (am-
plitude to 1.0), divide spec-
trum by its [PSD] or by band-
passing the white spectrum

with a hanning-window.

Do the clipping (winsorizing)

after whitening? Y /[N].
Stack Method: Linear Mean

or Phase Weighted Stack [lin-

ear|/pws.

filter number applied in this

study.

Keep all daily cross-corr
[Y]/N.

Beginning or REF stacks.
End or REF stacks.
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Parameter

Value

Definition

mov _stack

dtt_lag

dtt v

dtt width

dtt sides

dtt _mincoh

dtt _maxerr

dtt  maxdt

45

dynamic

40

both

0.9

0.1

0.5

Number of days to stack for

the Moving-window stacks.

How is the lag window defined

dynamic/[static].
If dtt lag=dynamic: what

velocity to use to avoid ballis-

tic wave (in km/s).

Width of the time lag window

(in seconds).
Which sides to use

[both]/left /right.

Minimum coherence on dt
measurement, MWCS points
with values lower than that
will not be used in the WLS,
[0:1].

Maximum error on dt mea-
surement, MWCS points with
values larger than that will

not be used in the WLS [0:1].
Maximum dt values, MWCS

points with values larger than
that will not be used in the

WLS (in seconds).

Table A.1: Table of Parameters
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A.2 STATION PAIR FINAL FILTER

Parameter | Value | Definition

Ref 6 Filter number applied in this study

Low 0.03 | The lower frequency bound of the whiten function

High 0.35 | The upper frequency bound of the whiten function

Mwcs Low 0.04 | The lower frequency bound of the linear regression done in
MWCS

Mwcs High 0.34 | The upper frequency bound of the linear regression done in
MWCS

Mwcs Wlen 20 Window length to perform MWCS

Mwecs Step 4 Step of the windowing procedure in MWCS

Table A.2: Station pair dataset final filter table
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