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Abstract

The Alpine Fault is a major active continental transform fault that is late in its typical
cycle of large earthquakes. Extensive paleoseismic research has revealed that the central
segment of the Alpine Fault ruptures in M7+ earthquakes every 291423 years and last
ruptured in 1717 AD. The paleoseismic results also reveal that some places along the
fault, which coincide with pronounced along-strike changes in fault characteristics,
act as conditional barriers to rupture. The geometry, seismicity rates and geology
of the Alpine Fault change along three principal segments (North Westland, Central
and South Westland segments) but it is unclear whether source properties (e.g. stress
drop) of near-fault seismicity also vary between those fault segments, and whether
these properties have some influence on conditional segmentation of the Alpine Fault

during large earthquake rupture.

To examine whether source properties of earthquakes can influence or elucidate the
conditional segmentation of Alpine Fault earthquakes, we have computed stress drops
of moderate-magnitude earthquakes occurring on and close to the Alpine Fault. We use
an empirical Green’s function (EGF) approach and require each EGF earthquake to be
highly correlated (cross-correlation >0.8) with its respective mainshock. We use data
from dense, temporary seismometer networks, including DWARFS (Dense Westland
Arrays Researching Fault Segmentation), a new two-part network designed to con-
strain seismogenic behaviour near key transitional boundaries. Our results investigate
the spatial variability of these source properties along the length of the Alpine Fault,
focusing on whether earthquakes at the rupture segment boundaries behave differently

to those in the middle of previously identified rupture segments.

We analyse individual P- and S-wave measurements of corner frequency and stress
drop for 95 earthquakes close to (within 5 km) and on the Alpine Fault. Overall,
the calculated stress drops range between 1-352 MPa and show good agreement with
other studies both within New Zealand and worldwide. The stress drop values obtained
for the three Alpine segment are: 1-143 MPa (median values of 8 and 9 MPa for P-
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and S-waves, respectively) for the South Westland/Central segment boundary zone,
2-309 MPa (median values of 17 and 39 MPa for P- and S-waves, respectively) for
the Central segment and 1-352 MPa (median values of 15 and 19 MPa for P- and S-
waves, respectively) for the North Westland/Central segment boundary zone. There
are no marked differences in stress drop values along the North Westland and Central
segments, but those values are slightly higher than along the South Westland segment.
This may indicate a bigger difference in fault geometry, slip and seismicity rate compare
with other segments, or that the South Westland segment is weaker than the other
segments. We see no clear dependence of stress drop values on depth, magnitude or

focal mechanism.
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Chapter 1

Introduction

1.1 Motivation and Objectives

The Institute of Geological and Nuclear Sciences (GNS Science) locates more than
than 15,000 earthquakes in New Zealand and the adjacent offshore region each year
and ~150 of these earthquakes are big enough to be felt by members of the public. For
that reason is important to understand the physical processes that drive earthquake
rupture nucleation and propagation to better prepare for the hazards they pose. New
Zealand is tectonically complicated; the interaction between the Australian and Pacific
plates changes markedly along the length of the country. In the North Island, the Pacific
plate subducts beneath the Australian plate at the Hikurangi subduction zone. In the
South Island there is a transform plate boundary (the Alpine Fault and Marlborough
Fault System) and south of New Zealand there is a reversed polarity subduction zone
(Puysegur subduction zone), where the Australian plate subducts beneath the Pacific
plate. In this thesis we will investigate seismicity occurring along the Alpine Fault,

New Zealand’s largest onshore fault.

The Alpine Fault is a major active continental transform fault that accommodates
up to 80% of the relative motion between the Pacific and Australian plates; however,
there have been no large earthquakes along the fault since seismic records started in
New Zealand (Norris and Cooper, 2001; Wallace et al., 2007; Howarth et al., 2018).
According to paleoseismic research, the Central segment of the Alpine Fault ruptures
in M7+ earthquakes every 291 + 23 years and last ruptured in 1717 AD (Wells et al.,
1999; Cochran et al., 2017; Howarth et al., 2018). These results suggest that the Alpine
Fault is late in its typical seismic cycle. Large earthquakes on New Zealand’s Alpine

Fault have been identified as the primary seismic hazard faced in southern New Zealand
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Chapter 1. Introduction

(Stirling et al., 2012), despite the current low rate of seismicity on the Central Alpine
Fault. Therefore, it is an opportune time to investigate what a future Alpine Fault

earthquake might look like.

Paleoseismic results also reveal that some segments of the fault, which coincide with
pronounced along-strike changes in fault characteristics, act as conditional barriers
to rupture (Howarth et al., 2018). Sometimes the ruptures propagate through those
barriers, increasing the overall magnitude, whereas sometimes the rupture stops at the
barriers. According to paleoseismic studies there is 50:50 split between multi- and

single-segment ruptures through the paleoseismic record (Howarth et al., 2018).

The geometry, seismicity rates and geology of the Alpine Fault change along three
principal segments (North Westland, Central and South Westland segments) but it is
unclear whether source properties (e.g. stress drop, directivity) of near-fault seismicity
also vary between those fault segments, and whether these properties have some in-
fluence on, or can help us understand the controls on conditional segmentation of the
Alpine Fault during large earthquake rupture. Determining what controls segmenta-
tion of plate-boundary faults remains a challenge and is crucial for our understanding
of seismic hazard. Previous earthquake magnitudes, variations in stress levels along
a rupture and geometric complexities are thought to be primary controls of the final
rupture length (Kame et al., 2003; Lozos et al., 2012).

The main objective of this thesis is to investigate whether source properties of earth-
quakes can influence or elucidate the conditional segmentation of Alpine Fault earth-
quakes. This will be done through calculation of stress drops for Alpine Fault earth-
quakes along its three principal segments. To date, no substantive estimates of earth-
quake stress drops, or corner frequencies exist along the Alpine Fault (Abercrombie
et al. (2001) estimated a very limited subset of stress drops for the 1994 Arthur’s Pass
earthquake).

This thesis will contribute towards a wider research project (Semi-conducting fault
zones: High resolution analysis of fault segmentation and rupture) funded through a
Royal Society Marsden Fast Start award, led by Dr Emily Warren-Smith (GNS Science)
together with Professor John Townend (VUW), Dr Rachel Abercrombie (Boston Uni-
versity) and Dr Yoshihiro Kaneko (Kyoto University). The broader Marsden project
seeks to identify and quantify the physical factors controlling the conditional rupture
segmentation along the Alpine Fault. To do this, they deployed DWARFS (Dense
Westland Arrays Researching Fault Segmentation) a two-part temporary network of

19 broadband stations at segment boundaries to record seismicity and characterise the




1.2. Thesis Structure

seismogenic nature of these regions.

The objective of my! work within the broader Marsden project is to quantify spatial
heterogeneity in earthquake source properties along the Alpine Fault, including those
recorded by the DWARF'S networks. The estimation of directivity will help us to infer
the orientation of the fault plane, the rupture velocity and azimuths of peak ground
shaking. In addition, the calculation of stress drop is fundamental to understanding
the strength of the fault in each segment. Directivity and stress drop calculations
will together help to understand the rupture process and conditional segmentation of
earthquakes and thereby improve seismic hazard models for the South Island of New
Zealand. In addition, these parameters will be incorporated by other members of the
Marsden research team in computational models of earthquake rupture scenarios in
order to determine which physical parameters are most influential in con-trolling the

conditional segmentation of the Alpine Fault.
This thesis’s primary objectives can be summarised as below:
1. Identify moderate-magnitude earthquakes occurring on and close to the Alpine
Fault.

2. Calculate source properties for identified earthquakes on and close to the Alpine

Fault.

3. Identify possible spatial variability in source properties along the Alpine Fault.

1.2 Thesis Structure

This thesis consists of five chapters and four appendices. Its contents are summarised

below:

o Chapter 1: Introduction
This chapter is divided into three parts. The first section (Section 1.1) outlined
the motivation and objectives that led us to carry out this thesis. The second

part (Sections 1.3 and 1.4) describes the broader scale tectonic setting of New

!This thesis documents original research conducted by me, Ilma del Carmen Juarez Garfias, under
the supervision of Dr Emily Warren-Smith, Prof. John Townend and Dr Rachel Abercrombie. To
reflect standard scientific practice and my supervisor’s input throughout the project, and in anticipa-
tion of publishing these findings as a peer-reviewed manuscript, for now on this thesis is written in
the first person plural ("we").




Chapter 1. Introduction

Zealand and then focuses on the regional context of the study area by outlining
the regional geological, structural and seismological characteristics. The last part
(Section 1.5) presents background on earthquake source properties to introduce

stress drop and observations of it from different studies.

o Chapter 2: Seismic Networks and Data
This chapter provides a summary of the seismic networks used in this study
(Section 2.1) along with a detailed description of DWARFS (Section 2.1.1) and
then addresses the data and catalogues used in this thesis. At the end of this
chapter (section 2.3), we present the procedure followed to select earthquakes

occurring on and close to the fault plane.

e Chapter 3: Empirical Green’s Function Methodology
Chapter 3 describes the Empirical Green’s Function (EGF) methodology used to
calculate corner frequency (Sections 3.2 to 3.5) and the last part explains how to

estimate stress drop (Section 3.6).

o Chapter 4: Results
The results chapter is divided into three key sections. The first (Section 4.2)
explains how we calculate seismic moment from the available magnitudes. The
second (Section 4.3), presents the preferred corner frequency results. Last section
(Section 4.4) shows the preferred stress drop estimation for the three principal
Alpine Fault segments and comparison of our result with stress drop estimates

in other tectonic settings.

e Chapter 5: Discussion and Conclusions
This chapter presents five sections. A key findings section (Section 5.1) where
we analyse the stress drop values obtained with along strike changes and depth.
The second (Section 5.2) addresses the uncertainties resulting from the stress
drop calculation. The third section (Section 5.3) presents an interpretation of
fault mechanics based on the stress drop results. The fourth (Section 5.4) ad-
dresses future research with the corner frequency and stress drop estimations for
the Alpine Fault earthquakes. The final section (Section 5.5) contains the key

conclusions of this thesis.

o Appendix A
A detailed description of event detection, picking, location, magnitude and focal

mechanism calculations using DWARFS.

o Appendix B
Presents the spectral energy figures for DWARFS.




1.3. Geological and Tectonic Setting of New Zealand

o Appendix C
A summary of the codes used for each part of the EGF methodology to calculate

corner frequency and stress drop.

o Appendix D
A table presenting summarised information on the 245 earthquakes for which

source properties are calculated.

1.3 Geological and Tectonic Setting of New Zealand

New Zealand’s basement geology consists of a series of volcano-sedimentary terranes,
intruded by batholiths and overprinted by metamorphism, that were accreted onto the
Pacific margin of Gondwana during the Paleozoic and Mesozoic (Cox and Sutherland
(2007); Figure 1.1). The continental landmass, referred to as Zealandia (Mortimer
and Campbell, 2014), underwent multiple phases of tectonic deformation as part of
the Gondwana supercontinent (Landis and Coombs, 1967; Carter and Norris, 1976;
Mortimer, 2004; Cox and Sutherland, 2007). Zealandia rifted away from the Australia-
Antarctica landmass between 80 and 60 Ma (late Cretaceous to Paleocene), forming
the north Tasman Sea. Prior to 45 Ma (Eocene), no active plate boundary existed in
Zealandia (Sutherland et al., 2000).

Present day New Zealand is situated on the boundary between the Pacific and Aus-
tralian plates (Figure 1.1). South of New Zealand, the Australian plate subducts east-
wards beneath the Pacific plate along the Puysegur subduction zone (Berryman et al.,
1992). On land, the plate boundary takes the form of the Alpine Fault, an oblique
dextral reverse fault that splits northwards by slip-partitioning into the Marlborough
Fault Zone (Sutherland et al., 2000). The Marlborough Fault Zone includes four major
faults (Wairau, Awatere, Clarence and Hope Faults; Little and Jones (1998)). On the
east coast of New Zealand’s North Island, the subduction polarity reverses and is char-
acterised by westwards subduction of the Pacific plate underneath the Australian plate.
Together, the Alpine Fault and the Marlborough Fault zone link these subduction zones
of opposite polarity (Berryman et al., 2012).

The New Zealand land mass encompasses different geological terranes of varying age
(Mortimer (2004); Figure 1.1). The Eastern Province, known as the Torlesse province,
can be found from Otago to East Cape and was formed by the deposition of sediments
(sandstone, mudstone and volcanic rocks) in turbidity currents along the eastern coast-

line of Godwana. The Western Province basement rocks extends from Fiordland along
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the West Coast to Nelson, formed from sediments deposited along the margin of Gond-
wana (Figure 1.1). In the South Island, Eastern Province rocks are now being rapidly
uplifted by the Alpine Fault, their metamorphic grade increase from east to west (Nor-
ris and Toy, 2014).

1.4 The Alpine Fault

1.4.1 Geology

The Alpine Fault is a major dextral, transpressional fault that represents the principal
tectonic structure of the Australian-Pacific plate boundary in the South Island (Norris
and Toy, 2014) and poses the greatest seismic hazard in southern New Zealand (Stir-
ling et al., 2012). Geologist Harold Wellman first identified the Alpine Fault in 1941
(Wellman and Willet, 1942); he described a major fault that extends along the west of
the Southern Alps and extended to the Marlborough Fault Zone. The Southern Alps
are the result of oblique continental collision between two largely submerged continen-
tal fragments (Cox and Sutherland, 2007) and are a young transpressive orogen that
exhibits high exhumation rates, high erosion rates and high heat flow (Cox and Suther-
land, 2007; Norris and Toy, 2014; Sutherland et al., 2013, 2017). The central Southern
Alps present exhumation at rates of up to 8mm/yr, that are associated with extreme
climatic conditions, such as high precipitation and erosion rates (Herman et al., 2007;
Koons, 1990; Cox et al., 2012; Beavan et al., 2010). The extreme erosional conditions
erode the upper part of the crust, making it weaker, steepening the isotherms and fa-
cilitating the flow of hotter material from the bottom of the crust (Koons et al., 2003).
The interaction between high exhumation and erosion rates increases the heat flow and

makes the crust weaker (Zeitler et al., 2001; Koons et al., 2003).

The Alpine Fault separates the Western and Eastern Provinces (Figure 1.1). The West-
ern Province includes the Buller Terrane, which is dominated by late Cambrian to late
Ordovician quartzose sediments that have been regionally metamorphosed (Nathan
(1976); Figure 1.1), and the Takaka Terrane, that is volumetrically smaller and con-
tains a diverse assemblage of deformed and metamorphosed Paleozoic sedimentary and
volcanic rocks (Cooper, 1989). During the earliest Devonian, the two terranes were
amalgamated (Cox and Sutherland, 2007). The Eastern Province on the South Island
encompasses the Torlesse Composite Terrane, which includes the Pahau and Rakaia ter-
ranes. This composite Terrane is dominated by lithic and feldspathic metagreywackes,

but includes volcanic and intrusive assemblages that were accreted during Gondwana
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Province). From Cox and Sutherland (2007).
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(Mortimer, 1994; Cox and Sutherland, 2007). The Rakaia terrane depositional ages
mostly range from the Permian to the Jurasic and the Pahau Terrane is formed by
late Jurassic to early Cretaceous sedimentary rocks that are partly recycled from the
Rakaia Terrane (Mortimer, 2004; Mackinnon, 1983). The closest section of the Rakaia
terrain to the Alpine Fault is formed by semischist and mylonite (Cox and Sutherland,
2007).

Bell and Fraser (1906) first recognized fault rocks associated with the Alpine Fault be-
tween Ross and Hokitika. Reed (1964) recognized three groups of fault rocks occurring
in the Fraser Complex immediately west of the Alpine Fault trace. The gouge and
breccia which he inferred were related to Quaternary movements, the cataclasite series
and mylonite series, both prominent in granite, related to late Tertiary movement and

the Jurassic and Cretaceous metamorphism, respectively.

1.4.2 Structural Segments

Berryman et al. (1992) recognized and named five different structural segments on the
Alpine Fault: From northeast to southwest, Wairau, North Westland, Central, South
Westland and Fiordland segments (Figure 1.2). At the north and south ends of the
Alpine Fault are the Wairau and Fiordland segments. The Wairau segment (Figure 1.2)
consists of the Wairau Fault that has a length of 200 km, an average strike of 067°,
a strike-slip rate of 3-5 mm/yr, an almost vertical dip and close to zero dip-slip rates
(Zachariasen et al., 2006). The Fiordland segment consists of two right-stepping fault
sections named the Nancy and Resolution sections (Figure 1.2). Overall, the Fiordland
segment has a length of 130 km, an average strike of 040°, a strike-slip rate of 27.2
mm /yr which increases to 31.4 mm/yr towards the southern extent of this segment
(Barnes et al., 2005; Barnes, 2009). The dip and dip-slip rate are largely unknown for
this segment (Barth et al., 2013). The percentage of plate boundary motion in this
segment is the highest (87%) along the Alpine Fault (Barth et al., 2013).

In this study we focus on the North Westland, Central and South Westland segments.
The North Westland segment from Matakitaki River to Toaroha River (Figure 1.2),
accommodates oblique dextral-reverse slip with northward decreasing strike-slip rates
of 14 mm/yr at Inchbonnie to 10 mm/yr at Maruia river (Langridge et al., 2010, 2017).
The dip-slip rate along this segment has values from 1.3 mm/yr at Maruia River to 6
mm /yr at Inchbonnie (Norris and Cooper, 2001). The average strike and dip are 055°
and 55°SE, respectively.
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Figure 1.2: Map of the South Island, New Zealand showing the sectioning of
the Alpine Fault. Subdivision of the Alpine Fault according to Barth et al.
(2013). The Wairau fault in red, the North Westland segment of the Alpine
Fault in green, the Central segment in yellow, the South Westland segment
in blue and the Fiordland segment in dark pink. Figure from Howarth et al.

(2018).
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Table 1.1: Summary of the principal tectonic characteristics of the three
main segments of the Alpine Fault. Table adapted from Barth et al. (2013).

Information

North  Westland
segment

Central segment

South  Westland
segment

Length [km]

150

250

160

Northeastern extent

Matakitaki River

Toaroha River

Martyr River

Southeastern extent

Toaroha River

Martyr River

Caswell Sound

Strike-slip rate [mm/yr]

10-13.6 (-2/+1.8)

27-29 (-5/+6)

23-29.6 (-2/42.3)

Dip-slip rate [mm/yr] 3.4-6 (-6/+2) 2.25-8 (-0.5/41) | 0.6 (-0.2/+0.3)
Curl'rent % of plate boundary 96357 T TT% 63-74%
motion

Regional fault strike (> 10 km 006°-055° 052°060° 040°—059°
lengths)

Section average fault strike 055° 055° 052°

Section average fault dip 55°SE 045°SE 082°SE

The Central segment extends from Toaroha river to Martyr River (Figure 1.2) and
has a dextral strike-slip rate of 27-29 mm/yr, which is considerably higher than the
two northern segments (Norris and Cooper, 2001; Sutherland et al., 2007). Rates of
dip-slip vary along strike and are the highest along the Alpine Fault, ranging from 7.8
mm /yr in Toaroha River to 2.25 mm/yr at Haast River, near the boundary with the
South Westland segment. The average strike of the fault is 055°, but the dip angles in
this segment range from 40° to 60° according to surface structural (Norris and Cooper,
1997), seismicity (Guo et al., 2017) and geodetic data (Beavan et al., 1999).

The South Westland segment, from Martyr River to Caswell sound (Figure 1.2), also
accommodates oblique dextral motion, but unlike the North Westland and Central
segments, the net uplifted side is the Australian plate to the northwest (Howarth et al.,
2018). The strike-slip rates vary from 23-29.6 mm/yr (Barth et al., 2014), while the
dip-slip rate decreases to 0.6 mm/yr (Barnes et al., 2005). The average strike here
is 052°, a small anti-clockwise rotation from the Central segment, and the dip angle
changes abruptly to become 82°SE in surface exposures at Martyr River, although the
deeper dip angle is largely unknown (Barth et al., 2013).

Table 1.1 outlines summarised information of the three main segments of the Alpine
Fault considered in this study: the North Westland, Central and South Westland

segments.
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1.4.3 Seismicity

The Alpine Fault accommodates up to 80% of the relative motion between the Pacific
and Australian plates, but there have been no large earthquakes along the fault since
seismic records started in New Zealand (Norris and Cooper, 2001; Wallace et al., 2007;
Howarth et al., 2018). Evison (1971) was the first to provide an overview of the Alpine
Fault seismicity. He noted low levels of seismic activity on the Central Alpine Fault
and suggest a seismic gap along this section. He linked that observation with the
idea that seismic gaps observed on the San Andreas Fault in California can produce
larger earthquakes and suggested that the Alpine Fault was capable of producing large

earthquakes as well.

In order to better understand the seismic cycle characteristics over millenial time-scales,
a wide range of paleoseismic studies have been conducted along the Alpine Fault since
1980, including studies of regional forest disturbance, landscape features and trenches
across the fault (Wells et al., 1998, 1999, 2001; Cullen et al., 2003; Langridge et al.,
2012; Hull and Berryman, 1986; Yetton and Wells, 2010; Berryman et al., 2012), sup-
plemented with sedimentary evidence from fault-proximal lakes and wetlands (Cooper
and Norris, 1990; Howarth et al., 2016).

Howarth et al. (2018) reviewed existing paleoseismic data and created a continuous
record of past Alpine Fault earthquakes. The records indicates that large earthquakes
have occurred every 291 + 23 for at least the past 8000 yr and the fault last ruptured
in 1717 AD (Howarth et al., 2018). At the time of writing, more than 300 years have
elapsed since the 1717 AD earthquake, meaning that the Alpine Fault is late in its

seismic cycle.

The paleoseismic results also reveal that past ruptures have exhibited both multi- and
single-segment ruptures, the terminations of which coincide with the major pronounced
along-strike Alpine Fault segments outlined in Figure 1.2. Howarth et al. (2021) tested
the hypothesis that minor geometric complexities act as conditional barriers to rupture
at the intersection between the Central and South Westland segments. They also
estimated that there is a 75% probability of a single-segment or multi-segment rupture
of the Alpine, and a 82% probability that the next event will be a multi-segment
rupture of My, > 8.

At the time of writing, more than 300 years have elapsed since the 1717 AD earthquake,

meaning that the Alpine Fault is late in its seismic cycle.

Despite no large earthquakes occurring on the Alpine Fault during the last 300 years,
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microseismicity (Scholz et al., 1973; Caldwell and Frohlich, 1975; O’Keefe, 2008; Boese
et al., 2012; Warren-Smith et al., 2017b; Michailos et al., 2019), swarms (Boese et al.,
2014), seismic tremors (Wech et al., 2012, 2013) and low-frequency earthquakes (Baratin
et al., 2018; Chamberlain et al., 2014) have been observed occurring on and near the

Alpine Fault.

Since seismicity studies began along the Alpine Fault, localised networks have typically
been used to detect and locate seismicity. Evison (1971) and Scholz et al. (1973) were
the first to perform microearthquake studies across the central and southern South
Island. Scholz et al. (1973) observed that the microseismicity along the Central Alpine
Fault segment occurred between depths of 2-20 km. Caldwell and Frohlich (1975)
observed that on the South Westland segment, south of Haast, the depth distribu-
tion of the microearthquakes were 4-14 km and the seismicity rates were higher than
along the Central segment. The seismicity they documented was not clearly associ-
ated with major faults. Rynn and Scholz (1978) investigated the spatial distribution
of the seismicity of the Arthur’s Pass region in South Island (near the North Westland
segment). They found that earthquakes occur within the crust in definite subparallel
zones and composite focal mechanism solutions indicated a west-northwest compressive

axis orientation with an average slip direction of N72°E.

Between 1975 and 1983, a nine-seismometer network recording seismicity near Lake
Pukaki (Reyners, 1988) recorded 2825 earthquakes of magnitude M, > 0.8, 98% of

which were shallower than 15 km.

In 1990, the New Zealand National Seismic Network was deployed in the South Island
with approximately ~100 km spacing. Eberhart-Phillips (1995) located 122 events
using the new national seismic network for the Central Alpine Fault, she found the

seismicity cut-off depth varied between 10-20 km.

The Southern Alps Passive Seismic Experiment (SAPSE) was deployed for six months
in 1995-1996 to monitor seismicity across the Southern Alps. Leitner et al. (2001)
located 5491 earthquakes of M;2.0 — 4.2 using the SAPSE network and 15 perma-
nent national seismic stations: 195 of those events were located close to the Alpine
Fault. The seismogenic zone adjacent to the Central Alpine Fault extended down to
12 km. Leitner et al. (2001) also found that the focal mechanisms of earthquakes were
dominated by oblique strike-slip and thrust mechanisms. Leitner et al. (2001) further
observed a low-seismicity zone near the Alpine Fault between Franz Josef and the Wan-
ganui River. They attributed this apparent seismicity gap to the transition between

deformation on the Alpine Fault and deformation across multiple fault structures in

12
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the Marlborough Fault Zone.

Recent microseismic studies using dense networks have further improved depth con-
straints on the Central Alpine Fault. O’Keefe (2008) deployed a temporary network
of eight seismometers between Harihari and Fox Glacier during September 2006 and
March 2007. This study recorded 411 events with a magnitude of completeness of 1.6
and maximum depth of 15 km. O’Keefe (2008) also reported the low-seismicity zone

between Franz Josef and the Wanganui River.

Boese (2012) deployed the Southern Alps Microearthquake Borehole Array (SAMBA),
a now semi-permanent network of ten short-period seismometers in November 2008 to
June 2009 between the Copland Valley and Whataroa Valley. This network continues
operating and is described in more detail in Chapter 2.1. Using SAMBA and GeoNet
stations, Boese et al. (2012) constructed a detailed earthquake catalogue of 1791 earth-
quakes of M;0.3 — 4.2 and found a seismogenic thickness of 10 + 2 km beneath the
surface trace of the Alpine Fault, shallowing to 8+2 km within 20 km of the fault
trace, before deepening to 154+2 km farther afield. Boese et al. (2012) also observed a
seismicity gap between the Whataroa and Wanganui river valleys, and attributed that
feature to a strong unfractured block surrounded by more highly attenuating fractures
zones. Boese et al. (2012) computed 211 focal mechanisms for the Central Alpine Fault

and found a maximum horizontal compressive stress azimuth, Sg.mq., of 115 £ 10°.

Bourguignon et al. (2015) relocated more than 1300 earthquakes with a magnitude of
completeness of 1.5 to the north of the Wanganui River and south of Ross (i.e. north of
Boese et al. (2012)’s study). Bourguignon et al. (2015) observed high seismicity rates
10 km southeast of the Central Alpine Fault with depths up to 7 km and low seismicity

rates within 9 km with seismicity depths between 4-11 km.

Warren-Smith et al. (2017b) presented a microseismicity catalogue for the Southern
Lakes region and northern Fiordland regions southeast of the Alpine Fault from July
2012 to October 2013, using the Central Otago Seismic Array (COSA). This array
continues operating and is described in more detail in Chapter 2.1. The microseismicity
observed by Warren-Smith et al. (2017b) in the continental lithosphere is predominantly
shallower than ~ 20 km. Warren-Smith et al. (2017a) calculate 155 focal mechanisms to

examine the local stress field and they obtained an average Spgmq. azimuth of 114+10°.

Michailos et al. (2019) determined 9111 high-precision locations from continuous data
recorded by five temporary seismic networks and five GeoNet sites, deployed for various
lengths of time between late 2008 and early 2017 along the Central Alpine Fault. This

is the most complete, continual catalogue generated to date for the Central Alpine
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Fault and enables the distribution and characteristics of the seismicity to be analysed
in unprecedented detail. Michailos et al. (2019) derived a new local magnitude scale
calibrated against GeoNet M, values; their magnitudes range between M;1.2 — 4.6.
Michailos et al. (2019) observed that seismicity mainly occurs southeast of the Alpine
Fault and exhibits low magnitudes. They also observed a seismic gap in Whataroa,
consistent with Boese et al. (2012), O’Keefe (2008) and Leitner et al. (2001). The
seismogenic depth varies along strike of the Alpine Fault from 8 km, beneath the highest
topography, to 20 km in the adjacent areas. Michailos et al. (2020) constructed a new
data set of 845 focal mechanisms to investigate the stress on the Central Alpine Fault
segment, they obtained an average maximum horizontal compressive stress azimuth,
SHmaz, of 121 & 11°.

Earthquake swarms have been observed on the Central Alpine Fault segment by Boese
et al. (2014). Both background and triggered swarms (sequences with no apparent
mainshock) consisting of low-magnitude (M > 2.8) earthquakes have been observed.
Boese et al. (2014) suggested that some of the swarms were triggered by regional earth-
quakes. Tectonic tremor signals have also been observed on the Alpine Fault. Wech
et al. (2012) and Wech et al. (2013) detected tremors occurring south of Mount Cook
and attributed the phenomenon to deep slow slip on the Alpine Fault. Chamberlain
et al. (2014) were the first to identify low-frequency earthquakes (LFEs) associated
with the deep extension of the transpressional Alpine Fault. The LFEs ocurred within
known tremor periods. Later work by Baratin et al. (2018) computed focal mechanisms
for these LFE families to show they exhibited slip on fault planes consistent with the
deep structure of the Alpine Fault.

In addition to shallow seismicity, intermediate depth earthquakes, occurring beneath
the shallowest seismogenic cut-off depth, have been observed adjacent to the Alpine
Fault. Haines et al. (1979) and Reyners (1988) recorded 15 events between 1975 and
1983 at depths > 33 km. Kohler (2003) detected 16 events between 1990 and 200 at
depths > 30 km. Boese et al. (2013) identified 20 subcrustal earthquakes recorded
between December 2008 and February 2012 at depths of 45-74 km. These stud-
ies led Boese et al. (2014) to identify three distinct seismic zones along the Alpine
Fault. (1) The subduction zones at north and south ends of the Alpine Fault present
intermediate-depth and deep earthquakes, (2) the mid/south Central and South West-
land Alpine Fault segments present few intermediate-depth earthquakes and (3) the
mid-north Central and North Westland Alpine Fault present tremors and intermediate

depth earthquakes.

To summarise the seismicity of the Alpine Fault segments:
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1. Wairau segment: Background seismicity has not been studied much and has been
found to be low with seismic cut-off depths of 20-35 km (Arabasz and Robinson,

1976). No dense recording instruments exist close to this segment.

2. North Westland segment: Background seismicity rates are slightly increased rel-
ative to the Wairau segment but still generally low in comparison to seismicity
rates in other Alpine Fault segments. The seismicity cut-off depths ranges from
15-20 km (Bourguignon et al., 2015; Boese et al., 2012). There are few dense

instruments, so catalogues are restricted.

3. Central segment: The most studied seismicity on the Alpine Fault, with overall
low seismicity rates, but shallow microearthquake activity is recorded. Swarms,
tremors and LFEs are present. The average seismic cut-off depth ranges between

8 km and 20 km, defined by high density instrumentation along this segment.

4. South Westland segment: Background microseismicity is high along this segment.
Seismicity is found shallower than ~ 15 km and is distributed on both sides of
the Fault (Warren-Smith et al., 2017b).

5. Fiordland segment: Seismicity in this segment defines a steep Wadati-Benioff
zone dipping at around 70° to the southeast extending to depths of at least 150
km (Reyners et al., 2017).

While many Alpine Fault seismicity studies have catalogued the locations of earth-
quakes, there are very limited studies focusing on their physical source properties,
including stress drops. In the next section we outline earthquake source properties
and the relevance of stress drop estimations for better understanding Alpine Fault

seismicity.

1.5 Earthquakes Source Properties

Earthquakes are characterised by several parameters, including (in approximate or-
der of computational complexity) hypocentral location, seismic moments, fault plane
solutions, corner frequency, stress drop and directivity. Many of these parameters,
such as hypocentral location, are routinely determined for most moderate to large
events M > 3 in New Zealand by GeoNet, although dense, temporary deployments are
required to extend this consistently to smaller, microseismic events. Similarly, earth-

quake magnitudes, including Local (M}) and summary (M) magnitudes are routinely
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calculated by GeoNet, whereas moment magnitudes (M,,) and seismic moment (M,)
are only calculated for a subset of larger earthquakes by Ristau et al. (2016) through
moment tensor inversion (e.g. Dreger, 2003; Herrmann, 2013). Earthquake moments
can also be calculated from the long-period asymptote on displacement spectra (Aki
and Richards, 2002). Moment tensor solutions can also provide constraints on the
orientations of the nodal and auxilliary planes of an earthquake’s fault plane solution.
This “beach ball” can additionally be constrained using polarities of first-arriving P-
waves which vary across the focal sphere, an approach which is not currently routinely
undertaken in New Zealand, but which has been studied by numerous local network
studies (Boese et al., 2012; Warren-Smith et al., 2017a; Michailos et al., 2020).

In addition to these more routine source properties, constraints on source physics from
earthquake frequency spectra are less frequently studied in New Zealand. The corner
frequency of an earthquake can be defined as the frequency at the intersection of the
low- and high-frequency asymptotes in the signal spectrum (for a finite fault model by
Haskell (1964, 1966); Figure 1.3) and provides information pertaining to the physics
of the earthquake source (see Section 3.5 for further details). The spectrum is char-
acterized by three parameters. First, the low-frequency level, a flat spectrum which
is proportional to the seismic moment. Secondly, a spectrum with a slope w™! that
represents the corner frequency. Thirdly, the spectrum slope decays w=2 for the high-
frequencies (Stein and Wysession (2003); Figure 1.3). Corner frequency measurements
are difficult to make because of data limitations (e.g. noise levels and bandwidth) and
because of the need to correct for attenuation and path effects, specially for smaller
earthquakes in which high frequency noise, attenuation and path effects hide the real

corner frequency.
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Figure 1.3: Theoretical source spectrum of an earthquake. The spectrum
is modeled as three regions with slopes of 1, w=! and w2 divided by angu-
lar frequencies corresponding to the rupture (7%) and rise (7p) times (the
rupture and rise time are explained in Chapter 3). Schematic figure taken
from Stein and Wysession (2003).

Earthquake stress drop (Aoc) is the change in shear stress on a fault during an earth-
quake (i.e. the difference between its pre-loaded shear stress, and its post-seismic stress
state; Figure 1.4). Measurements of stress drop are essential for understanding the
physics of the rupture process (Kanamori and Brodsky, 2001), calculating seismic haz-
ard (Cotton et al., 2013; Fry and Gerstenberger, 2011) and in monitoring seismology.
Estimating stress drop is relatively easy, but very hard to measure reliably and accu-
rately; this is illustrated by the high variability (~ 0.1-100 MPa) in global stress drop

measurements presented in different studies (Figure 1.5).

Despite large observed variation, some studies have proposed identifiable patterns in
stress drops, which may partly explain their scatter. For example, global studies of
earthquake sources have found that reverse earthquakes at subduction zones appear to
have lower stress drop values than normal and strike-slip earthquakes (Allmann and
Shearer, 2009; Shearer et al., 2006). Viegas et al. (2010) and Oth and Kaiser (2014)
estimate high stress drop for intraplate earthquakes in eastern North America and
Canterbury, New Zealand, respectively. The values reported by Oth and Kaiser (2014)
were higher than earthquakes in regions at Japan with higher seismic rate. Oth and
Kaiser (2014), Shearer et al. (2006) and Oth et al. (2011) reported spatial and temporal
variation in stress drop for New Zealand (Canterbury region), southern California and
Japan, respectively. Calderoni et al. (2013) found increasing stress drop with increasing
seismic moment for the 2009 I’ Aquila earthquake sequence in Italy, while Shearer et al.
(2006) and Oth and Kaiser (2014) found no dependence of stress drop on the seismic
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Figure 1.4: Schematic figure showing the stress drop variations on weak
and strong fault models. 0y and o, are the shear stress on the fault before
and after an earthquake, respectively. The difference between o, and o; is
the stress drop of the earthquake. Modified from Kanamori (1994).

moment for earthquakes in southern California and New Zealand (Canterbury region),
respectively. Hardebeck and Aron (2009) and Trugman and Shearer (2017) both found
that stress drops are dependent on depth and faulting mechanism in California. Boyd
et al. (2017) and Huang et al. (2017) found that stress drop are influenced by tectonic
setting. Meanwhile, Huang et al. (2016) and Shearer et al. (2019) conclude that some

of those trends may be artefacts and result from the large uncertainties.

Only a limited number of studies have investigated stress drop in New Zealand. Oth
and Kaiser (2014) estimated stress drops for the Canterbury 2010-2011 sequence (the
sequence beginning with the 2010 M,,7.2 Darfield earthquake (one of the most well-
recorded earthquakes in New Zealand). The Darfield earthquake produced the largest
ground motions ever measured in New Zealand (Fry and Gerstenberger, 2011). Oth
and Kaiser (2014) presented a source parameter study using more than 200 earthquakes
from the Canterbury sequence, covering magnitudes from M,,3.0 to M,7.2. They used
a source spectra approach and the non-parametric generalized inversion technique from
Oth et al. (2011) to isolate the earthquake source spectra from the observed S wave

amplitude spectra. They estimated that stress drops ranged between 1-20 MPa.

Abercrombie et al. (2017a) calculated stress drops for four sequences of earthquakes
in New Zealand. Two sequences involved normal faulting within the subducting slab
of the Pacific Plate (the 2005 Upper Hutt and the 2014 Eketahuna sequences). The
third sequence (2013 Cook Strait) involved strike-slip faulting in the upper Australian

plate close to Blenheim. The last sequence (2015 Pongaroa), involved a thrust faulting
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Figure 1.5: Corner frequency versus seismic moment. Global variations of
stress drop from different studies, figure adapted from Allmann and Shearer
(2009). Points labelled as "This study" are from Allmann and Shearer
(2009).

sequence on the Pacific plate interface, including a magnitude range between M2.6 to
M6.6. In total they calculated stress drops for 176 earthquakes using an Empirical

Green’s Function approach and stress drop values range between 1-100 MPa.

Along the Alpine Fault, estimates of stress drops for earthquakes are poorly resolved
and limited to a handful of observations. Abercrombie et al. (2001) computed two-
dimensional slip inversions for four earthquakes in the M,,6.7 1994 Arthur’s Pass earth-

quake aftershock sequence and constrained their stress drops to be between 1-10MPa.

All this high variability in stress drop suggests that it is fundamentally difficult to
identify whether stress drop values depends on their tectonic setting, magnitude, depth
and time. However, stress drop is a fundamental source parameter and understanding
any dependence, specially on tectonic setting, is important to determinate the factors
that control dynamic rupture, and for predicting future ground motion and seismic
hazard (Abercrombie et al., 2017a).
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Chapter 2

Seismic Networks and Data

This chapter consists of three main sections. Section 2.1 presents details of previously
deployed temporary and permanent seismic networks used in this thesis, in addition to
DWARFS (Dense Westland Arrays Researching Fault Segmentation), a new two-part
network designed to constrain seismogenic behaviour near key transitional boundaries
on the Alpine Fault. Section 2.2 includes a detailed description of the data and cat-
alogues used for this thesis. Section 2.3 outlines the procedure to select earthquakes

occurring on and near the Alpine Fault from pre—existing catalogues.

2.1 Seismic Networks

To facilitate source spectra frequency analysis and subsequent stress drop calculation,
recordings of earthquakes on seismographs are required from along the Alpine Fault.
In this section, the instrumentation and frequency band information for the seismic

networks used for these recordings are outlined.

The GeoNet network operated by GNS Science is part of the national geophysical mon-
itoring system that includes broadband and strong motion instruments (blue and violet
inverse triangles in Figure 2.1, respectively) and which has been operating continuously
since 1990. Broadband stations (considered in this study) are equipped with Guralp
CMG 3ESP sensors, with a sample rate of 100 Hz (Nyquist frequency 50 Hz). Gener-
ally, the spatial and azimuthal coverage along the Alpine Fault is poor. For this reason,
we rely heavily on dense and temporary networks (e.g. SAMBA, WIZARD, ALFA-08,
DFDP-10, DFDP-13, COSA and DWARFS) deployed along the Alpine Fault to in-

crease the coverage needed for this study. Specific location and sensor information can
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Figure 2.1: Map of the seismic networks used in this thesis along the Alpine
Fault. Inverse triangles in green, yellow, orange, cyan, purple and red rep-
resent the temporary networks, SAMBA, ALFA-08, DFDP-10, DFDP-13,
WIZARD and COSA, respectively. The permanent broadband and strong-
motion GeoNet network stations are marked by blue and violet inverse tri-
angles. The new two-part network, DWARFS, is shown by pink triangles.
Black thick lines represent the active faults.

be found in Michailos (2019).

The Southern Alps Micro-earthquake Borehole Array, SAMBA (Boese et al., 2012;
Chamberlain et al., 2014; Chamberlain, 2016), is a 10-borehole short-period (GeoSpace
Tech HS-1-LT and Mark products L—4C3D, recording at 200 Hz) network deployed
along the Central segment of the Alpine Fault in late 2008. Three additional surface
short-period sensors were deployed in 2013 forming a southern extension of the network
(green inverse triangles in Figure 2.1). Originally, SAMBA was designed for micro-
earthquake detection as part of a Marsden project entitled “Putting a stethoscope on
the Alpine Fault” but it has since been used for low-frequency earthquake (Chamberlain
et al., 2014) and tremor (Wech et al., 2013) detection. This network is still in operation

and data are collected approximately every six months.
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The Alpine Fault Array, ALFA-08, used by Bourguignon et al. (2015) to conduct a
microseismicity and seismic tomography study, operated from October 2008 to Octo-
ber 2009 and consisted of eight broadband (CMG-40T and LE-3Dlite) seismometers
deployed near the northeastern portion of the Central segment between Harihari and

Hokitika (yellow inverse triangles in Figure 2.1).

Seismological monitoring in conjunction with the Deep Fault Drilling Project, DFDP
(Townend et al., 2009; Sutherland et al., 2013; Chamberlain et al., 2017; Sutherland
et al., 2017), existed in two phases and involved geometrically overlapping, but non
contemporaneous seismic networks deployed in the Whataroa Valley and surrounding
areas. The goal of the DFDP was to drill into the Alpine fault and determine the
temperature, fluid pressure and chemistry, rock properties, and prevailing stress state
through direct observations of the fault zone at depth (Townend et al., 2009). For the
first phase, the DFDP-10 network operated in 2010 and included 12 short—period (Mark
Products L-22D3D) sensors (orange inverse triangles in Figure 2.1). Since the second
phase, the DFDP-13 network has been operating semi—continuously and includes four

shallow borehole (IESE HS-1-LT) sensors (cyan inverse triangles in Figure 2.1).

The Wisconsin New Zealand Array Regional Deployment, WIZARD, network included
10 short-period (Mark Products 1.22) and 10 broadband (Guralp CMG3-ESP) sensors
(Feenstra et al., 2016), was deployed along the Central segment northeast of SAMBA
network in January 2012 and operated until January 2014 (purple inverse triangles in
Figure 2.1).

Farther from the central Alpine Fault, the Central Otago Seismic Array, COSA, is
composed of eight broadband (Guralp CMG 40T and ESP3C, recording at 100 Hz)
sensors deployed around the Southern Lakes and Central Otago (Warren-Smith et al.,
2017b) and has been in operation since 2012 (red inverse triangles in Figure 2.1) One
site (KING) at the southern end of the network was disestablished in early 2019. The
network was originally installed to monitor local microseismicity in Central Otago and

quantify its relationship to crustal thickening processes in the region.

The data continuity of the networks used in this thesis is shown in Figure 2.2
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2.2. Data and Catalogues

2.1.1 DWARFS: Dense Westland Arrays Researching Fault

Segmentation

While previous temporary networks have focused primarily on the Central segment of
the Alpine Fault, few have been deployed near the key transitional segment boundaries
(Warren-Smith et al., 2017b). To analyse the seismicity near these transitional zones in
more detail, the Dense Westland Arrays Researching Fault Segmentation (DWARFS)
stations were installed in April 2019 as a two-part temporary network composed of
19 broadband stations (Figure 2.3). The stations are distributed on either side of the
Alpine Fault with a station spacing of ~10 km to have good depth constraints for
seismicity as shallow as ~5 km. The network geometry was designed to complement
existing permanent and temporary stations and provide optimal focal sphere coverage
for focal mechanisms anticipated on the major faults within each network. Specific sta-
tion locations were chosen based on fundamental requirements, such as: good sunlight,
north facing aspect, good access to bedrock and away from noise sources like major
rivers, trees and power lines. Ideally sites were located with ~30 cm of topsoil over
consolidated bedrock. Analysis of the noise spectra for DWARFS sites is included in
Appendix B.

DWARFS was designed to investigate the boundary between the principal segments
of the Alpine Fault. Therefore, nine stations in northern DWARFS (Figure 2.3) were
deployed between Haupiri and the Taipo River and 10 stations in southern DWARFS
(Figure 2.3) were deployed between Jackson Bay and the Gorge River.

Each DWARFS station consists of a three-component broadband seismometer record-
ing at 200 Hz (Guralp CMG 40T (60 or 30 second), with the exception of TURI2,
which has a Nanometrics Trillium Compact 120; Table 2.1), a digitizer (Nanometrics
Taurus or a Reftek RT-130), a GPS clock and a power supply (a solar panel, charger
controller and two 12 V car batteries). Each sensor is encased in a plastic bucket and
rests directly on a level concrete paving slab atop compacted sand. The sensors are
oriented with their North horizontal channel aligned with true (geographic) North. See
diagram of the site setup in Figure 2.4.

2.2 Data and Catalogues

We use three micro-earthquake catalogues for this study, one for each Alpine Fault

segment. For the Central segment we use the catalogue from Michailos et al. (2019)
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Figure 2.3: Dense Westland Arrays Researching Fault Segmentation
(DWARFS). Map of the South Island, New Zealand showing the two-part
temporary DWARFS network (pink triangles). Square 1 shows southern
DWARFS distribution along the South Westland Alpine Fault segment.
Square 2 shows spatial distribution of north DWARFS along the North
Westland Alpine Fault segment.

which contains over ten years of seismicity for the region recorded on all available
seismic networks including SAMBA, WIZARD, ALFA-08, DFDP-10, DFDP-13 and five
permanent GeoNet seismic sites where available. This catalog contains accurate relative
earthquake relocations for 9111 events obtained using the latest 3-D P- and S-wave
velocity models (Guo et al., 2017). Michailos et al. (2019) later constrained earthquake
locations with high-quality automatic and manual picks and then performed relocations
using waveform cross-correlation to better constrain hypocenters. They also derived a
new local magnitude scale calibrated against GeoNet M, values. The magnitudes range
between Mp-1.2 and M ;4.6 and the catalogue is complete above M 1.1. Michailos et al.
(2020) constructed a new data set of 845 focal mechanisms derived from the Michailos
et al. (2019) microearthquake catalogue. They use a manually picked P wave polarities

for all earthquakes larger than M 1.5.

Away from the Central segment, there are few published catalogues available near the

segment boundaries for the analysis. For these regions, we use 11-months of an un-
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2.2. Data and Catalogues
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Figure 2.4: Site setup for DWARFS broadband stations. Typical site setup
and equipment used. For equipment information consult Table 2.1. Fig-
ure modified from Warren-Smith (2016).
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Figure 2.5: Magnitude histograms of three different Alpine Fault catalogues.
Left: Michailos et al. (2019) catalogue for the Central Alpine Fault. Right:
catalogues from the North (green) and South Westland (blue) Alpine Fault
(Warren-Smith, pers. comm. 2020).

published microearthquake catalogue constructed as part of the larger project for the
DWARFS networks. Dr. Emily Warren-Smith located 1134 and 2093 earthquakes
for Northern and Southern DWARFS, respectively, using seismic data from DWARFS
and other temporary seismic networks collected between April 2019 and March 2020.
Events were located using the NonLinLoc algorithm (Lomax et al., 2009) and then
relocated using a double-difference relative relocation algorithm (HYPODD) (Wald-
hauser, 2001) using a 3D velocity model from Eberhart-Phillips et al. (2010). Local
magnitudes were calculated and calibrated against GeoNet M}, and range from M-1 to
Mp4.3. Dr. Emily Warren-Smith obtained focal mechanisms by picking direct P-phase
arrival polarities and using the Bayesian approach of Walsh et al. (2009). Northern and
southern DWARFS catalogues are constructed using the same consistent methodolo-

gies for both Northern and Southern Alpine Fault regions, and the details of the event
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Figure 2.6: Earthquakes from the three catalogues along the Alpine Fault.
Gray circles are events from the Michailos et al. (2019) catalogue and purple
circles are events from E. Warren-Smith’s catalogues (pers. comm. 2020)

detection, picking, location, magnitude and focal mechanism calculations undertaken

outside of this thesis are found in Appendix A.

In total, we consider 10,946 candidate earthquakes (see Figure 2.6) from the three
microearthquake catalogues for our source property analysis. Magnitudes vary from
My — 1 to Mp4.6 (see magnitude distribution in histograms in Figure 2.5). Absolute
earthquake hypocenters have a mean horizontal error of 503 m and depth error of 801

m.

2.3 Selecting Earthquakes on the Alpine Fault

We select earthquakes occurring on and near the Alpine Fault from the three micro-
earthquake catalogues. We considered each Alpine Fault segment individually for this
process. We begin by defining a plane that matches the geometry of the fault plane
(see Table 1.1) and select those earthquakes located within 5 km of the plane.
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2.3. Selecting Earthquakes on the Alpine Fault

For the North Westland segment between the Matakitaki and Toaroha rivers, we adopt
a representative fault plane with a strike of 055° (Barth et al., 2013) and two dip values
of 50° and 60° SE. We located 542 and 311 earthquakes for each dip value, respectively,
with magnitudes between M -0.2 and M2.8 from the Northern DWARFS catalogue

(see cross—section D on Figure 2.7).

The Central segment of the Alpine Fault lies between the Toaroha River and Haast.
For this segment we adopt a fault plane with a strike of 055° (Barth et al., 2013) and
consider three dip values, 45°, 50° and 60° SE (Norris and Cooper, 1997; Guo et al.,
2017; Beavan et al., 1999). We find 1091, 848 and 555 earthquakes, respectively, with
magnitude values of between M;-1.2 and M 4.3. from the catalogue of Michailos et al.
(2019). Based on the seismic velocity structure and seismicity (Feenstra et al., 2016),
the Central segment of the Alpine Fault is dipping steeply (50°-60°) in the upper part
of the crust, before becoming listric (25°-30°) at greater depths (15-20 km), hence why
we chose a range of dip options. Nevertheless, we're only looking at shallow seismicity,
so the dip shouldn’t change overly within the shallowest 10 km. Only considering
earthquakes bigger than > M2.5 (anticipated to provide sufficient signal to noise for
source spectra analysis) found on and close to (within 5 km of) the Central segment,
and combining the results of the different dips, we select 145 earthquakes to take

forward to the source properties analysis.

For the South Westland segment, we made a subdivision after Barth et al. (2013) as the
dip angle changes abruptly at Martyr River. For the first section, between Haast and
Martyr River, we use a fault plane with a strike of 058° and two dip values of 50° and
60° SE. 567 and 511 earthquakes were found with magnitude ranges of M;—0.7 and
M7p3.3. For the second section, between Martyr Creek and Mount Pembroke, we use a
strike of 060° and two dip values of 75° and 85° SE. We locate 412 and 414 earthquakes
for two dip dip values, respectively, with magnitude values of between M;—0.5 and
Mp3.4, using the Southern DWARFS catalogue.

Despite finding many earthquakes (~500 for each segment) located in the fault plane
for the North and South Westland segments, most are M < 2.0. As we decide to
work with earthquakes larger than M2.5, only ~5 earthquakes per segment remained.
For that reason, we decide to work with all earthquakes (M > 2.5) from the north
and south DWARFS catalogues to calculate source properties. Using this magnitude
limit increases the earthquake quantity to ~15 per each segment. Following frequency
spectra analysis (see Section 3.4), it became apparent that smaller earthquakes between
M?2.0 and M2.5 recorded by DWARF'S also contained sufficient signal above the noise
level. Thus, we decide to lower the magnitude limit to M > 2.0 and select 43 and 57
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Figure 2.7: Events used for source properties analysis.

Top Figure, cir-

cles and squares represent all the events used for source property analysis.
Squares represent events found on or within 5 km of the Alpine Fault. Cir-
cles are the events M > 2.0 from the north and south DWARF'S catalogue

that are not in the fault plane.
strike.

Bottom figure, four cross-section along
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2.3. Selecting Earthquakes on the Alpine Fault

earthquakes for the North and South Westland segments, respectively.

Overall, we construct a new catalogue (“Target events catalogue”) of 245 earthquakes

(Table D.1) that is processed using the methods explained in the next chapter (Chap-
ter 3).
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Chapter 3

Empirical Green’s Function
Methodology

3.1 Empirical Green’s Function (EGF) Analysis

An earthquake is a sudden rupture process caused by tectonic stress. The energy
released by the earthquake transforms into seismic waves that propagate through a
medium and are recorded at a receiver (Figure 3.1). The resulting record is called a
seismogram and contains information about both the source and the medium through

which the waves have passed.

More specifically, an earthquake seismogram, S(t), is the convolution of the radiation
from the earthquake source, e(t), with the combined propagation effects or Green’s
function, G(t), along the path, including both near-source and site effects, and finally
the instrument response, I(t) (Abercrombie, 2015, 2014). This can be expressed as

follows:

S(t) =e(t)« G(t) * I(t) (3.1)

The instrument response (I(t)) is usually known and straightforward to remove from

recordings, but the same is not true for the other terms.

The Source Time Function (STF; panel d in Figure 3.2) represents the moment rate
release and rupture propagation of an earthquake and is the convolution of the rupture

time (Tx) and the rise time (7p) (panel ¢ in Figure 3.2). The rupture time is the
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Figure 3.1: Schematic of an earthquake travelling from the source to the
receiver. Black arrows represent the seismic waves being emitted from an
earthquake source, travelling through a medium and being recorded by a
receiver. Modified from Stein and Wysession (2003).

time that the rupture takes in a single event and depends on the fault length (L), the
rupture velocity (Vg) and the azimuth 6 from the initial point of rupture (panel a in
Figure 3.2). The rise time is the time taken for slip on a particular part of the fault to

reach its final offset value (panel b in Figure 3.2).

The propagation effects, G(t), which represent the impulse response of the medium is
commonly separated into a path attenuation effect, often described using a constant
value for the attenuation quality factor, Q, and a site effect (Ko et al., 2012; Oth et al.,
2011; Oth and Kaiser, 2014; Anderson and Hough, 1984). However, this approach
rarely accounts for realistic attenuation heterogeneity found in earthquake source re-
gions which leads to large trade-offs between parameters (Ko et al., 2012). Another
commonly used approach is to use a small, co-located earthquake as an Empirical
Green’s Function (EGF). This can be assumed to correspond to the impulse response
of the medium and thus can be used to correct for all propagation effects (including
instrumentation response if both earthquakes are recorded on the same instrument)
(Mori and Frankel, 1990) (Figure 3.3). Ide et al. (2003) found that using EGFs to
correct for the path removed attenuation and resulted in higher stress drop estimates
than using simple attenuation models. However, as discussed by Abercrombie et al.
(2017a), using an imperfect EGF may still introduce significant uncertainty and care

should be taken to choose appropriate EGFs for deconvolution.

Many previous studies have used an EGF approach to estimate source properties (e.g.
stress drop, directivity, source radius). Imanishi and Ellsworth (2006) and Uchida et al.
(2012) calculated source properties (stress drops, source radius and slip amount) of mi-
croseismicity in the San Andreas fault and earthquakes rupturing an interplate asperity
off Kamaishi, NE Japan, respectively. Ko et al. (2012) used the EGF methodology and

the attenuation modeling to investigate the variation of both Q and stress drop with
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Figure 3.2: Schematic of a Source Time Function. Schematic representation
of the convolution of the rupture time (7%) and the rise time(7p). a) rep-
resents a fault geometry of length L, and the STF varying as a function of
azimuth, 0, and rupture velocity. b) shows the slip percentage as function
of time. c) a schematic representation of the convolution of the rupture
time (7%) and the rise time (7p). d) schematic representation of the STF
Modified from Stein and Wysession (2003).

depth and location beneath Japan. In New Zealand, Abercrombie et al. (2017a) applied
the EGF method to estimate stress drop for four sequences of earthquakes in the North
Island. Abercrombie et al. (2001) also applied the EGF method to estimate directiv-
ity and stress drops for aftershocks of the 1994 Arthur’s Pass earthquake. Oth et al.
(2011); Oth and Kaiser (2014); Pacor et al. (2016) used a nonparameterized approach
to resolve spatial variability in stress drop in the Canterbury earthquake sequence in

New Zealand as well as in Japan and Italy while using a large area of fixed Q.

In this study, we use an Empirical Green’s Function (EGF) method to isolate the source
and correct the recorded data for the instrument, path and site effects. Applying the
EGF method to a given earthquake (hereafter referred to as the “Target” event), the
path and site (including instrument response) effect contributions to the seismic signal
are approximated by the ground motion of a smaller earthquake sharing a similar source
location and focal mechanism (Figure 3.3). This assumes that the smaller earthquake
(hereafter referred to as the “EGF” event) approximates a point source relative to the
Target earthquake and that the waveform of the smaller earthquake mainly represents
the propagation path and site effect. Therefore, the Target event source can be obtained

by deconvolving the EGF event signal from the Target event signal (Figure 3.3).
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Figure 3.3: Schematic of the EGF method. If both earthquakes, a Target,
bigger magnitude earthquake and an EGF, smaller magnitude earthquake,
have similar hypocenter locations and are recorded by the same station,
the recorded seismogram of the EGF earthquake can represent the propa-
gation effects (G(t)) for the Target earthquake. The instrumental response
cancels out, as both events are recorded by the same station. To calculate
the Source Time Function (e(¢)) of the Target event a deconvolution be-
tween the recorded seismogram of the Target event (S(¢)) and the recorded
seismogram of the EGF event (G(t)) is performed.

The EGF analysis method we employ is based on that described by Abercrombie
et al. (2017a), Abercrombie (2014), Abercrombie (2015) and Viegas et al. (2010) and
is implemented in a sequence of codes written in MATLAB (2019) by R. Abercrombie
(pers. comm.). Additional pre-processing steps to extract waveforms and convert pick
information from QuakeML to SAC formats are undertaken using Python and the
Obspy package (Beyreuther et al., 2010). Each step of the methodology is summarised
in Figure 3.4. A more detailed description of each step and the corresponding script
names is presented in Appendix C. The process starts by selecting potential EGF events
for each Target event and then choosing a time window for the seismograms. We extract
the waveforms for all Target and EGF events from continuous data and calculate the
cross-correlation between the EGF and Target event seismograms to identify the best
EGF events for spectral analysis. Next, we calculate the corner frequencies using both
P- and S- waves on all three components, before computing stress drop estimates. This

workflow is outlined in more detail the following Sections 3.2-3.6.
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Empirical Green's Function Methodology

CHAPTER 3
STEPS SECTIONS
1. Identify potential EGF events Section 3.2

) 4

2. Time window selection for
waveforms

v Section 3.3

3. Cross-correlation between
Target and EGF waveforms

) 4

4. Deconvolution

v Section 3.4

5. Calculate Spectra and
Spectral ratio

) 4

6. Corner Frequency calculation Section 3.5
7. Stress Drop calculation Section 3.6

Figure 3.4: Schematic workflow of the EGF methodology. The section
number where we describe each of the steps can be found in the right
column.

3.2 EGF Event Selection

Using the Target event catalogue of 245 events constructed using methods and cri-
teria outlined in Section 2.3, the first step is to identify EGF events for each Target
earthquake. Three main criteria are considered for selecting EGF events (Kane et al.,
2013):

1. The EGF event has to be sufficiently small to approximate a point-source to the

Target event.

2. The EGF event must be close enough to the Target event that the propagation
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paths between the two events and a given station is very similar.

3. The EGF event must have the same focal mechanism as the Target event such

that the two events have similar radiation patterns.

In many cases, it is not practical to impose all of these criteria (for example where
focal mechanisms are not available for very small magnitude events) and a degree
of flexibility is employed. For this work, we identify potential EGF events based on
epicentral distance, depth difference and magnitude relative to the Target event and
use two criteria based on other studies (Abercrombie et al., 2017a; Ruhl et al., 2017;
Hatch et al., 2018):

1. Sufficiently close: epicentral distance of <3 km and absolute depth difference of
<5 km.

2. Sufficiently small: 3 > Mrarget event — Mucr > 1.

Given the earthquake-station path lengths of >200 km in some cases, these small
variations in hypocentral location translate to very small differences in path between the
Target and EGF events. Furthermore, this degree of flexibility encompasses location
uncertainties in event hypocenters, meaning earthquakes which are truly co-located,
but are catalogued with different depths, for example owing to location uncertainties,
are considered. Using these criteria we identify an average of 100 EGF events for each
Target event, with a minimum of 2 EGF events and a maximum of 338 EGF events
(see Appendix D). At this analysis stage, it is preferable to include as many EGF
events as possible; any events which do not represent good point source estimates will

be removed at later cross-correlation thresholding stages.

3.3 Seismogram Time Window Selection and Cross-

correlation

For each Target event and corresponding EGFs” waveforms, we use an empirical magnitude-
dependent expression from Abercrombie et al. (2017a) to calculate a time window for
both P- and S-waves:

twindow = round(10 x Magnitude®/15)/10 (3.2)
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where Magnitude is the moment magnitude (M,,) of the Target event. Larger events
typically have longer source durations, and hence require a longer window to capture
the source time function. If the window length is smaller than 1.28 s, then it is set to
1.28 s, and if the window length is greater than 5 s, then it is set to 5 s. This maximum
window length is in excess of the minimum anticipated rupture duration for even our
largest events. If the S—P time is smaller than the t,;n400, that P-wave is not used

further in the analysis.

In order to achieve high cross-correlation between the two earthquakes (Hatch et al.,
2018), we apply a low-pass filter (Equation 3.3) to both the Target and EGF events at a
frequency just below the expected corner frequency of the Target event. We also use a
default high-pass filter corner (frighpass) of 1 Hz to remove the strong microseism noise

prevalent on broadband stations in New Zealand, particularly in coastal locations.

flowpass == (10/twindow + fhighpass) (33)

We then calculate the cross-correlation coefficient between the unfiltered and filtered
time-windowed P- and S-waveforms for the Target and EGF events and only preserve
the filtered Target-EGF waveform pairs with cross-correlation coefficients of > 0.7.
The time is shifted for the correlation to account for uncertainties and inconsistencies
in picking arrivals (especially when emergent) and improve the correlations accounting
for small differences in location (see Figure 3.5). Abercrombie (2015) found that using
an EGF with a low cross-correlation can bias the source parameter results markedly.
To illustrate this filtering and cross-correlation stage, four representative Target events
of different magnitudes are presented in Figure 3.5. Overall, the four examples are well
cross-correlated; the magnitude-dependent time window and low-pass filter appear to

work for a range of different magnitudes and for the other Target events considered.

3.4 Spectra and Spectral Ratio Calculation

For each Target-EGF seismogram pair, we calculate the frequency spectra of the un-
filtered seismograms for both P- and S-waves and then the spectral ratios using the
multitaper method of Prieto et al. (2009). The spectra of pre-arrival noise is also cal-
culated for P- and S-waves using the same ;.40 length for each Target event and
used to determine the signal-to-noise ratio. The noise signal for the S-waves includes
the P-waves coda in order to ensure there is no contamination of the S spectra with

P-waves energy at higher frequencies (Abercrombie et al., 2017a). In Figure 3.6, signal
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Figure 3.5: Target-EGF waveform pairs for four earthquakes. Figure shows
four panels each with a different Target event. For each event, the unfiltered
Target and EGF events waveforms, the filtered Target-EGF waveform pair
without the time correction and the Target-EGF waveform pair with the
time shifted are shown. On the left of each panel, the time window (t,indow)
and low-pass filter (fi,upass) are shown. The high-pass filter is 1 Hz in all
cases.

and noise spectra are presented for four well-recorded earthquakes of different magni-
tudes. Yellow and pink lines show the part of the spectra for Target and EGF event,
respectively, that includes 3 (for P-waves) and 2.5 (for S-waves) times the correspond-
ing noise spectrum. That is the only part of the spectra that is used for the calculation

of the spectral ratios using the multitaper method (Prieto et al., 2009).

The multitaper approach produces the most reliable amplitude spectra by direct divi-
sion in the frequency domain. It also includes complex division enabling the extraction
of the relative STF (Figure 3.7) of the Target event from each ratio. Observing a clear
STF pulse in both phase and amplitude confirms that the EGF assumptions are valid.
Visual inspection of the STF also assists in identifying complex sources that are not

well fit by the simple source models (Ruhl et al., 2017).

This multitaper spectral estimation is considered the most reliable, although Prieto
et al. (2007) estimate that uncertainties in calculating the spectrum can lead to 50%

uncertainty in stress drop calculation.
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Figure 3.6: Signal and noise spectra for four well-recorded Target events.
Each panel presents the signal and noise spectra for both Target and EGF
event. Solid lines represent the signal spectra (blue for the Target event
and black for the EGF event) and dashed lines the noise spectra (blue for
the Target event and black for the EGF event). The yellow and pink thick
solid lines overlaping the blue and black solid lines show the part of the
signal spectra that is 3 (for P-waves) and 2.5 (for S-waves) times bigger
than the noise spectra.

3.5 Corner Frequency Calculation

Once we estimate the individual spectral ratios, we use two methods to calculate the
corner frequency: (1) fitting of individual ratios (Section 3.5.1) and (2) fitting of stacked
ratios (Section 3.5.2). The first method fits each individual Target-EGF pair’s spectral
ratios for corner frequency and then calculates the average for each Target event using
a weighted mean approach. The second method stacks all spectral ratios available for a

particular Target event and fits the averaged spectral ratio for corner frequency (Ruhl

41



Chapter 3. Empirical Green’s Function Methodology

Central segment South Westland segment
Target event: 20150530185234 M4.3 Target event: 20190704083147 M3.7
EGF event: 20150517161908 M2.7 EGF event: 20190701135743 M1.5
Station: FOZ Station: CASC
Component: Z - S-wavg Component: N - P-wave

[T

'_

"

(9]

=

k]

[0}

o
0 2 4 6 8 10 0 1 _ 2 3

Time (s) Time (s)

South Westland segment South Westland segment
Target event: 20190422074509 M3.4 Target event: 20190628141228 M2.6
EGF event: 20190422081746 M1.3 EGF event: 20190510031614 M1.1
Station: BARN Station: DATA
Component: Z - P-wave Component: Z - P-wave

Relative STF

0 0.5 1 15 2 25 0 0.5 1 156 2 2.5

Time (s) Time (s)

Figure 3.7: Single station Source Time Functions of four Target events of
different magnitudes. The STFs observed in this figure present different
duration and some complexity. In this thesis, the STFs are used to check if
the EGF approach is working well and no measurements are made on them.

et al., 2017; Abercrombie et al., 2017a). In both cases we used the Brune (1970) and
Boatwright (1980) spectral source models (models defined by a circular fault model)
to fit the spectral ratios. Both models have the form:

1

)” (3.4)

Mi(f) _ Mo (1 + (f/fa)™
My(f)  Mop \1+ (f/fe)™

where Ml( f) and Mg( f) are the amplitude spectra, My, and My, are the seismic
moment of the larger (Target) and small (EGF) earthquakes, respectively; f is the
frequency and f.; and f. are the corner frequencies of the larger (Target) and small
(EGF) earthquakes, respectively. n is the high-frequency fall off (we assume n = 2)
and 7y is a constant controlling the shape of the corner. We try both the Brune (1970)
model (y = 1) for a broader corner and the Boatwright (1980) model (y = 2) for a

sharper corner.
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3.5. Corner Frequency Calculation

3.5.1 Fitting Individual Spectral Ratios for Corner Frequency

We follow the approach of Abercrombie (2015) and Abercrombie et al. (2017a) and
fit each individual Target-EGF spectral ratio pair using the Nelder-Meade inversion
in MATLAB (2019) with Equation 3.4 to calculate corner frequencies using both
Brune (1970) and Boatwright (1980) spectral source models on a station-by-station,
component-by-component basis. Finally the average for each Target event is calculated

using a weighted-mean approach.

We then perform a grid search around the resulting value of f.; following Viegas et al.
(2010) and Abercrombie et al. (2017a) and define a parabola with which the f.; value
is a clear minimum. According to Viegas et al. (2010), Abercrombie et al. (2017b)
and Ruhl et al. (2017) a low variance (<0.005) at the minimum parabola value is
required. Thus, we use frequencies at which the variance exceeds 5% of the minimum
variance as an estimate of the individual corner frequency uncertainty bounds f.ier1
and fuero. The f. error is calculated as the frequency normalised ratio (feierror2 —
feterror1)/ fer which reflects the range of frequencies within 5% of the minimum variance.
The estimations of f. (the corner frequency of the EGF event) are not used in this

thesis.

Next we use the individual corner frequency measurements to calculate the weighted-
mean () and standard deviation (D) for each Target event using inverse-variance
weighting which downweights values with larger uncertainties (e.g. Hartung et al.,
2008):

N Zi(yi/aiz)
=S (3:5)
D*(9) = Z:i(ll/fff) (3.6)

where y; is the ¢th measurement and o; is its variance. We calculate the weighted
and weighted mean of the corner frequency for each event using all available stations,

components and EGFs.
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3.5.2 Fitting Stacked Spectral Ratios for Corner Frequency

According to Abercrombie et al. (2017a), stacking large numbers of seismograms or
spectra is an efficient way of increasing the signal and cancelling out azimuthal variation
and variability arising from noise. Kane et al. (2013) and Abercrombie (2015) showed
that stacking poorer-quality data and ratios computed with less appropriate EGFs can,
however, increase the uncertainty and bias the result. For this reason we only include
ratios in a stack when they cross-correlate above each threshold from 0.7 to 0.9 every

0.5 units and if they meet the signal-to-noise criteria.

We follow Abercrombie et al. (2017a) and normalize each spectral ratio before stacking
using its average long-period amplitude below the expected corner frequency for the
larger (Target) event. Each frequency band is required to have at least five ratios
to compute the stack. We then stack the spectral ratios per station to investigate
azimuthal variation and then fit the stacked ratios using the same approach as for the
individual spectral ratios (Figure 3.8). STFs are also stacked by station (Figure 3.8).
As mentioned in Section 3.4, STFs are used only to check which the EGF approach
is working well and for source complexities; no other measurements were made on
them here, although they may from the basis for future directivity analysis describe in
Chapter 5.4.

3.6 Calculation of Stress Drop

According to Brune (1970) and Boatwright (1980) the relationship between the slip in
an earthquake, its fault dimensions and its seismic moment represents the magnitude
of the stress released by the earthquake or stress drop (Ac). Seismic waves can thus
be used to estimate the stress change on a fault. The stress drop is proportional to
the seismic moment (M,, explained later in this Section) and inversely proportional to
the fault dimension (L) (Equation 3.7), although it should be noted that since seismic
moment is also dependent on fault dimension (Equation 3.11), stress drop is nearer
constant. In earthquake source parameters studies it is common to assume a circular

fault model with radius r, in which case Equation 3.7 can be rewritten as 3.8:

M,

Ao = CL3 (3.7)
M,

Ao =3 (3.8)
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Figure 3.8: Stacked spectral ratios and source time functions for four well-
recorded Target events. There are four panels, one for each Target event.
Each panel presents two figures. The first shows, the stacked spectral ratios
(solid lines) with its fit (dashed lines; using the Boatwright (1980) model, in
Chapter 4.3) we will explain why we choose the Boatwright (1980) source
model over the Brune (1970) one), coloured by cross-correlation (xc), on the
top right the corner frequency per cross-correlation is shown. The second
figure shows the stacked STF also coloured by cross-correlation. On the left
of each STF the number of ratios stacked is shown. The 20150530185234
Target event presents a complex STF, and several steps in the spectral
ratios.

where ¢ depends on the fault shape and the rupture direction, normally 7/16 is used.
The fault radius (r) is determined by the circular source model. In this study we follow
Madariaga (1976):

Lk
- fe

where £ is a constant determined by the source model, § is the S-wave velocity and

(3.9)

fe the corner frequency. We combine Equation 3.9 with Equation 3.8 to obtain a
relationship (Equation 3.10) between corner frequency (f.) and stress drop (Ao):

7 M,f?

AU:E]{;?’/@?’

(3.10)

W
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Table 3.1: 3 values for the Alpine Fault segment. Depth values were chosen
based on the observed seismicity distribution of the Target events catalogue.

’ ‘ B (km/s) ‘ Depth (km) ‘

North Westland segment 3.58 15
Central segment 3.48 15
South Westland segment 3.88 10

We use appropriate values for § from the New Zealand 3-D velocity model (Eberhart-
Phillips et al., 2020) (Table 3.1).

The Madariaga (1976) source model used k& = 0.32 for P-waves and k£ = 0.21 for
S-waves and found a f.P/f.S ratio of 1.52. Kaneko and Shearer (2015) performed
dynamic modelling of simple sources and obtained k values of £ = 0.32 for P-waves
(same as Madariaga, 1976) and & = 0.26 (higher than Madariaga, 1976) for S-waves
using a circular model with a rupture velocity of 0.73. For that geometry and rupture
velocity, Kaneko and Shearer (2015) obtained a f.p/f.s ratio of 1. Abercrombie et al.
(2017a) obtained a f.p/ f.s ratio of 1.23 for four earthquakes sequences in New Zealand
and used the Kaneko and Shearer (2015) k values. Kaneko and Shearer (2015) estimate
that uncertainties arising from k values can produce variations in stress drop of up to
a factor of 10. For that reason, based on our f.p/f.s results (see Figure 4.10) we opt
to use the Kaneko and Shearer (2015) model (kp = 0.32 kg = 0.26) which is consistent
with the f.p/fes ratio of 1.1 that we obtain for our corner frequency calculations (see
Figure 4.10).

Equation 3.10 contains two main terms to be further determined in this thesis: the
corner frequency (f.) (calculated following the methodology established in Chapter 3

and results shown in Chapter 4.3) and the scalar seismic moment (M,).

The seismic moment (M,) is a measure of the size of an earthquake based on the area
of fault rupture, the average amount of slip and the rigidity (u) of the material (Aki
and Richards, 2002).

M, = fault area x average slip X u (3.11)

Directly calculating seismic moment is outside the scope of this thesis, so we use the
M, — M, relationship from Hanks and Kanamori (1979) (Equation 3.12) to obtain
seismic moment (M,) from moment magnitude (M,,). Kanamori (1977) introduced

the concept of a moment magnitude (M,,) based on the seismic moment (M,).

log M, =1.5M,, + 9 (3.12)
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We obtain estimates of M, from M recorded by the local networks, this conversion is

discussed in more detail in Chapter 4.2

We assume that this relation applies across the range of magnitudes considered in
this study, although in reality a different scaling may apply to both moderate and
small (M <2-3) earthquakes (Hanks and Kanamori, 1979; Hanks and Boore, 1984;
Deichmann, 2017). This simplification, and the effect on our calculated stress drops,

are discussed further in Chapter 5.

47



Chapter 3. Empirical Green’s Function Methodology

48



Chapter 4

Results

In this chapter the results of the corner frequency (Section 4.3) and stress drop (Section
4.4) analysis are presented. We also describe the procedure use to obtain the most
accurate M, — M, conversion in order to calculate seismic moment Section (4.2), and

thus stress drop.

4.1 EGF Analysis Results

Following selection of the moderate-magnitude Target events near and on the fault, as
outlined in the previous chapter, 245 earthquakes remained. During the spectral ratio
analysis, further events are rejected at each stage based on quality criteria discussed
below. Table D.1 in Appendix D lists details of the initial 245 Target events, includ-
ing the latitude, longitude, depth, magnitudes, number of EGFs, number of ratios,
seismic moment, corner frequency and stress drop values. Some of the Target events
and Target-EGF waveform pairs are later rejected for the following reasons (these are

further explained in Section 4.3):

1. Fewer than five associated EGFs for a Target event.
2. Cross-correlation values lower than 0.7 between Target-EGF waveforms pairs.

3. Signal spectrum of the Target-EGF waveform pair < 3 over the noise spectrum

for P-waves and < 2.5 for S-waves.

4. Fewer than five ratios for each station and fewer than five stations for each Target

event.
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5. Ratio between the higher and lower frequency amplitude of the spectral ratios

lower than two.

Following this initial quality control, we estimate stress drop values along the three
main segments of the Alpine Fault for 94 and 95 Target events for P- and S-waves,

respectively (Table 4.1).

Table 4.1: Number of Target events for the Alpine Fault segments for P-
and S-waves.

North Westland | Central | South Westland

P-waves 25 43 26
S-waves 25 44 26

The local magnitude distributions of the Target events are shown in Figures 4.1 and
4.2. Figure 4.1 shows that for Northern and Southern DWARF'S, most of the events are
between magnitudes M2.0-M;2.6. This confirms the decision made in Chapter 2.3
to lower the magnitude from M2.5 to M2.0 for earthquakes occurring on the North
Westland and South Westland segments was justified. The catalogue of Michailos et al.
(2019) for the Central segment (Figure 4.2) has most of the Target events between
Mp2.5-M1,3.0, although local magnitudes (M) between the DWARFS catalogue and
that of Michailos et al. (2019) are not directly comparable (see Section 4.2).

For this thesis we only use ratios where the cross-correlation between Target-EGF
waveform pairs was at least 0.7. All the results were calculated using threshold spectral
ratio cross-correlation values of: 0.70, 0.75, 0.80, 0.85 and 0.90. Figure 4.3 shows the
number of ratios that meet each cross-correlation threshold. The abundance of ratios
for S-waves over P-waves is evident, which is also observed by Ruhl et al. (2017) and
Abercrombie et al. (2017a). Figure 4.3 is useful to decide between cross-correlation
values based on the quantity of available ratios. Abercrombie (2015) suggested that a
good EGF must be very highly correlated (> 0.90) with the Target event; stress drop
values decrease as cross-correlation decreases. However, using only measurements with
high cross-correlation values (> 0.90) reduces the number of ratios and the results may

become unstable. Therefore a compromise must be considered.

Ruhl et al. (2017) demonstrated that for data from the 2008 Nevada swarm, the corner
frequencies are stable between cross-correlation limits of 0.70 and 0.85. Abercrombie
et al. (2017a) chose to work with cross-correlation > 0.80 for four sequences of earth-

quakes in New Zealand. Therefore, based on the number of ratios available to produce
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Figure 4.1: Magnitude histograms for P- and S-waves of final Target events
from Northern and Southern DWARFS. In green, Northern DWARFS Tar-
get events. There are 25 events for P- and S-waves. Magnitude ranges pf
P- and S-waves for most of the events in this segment are between 2.2-2.6.
For Southern DWARF'S events, in blue, the range of magnitudes of P- and
S-waves for most of the Target events are between 2.0-2.5. There are 26
events for P- and S-waves along this segment.

stable results (Figure 4.3), the subsequent analyses are made with cross-correlation
value > 0.80.

4.2 Seismic Moment

As mentioned in Chapter 3, we estimate the moment magnitude (M,,) of the events
from the calculated local magnitude (M) in the event catalogue, and then use the
M, — M,, relationship from Hanks and Kanamori (1979) in Nm, to calculate seismic
moment (Equation 4.1).

log M, =1.5M,, + 9 (4.1)

For the North and South Westland segments (catalogues made by Dr. Emily Warren-
Smith), local magnitudes were calculated and calibrated against GeoNet M|, whereas
for the Central segment catalogue made by Michailos et al. (2019) local magnitudes

were calculated and calibrated against moment magnitudes that were calculated using
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Figure 4.2: Magnitude histograms for P- and S-waves of final Target events
from the Central segment. There are 43 events for the P-wave and 44 for
the S-wave. For both P- and S-waves, most of the final events are between
magnitudes 2.5-3.0.

methods described in Ristau (2013). Since local magnitudes (M) for events along the
Central segment of the Alpine Fault were calibrated against M,,, for this analysis the
M, values of Michailos et al. (2019) will be considered as M, and no more magnitude
analysis is required for this segment. However, in order to relate the local magnitude
estimates for the North Westland and South Westland segments, we have to establish a
reliable relationship between local and moment magnitudes. According to Ristau et al.
(2016), the most common approach for relating M, to M, is by applying a correction
to My, typically determined by a best-fit regression between My and M, (e.g. Ristau,
2013; Braunmiller et al., 2002).

Ristau (2013) obtained a M|, to M, relationship (Equation 4.2) for all New Zealand

excluding the Fiordland region:

My, = 0.93M,, + 0.54 (4.2)

Since stress drops (Ao) are sensitive to M, (Equation 3.10), it is important to ensure
we are using the most reliable M, estimation. Therefore, we examine whether using a
homogeneous scale (Equation 4.2), derived for the whole country (other than Fiordland)

might introduce bias into the stress drop (Ao) values we calculate.
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Figure 4.3: Histogram of number of ratios per cross-correlation value. Total
ratios available for P- (pink) and S-waves (blue).

To do this, we use events reported by GeoNet located along the North and South
Westland segments of the Alpine Fault that have moment tensor solutions (which
represent the best estimate of magnitude for moderate earthquakes in New Zealand
(Ristau, 2013)). We then determine the best-fit regression between GeoNet’s local M,
magnitude and the moment M, magnitude derived from moment tensor solutions to
obtain a local M, to M, relationship (Figure 4.4). Since 2012, GeoNet has used the
SeisComP system for its earthquake location and magnitude estimation, replacing the
California Institute of Technology U.S. Geological Survey Seismic Processing (CUSP)
system used previously (Rhoades et al., 2020). We therefore only consider events
occurring after this change to maintain consistency in magnitude scales. In total,
we calculate a regression for 101 and 81 events near the South Westland and North

Westland segments, respectively (Figure 4.4).

The bottom-left panel in Figure 4.4 shows the regression fit for the North and South
Westland segment together with the Ristau (2013) relationship. This way, we obtain
two new M — M, relationships for the North (Equation 4.3) and South (Equation
4.3) Westland Alpine Fault segments:

My xw = 1.08M,, — 0.08 (4.3)

My gw = 1.06M,, + 0.1 (4.4)
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Figure 4.4: Best M; — M, regression fit for North Westland and South
Westland segments for GeoNet events since 2012. North and South West-
land events in green and blue, respectively. Locations of events used in
regressions are plotted on the map figure in the bottom right panel.

To investigate how different My to M, relationships introduce bias into stress drop
(Aco) values along strike, we selected events from the Target event catalogue that have
local magnitude (My) reported by GeoNet and calculate stress drop (Ac) with two

different approaches:
1. Using GeoNet local magnitudes (My) and the M — M, relationship (Equation
4.2) from Ristau (2013).

2. Using DWARFS local magnitudes (M) and segment-specific M}, — M,, relation-
ships (Equations 4.3 and 4.4). For the Central segment, we directly use the
magnitudes obtained by Michailos et al. (2019).

Using approach number one, we observe no significant differences in stress drop for
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4.2. Seismic Moment

either P- or S-waves along strike using GeoNet local magnitudes (M) and the general
Ristau (2013) My — M,, relationship for New Zealand. However, there are differences
observed along strike using approach number two; The North Westland segment has

higher values of stress drop than the South Westland one (Figure 4.5).

In light of the analysis above, we choose to use the segment-specific M — M,, relation-
ship (Equations 4.3 and 4.4) calculated here to obtain moment magnitude (M,,) from
DWARFS local magnitude (M), as it is a more accurate representation of along-strike
heterogeneity in magnitude scaling. This observation highlights that care should be
taken to consider accurate magnitude scaling relationships when considering spatial

variations in earthquake stress drop.
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Figure 4.6: Comparison of corner frequency measurements made on both
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were estimated using the Boatwright model. The Target events presented in
this figure are those which pass the quality controls for both the individual
and stacked approach.

4.3 Corner Frequency

In this section corner frequency results, using both individual and stacked ratios, are
presented for cross-correlation values >0.8. Results from using both individual and
stacked ratios are not significantly different (Figure 4.6). However, the individual ra-
tio fitting method shows more variation than the stacked approach for P-waves. The
benefit of using an individual fitting is that results can be obtained for Target events
with fewer than five ratios, but this leads to larger uncertainties and lower azimuthal
coverage. Fitting of stacked ratios needs at least five ratios per station (Abercrom-
bie, 2015) as this provides more reliable and stable results. For P-waves, the corner
frequency results for both individual and stacked method are similar for the whole
frequency range (3-50 Hz). For S-waves, the individual fitting method underestimates
the corner frequency compared to the stacked fitting method (Figure 4.6). In view of
the similar results obtained with the individual and stacking methods, we select the
stacked approach over the individual one as the results shows that we have enough

ratios to stack for each Target event, for both P- and S-waves.

Once the cross-correlation limit (0.80) and the preferred method of calculating (stacked
ratios) corner frequencies are chosen, the next step is to compare any differences in

results between the Brune (1970) and Boatwright (1980) source models.
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Figure 4.8: Comparison of corner frequency and the variance estimated
with both the Brune and Boatwright source models. (a) and (b) show the
ratio of the Brune corner frequency and the Boatwright corner frequency
from the P-wave (orange circles) and S-wave (purple circles), as a function
of the Brune model corner frequency value. The same for (c) and (d) but
here the x-axis represents the Boatwright corner frequencies. (e) and (f)
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for P-waves (orange circles) and S-waves (purple circles) plotted against
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Figure 4.7 shows the stacked and fitted ratios for six Target events of different magni-
tudes. As the magnitude of the earthquake increases, the corner frequency decreases.
For the bigger earthquakes, the absolute difference in the estimated corner frequency
between the cross-correlation values is not as large as for the smaller earthquakes, al-
though the percentage change remains similar. In Figure 4.7, it is visually evident
that the sharper-cornered Boatwright (1980) model provides a better fit overall for
the six Target events shown. This is also observed for the majority of the stacked
spectral ratios of all Target events. The corner frequency value for cross-correlations
>0.80 (highlighted in a black boxes in Figure 4.7) is similar for both the Brune and
Boatwright models, a good indication that choosing this correlation limit produces

stable results.

As noted above, the sharper-cornered Boatwright model fits the stacked ratios slightly
better and with lower variance than the Brune model for the majority of the Target
events. In panels (a), (b), (¢) and (d) in Figure 4.8 it is observed that the bigger
differences between the Brune and the Boatwright model are at frequencies higher than
40 Hz, outside the bandwidth limit, where the Brune corner frequencies are higher than
the Boatwright. On the contrary, for the low-frequency limit, the Boatwright corner
frequencies are slightly higher than the Brune ones. The variance comparison for P-
waves and S-waves in Figure 4.8 indicates that the Brune model fits less well. The ratio
of the variance between the Brune and Boatwright model indicates that the variance
for the Brune model has higher values than the Boatwright model. Despite that, both
mean and median values (shown in (e) and (f) in Figure 4.8) of the ratio only slightly
exceed one. Consequently the Boatwright source model will be used in all subsequent

analysis.

Results for P- and S-wave corner frequency measurements for different segments of the
Alpine Fault are shown in Figure 4.9. Of the 245 Target events identified originally,
a total of 94 for P-waves and 95 for S-waves passed the first criterion automatically
applied during processing (points 1-3 at the beginning of this chapter) and the second
criteria, also automatically applied (points 4-5 at the beginning of this Chapter). Visual
inspection of independent P- and S-wave corner frequency measurements were made
in order to determinate only the highest-quality results. To summarise, we chose the
cross-correlation limit (> 0.80), the fitting method (stacked ratios) and the source
model (Boatwright, 1980). Then, we exclude results with fewer than five ratios in the
stack and an amplitude ratio between the higher and lower frequency of the spectral

ratios lower than two.

The comparison of corner frequency measurements for P- and S-waves (Figure 4.10)
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Figure 4.9: P- and S-wave corner frequency vs seismic moment. Measure-
ments coloured by Alpine Fault segment. Green, North Westland segment.
Purple, Central segment. Blue, South Westland segment. Open circles with
errors bars in black are events that not meet the criteria 4 and 5 listed at the
start of Section 4.1. Moment error bars show moment calculated from M,
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show a high degree of consistency. As addressed in Chapter 3, the ratio between the
corner frequency measurements for P- and S-waves enables us to choose appropriate
k values. We opt to use the Kaneko and Shearer (2015) k values (obtained using a
circular model with a rupture velocity of 0.7 because our 1:1.1 is similar to the 1:1 that
Kaneko and Shearer (2015) obtained. Abercrombie et al. (2017a) also used the Kaneko
and Shearer (2015) k values to calculate stress drops for four earthquake sequences in
New Zealand despite finding a slightly higher P- to S-wave ratio (1:1.23) than those

obtained here.

4.4 Stress Drops

Here we present stress drop results for 76 and 86 Target events for both P- and S-waves,
respectively that meet the initial criteria. In total, we calculate 21 (for P-waves) and
24 (for S-waves) stress drops for the South Westland segment, 43 (for P-waves) and 44
(for S-waves) for the Central segment and 16 (for P-waves) and 20 (for S-waves) for
the North Westland segment.

We obtain stress drop values in the range of 1-352 MPa for P-waves and 1-301 MPa
for S-waves for all segments (Figure 4.11). There is not a big difference in stress drop
values along strike of the Alpine Fault (Figure 4.14). The North Westland and Central
segments have slightly higher stress drop values compared with the South Westland
segment, as observed on Figure 4.14. A summary of stress drop values for each Alpine

Fault segment is shown in Table 4.2 and Figure 4.14.

We estimate the source radius (Figure 4.12) of the final Target events using Equation
3.9. The ranges found for each Alpine Fault segment are: 30-290 m for the North
Westland segment, 26265 m for the Central segment and 24-186 m for the South
Westland segment. In Figure 4.12, the values for the South Westland segment are
lower (for both P- and S-wave) than the values of the other segments. The values for

the North Westland and Central segment overlap.

As shown in Figure 4.13, our results are similar to stress drop measurements found in
many previous studies (using the same or different methodologies) in different tectonic
settings (e.g. Abercrombie, 2014; Oth and Kaiser, 2014; Abercrombie et al., 2017a;
Ruhl et al., 2017). However the North Westland and Central segment present slightly
higher stress drop values for both P and S measurements than other studies, but do
exhibit overlap with values calculated by Abercrombie et al. (2017b) for the Cook Strait

sequence in South Island. We discuss the possible controls on, and patterns in stress
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Figure 4.11: P- and S-wave stress drop vs seismic moment. Circles coloured
by Alpine Fault segment. Green, North Westland segment. Purple, Cen-
tral segment. Blue, South Westland segment. Open circles with error
bars in black are events that do not meet criteria 4 and 5 listed at the
start of the Section 4.1. Moment error bars show moment calculated
from M; using 95%CI on station M values. Stress drop uncertainties in-
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ment.
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Figure 4.13: P- and S-stress drop measurements from different studies.
The stress drop results obtained here are shown in triangles coloured by
Alpine Fault segment. We observe that our stress drop values are, in gen-
eral, higher than other studies, however the Cook Strait, New Zealand and
Parkfield, U.S. (Abercrombie et al., 2017a; Abercrombie, 2015) sequences
have similarly high stress drop values as well. There is also overlap be-
tween our Central Alpine fault values and the stress drop of the highest
measurement of the Nevada swarm (Ruhl et al., 2017).
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Table 4.2: Minimum, mean, median and maximum stress drop values cal-
culated for each Alpine Fault segment in this study.

| | SWP [ SWS | Central P | Central S [ NW P | NW § |

N values 21 24 39 42 16 20
Ao min (MPa) 1 1 2 5 3 1

Ao mean (MPa) 12 20 47 7 55 55
Ao median (MPa) 8 9 17 39 15 19
Ao max (MPa) A1 | 143 309 223 352 | 301

drops in more detail in Chapter 5.

Some events did not meet the final two quality control criteria outlined at the start of
the chapter, these are shown as open symbols in Figure 4.11. Despite their lower quality
of observations, we conclude that they do not exhibit extreme low or high stress drop
values. This suggests that the highest stress drop values, outside of the interquartile
range, may depend more on magnitude uncertainties. Stress drop measurements are
superficially simple to calculate from the corner frequency of the radiated spectrum,
but its actually harder to be certain that estimates are accurate and reliable. In the
next chapter we will talk about the uncertainties of stress drop coming from the corner

frequency and the seismic moment.

66



4.4. Stress Drops

10? South Westland segment Central segment North Westland segment
T T T T T f
# Target events: 24 # Target events: 42 # Target events: 20
+
+ — +
+ |
+ L " ¥
+ =+
. 102 } *
[\
o * \ \
= |
o + Ag median
o + — 39 MPa
a) |
w -
] Ao median Ao median
S 17 MPa "~ Ag median 19 MPa
7] I 15 MPa
10 Ao median Acgnﬂ/ﬁ:c»‘ian : JL
a [
8 MPa | |
I |
|
| |
| | |
\ - ‘
1 |
# Target events: 21 # Target events: 39 # Target events: 16 ;
10° t : | } ; ‘
P waves values S waves values P waves values S waves values P waves values S waves values

Figure 4.14: Box plots for final stress drop measurements. Box plots are
coloured by Alpine Fault segment. The bottom and top of each box are the
25th and 75th percentiles of the stress drop values, respectively. The line
in each box is the median. Red plus symbols are outliers. It is evident that
the stress drops for the Central segment present the highest values (range
~10 MPa to ~100 MPa) compared to the other segments. The lowest stress
drop values correspond to the South Westland segment (range ~3 MPa to
~30 MPa). The North Westland segment presents very similar average
stress drop values for P and S (range ~10 MPa to ~50 MPa).
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Chapter 5

Discussion and Conclusions

This chapter is divided into five main sections. First is a discussion of the key findings
(Section 5.1) including the final stress drop estimate variations along strike and with
depth. Next in Section 5.2 we discuss the factors that affect stress drop measurements.
The third section (Section 5.3) discusses the implications of our observations on under-
standing fault strength. The fourth section (Section 5.4) presents recommendations for
further research surrounding the EGF methodology, corner frequency and stress drop
estimations and a more detailed source analysis, which will provide the opportunity to
extend the understanding of earthquakes occurring on and close the Alpine Fault. The

final section (Section 5.5) lists the main conclusions of this thesis.

For simplicity, the analysis here focuses solely on the stress drop measurements from
S-waves, unless otherwise noted. Since there is a very strong correlation between our

results for P- and S-waves, the same conclusions can be drawn from either dataset.

5.1 Key Findings

Table 4.2 presents a summary of the final stress drop estimates from this study. The
median values for the North Westland, Central and South Westland are: 19, 39 and 9
MPa, respectively. Given the logarithmic range of stress drops, outliers likely strongly
bias mean averages, and so the median values are likely more representative of the
averages for each segment. Regardless of the averaging method considered, the South
Westland segment exhibits the lowest stress drops, while the Central segment exhibits
the highest. The relative differences in stress drop values are better resolved than the

absolute ones. The stress drop values estimated in this thesis are within the range of
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global estimates and of those obtained by Abercrombie et al. (2017a) for four different
earthquake sequences (in different tectonic settings) in New Zealand (range ~ 1 — 100
MPa), and higher than those obtained by Oth and Kaiser (2014) for the 2010-2011
Canterbury earthquake sequence (range 1-20 MPa).

In the section below, we investigate stress drop variability in relation to different pa-

rameters, namely position along strike, depth, focal mechanism, and seismicity rate.

5.1.1 Stress Drop Variability Along Strike and with Depth

Given the pronounced along-strike changes in other parameters (e.g. strike, dip, seis-
micity rate and cut-off depths; see Table 1.1) we first examine whether there are also

any distinct changes in stress drop values along strike (see Figures 5.1 and 5.2).

e North Westland segment

The North Westland segment presents a median stress drop value of 17 MPa
(averaged between P and S). This segment has fewer Target events than the
other segments, but it is also the segment exhibiting the most complex sources
(which are not analysed in this thesis, but may be the topic of future work; see
Section 5.4). Relatively high stress drop values are estimated for this segment
(compared with others values within New Zealand), but these are not the highest
that we calculate for the Alpine Fault as a whole. This segment also has the lowest
strike-slip slip rate, the lowest plate boundary motion percentage (Barth et al.,
2013) and the lowest seismicity rate of the three main Alpine Fault segments
(Boese et al., 2012; Bourguignon et al., 2015).

Cross-section D of Figure 5.1 shows the Target events for this segment. These
include a distinct cluster in the footwall and more scattered events that are
closer to the fault. The footwall cluster contains 15 events with magnitudes of
Mp4.1 — M;2.2: some of the events in the cluster present complex sources and

the highest stress drop estimates for this segment.

The four events that are closer to the fault plane have similar magnitudes (M2.4—

M 2.8) and similar low stress drop values (~ 10 MPa).

On the ternary diagram of focal mechanism type illustrated in Figure 5.2, the
circles represent this segment and we do not see any systematic variation of stress
drop depending on the fault mechanism. The red square in this figure shows that
the footwall cluster has a predominantly thrust mechanism and that within this

cluster there is high stress drop variation.
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Figure 5.1: Map of stress drop variations along strike and in vertical cross-
Circles represent Target events that meet quality criteria and
squares are events that did not meet the criteria. Target events are coloured
and scaled by stress drop values.

Lines in cross-section A, B, C and D

represent the possible dips of the Alpine Fault in that section.
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In summary, we do not see any systematic dependence of stress drop on depth,

magnitude, or focal mechanism for the North Westland segment.

Central segment

The Central segment exhibits the highest stress drop values along the Alpine
Fault, with a median value of 28 MPa (averaged between P and S). This segment
has more Target events than the other two and presents the highest strike-slip and
dip-slip rates and the highest proportion of plate boundary motion overall Barth
et al. (2013). The segment has generally low seismicity rates Boese et al. (2012);
Bourguignon et al. (2015) and has been observed in the last decade to produce
a range of seismic phenomena (swarms Boese et al. (2014), tremors (Wech et al.,
2012, 2013) and LFEs (Chamberlain et al., 2014; Baratin et al., 2018)).

Along this segment, all Target events are located within 5 km of the three possible
fault planes (see cross-sections B and C in Figure 5.1). Cross-section C shows
the most Target events, and it is clear that most of the highest stress drop values
correspond to the deepest events for that cross-section. We do not see this trend

in cross-section B.

The ternary focal mechanism diagram (Figure 5.2) does not reveal any clear
variation in stress drop with focal mechanism for Target events in the Central
segment. We do observe, however, that the strike-slip corner of the diagram

indicates predominantly high stress drop values (~ 30 — 100 MPa).

In the Central segment, there is thus no clear dependence of stress drop on

magnitude, depth or fault mechanism.

South Westland segment

The South Westland segment exhibits the lowest stress drop values on the Alpine
Fault, with a median value of 8 MPa (averaged between P and S). This segment
also has the lowest dip-slip rate, the steepest dip and the highest background
seismicity rate Barth et al. (2013).

Cross-section A in Figure 5.1 shows a cluster of Target events (not on the fault
plane) with distinctively different stress drop values. Also, there are several events
that are close to the fault plane, but with different depths, with indistinctly
varying stress drop values. The magnitudes of most of those events are very
similar (M;2.0 — M;2.8). We do not see any difference in stress drop values
between events that are on or off the fault plane. Target events along this segment

are much shallower compared with the other segments.

In the ternary plot (Figure 5.2), the triangles illustrating results for this segment
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Figure 5.3: Sections along strike of the Alpine Fault. Circles represent
Target events that meet quality criteria, and squares represent events that
did not meet criteria. The top panel is a plot of along strike distance
versus depth. Circles and squares are coloured by stress drop values. The
bottom panel is a plot of along strike distance versus stress drop. Circles
and squares are coloured by depth.

are mainly coloured in the light colours, indicating relatively low stress drop
values (~ 3 — 30 MPa).

Like the Central segment, there is no evidence for the South Westland segment of

systematic stress drop variations related to magnitude, depth or focal mechanism.

The low stress drop estimations for this segment can be bias by the bandwidth
limits of the data. In Figure 4.11 we observe that this segment also has the lowest
seismic moments (smallest magnitude events). The blue line (in Figure 4.11)
represent the bandwidth limits for this section and at low seismic moments, high

stress drops will not be well-constrained.

Figure 5.3 illustrates two cross-sections along strike of the Alpine Fault. Both show
the distribution of stress drop values and depth along strike but presented in different

ways. The upper left inset panel illustrates that stress drop does not appear to vary
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with depth. On the top right hand panel in Figure 5.3 we see that the depth of the
Target earthquakes increases from the south (Martyr River) to the north on the Alpine
Fault. Overall, however, this figure confirms that there is no depth dependence on

stress drop values.

Shearer et al. (2006) obtained stress drops for earthquakes in southern California rang-
ing from 0.2 to 20 MPa and found a depth dependence with median stress drop of 2.2
MPa at 8 km depth and a median stress drop of 0.6 MPa at the surface. Hardebeck and
Aron (2009) also reported a depth dependence in California with a median stress drop
of ~ 5 MPa for 1—7 km depth, ~ 10 MPa for 7--13 km depth, and ~ 50 MPa deeper
than 13 km. However, Abercrombie et al. (2017a) and Oth and Kaiser (2014) observed
no dependence of stress drop on depth, as observed here, for earthquakes elsewhere in

New Zealand.

Moyer et al. (2018) reported limited spatial variation in stress drop along the Gofar
transform fault, with stress drops ranging between 0.04 and 3.2 MPa. They observed
a median 0.6 MPa stress drop in zones of high seismic coupling and a median 0.2 MPa
stress drop for zones of low seismic coupling. These differences are small considering the
log normal distribution of stress drops, whereas we document relatively large variability
of individual stress drop values along strike, with the values from the North Westland
and Central segments overlapping but the values from the South Westland being lower
by ~10-20 MPa. This could be a reflection of a bigger difference in fault geometry,
slip and seismicity rate between the South Westland and Central segments, compared
with relatively minor along-strike changes between the Central and North Westland
segments. However, it is also possible that real changes in stress drop along strike (and

with depth) are masked by analytical uncertainties, which we address below.

5.2 Factors Affecting Stress Drop Measurements

Accurate, reliable and precise stress drop estimates are hard to obtain due to uncertain-
ties and simplifications made in the analysis. While we have taken several commonly
used and reasonable steps to minimise uncertainties in the parameters affecting our

stress drop estimates, the final uncertainties are likely to still be significant.

Several factors throughout the stress drop calculation process influence uncertainties
in the final value. These include, in particular: the selection of the EGF earthquakes,
spectral ratio calculation, the assumed cross-correlation limit, the source assumptions

(e.g. circular model), fitting of the corner frequency and uncertainties in seismic mo-
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ment calculation.

We assume a suitable EGF event will produce similar corner frequency estimates at
every station. We find that limiting hypocentral separation distances between main-
shock and EGF events to <1 km (within ~1-3 mainshock fault lengths) is an effective
criterion for choosing EGFs. When EGF events within 1 km are not available, we
suggest limiting EGF events to those with highly similar waveforms to the mainshock
waveforms to ensure source similarity. It is also important to consider mis-located
earthquakes, or those with large uncertainties in depth, which may be truly co-located
with the Target earthquakes but are inferred to be separated by several kilometers on

the basis of hypocentral uncertainties.

The selection of the appropriate EGF earthquakes is crucial as stress drop estimation
depends on it directly. Abercrombie (2015) found that as the hypocentral separation
between the Target and EGF events increases, the stress drop value decreased by a
factor of 3. This was also observed by Kane et al. (2013) for earthquakes on the San
Jacinto Fault Zone: they suggested that having a maximum hypocentral separation of
2 km (again within ~1-3 mainshock fault lengths) between Target and EGF events
is appropriate when sufficient data are available (they used >183,000 seismograms).
To minimise uncertainties in our Alpine Fault study, we first followed Abercrombie
et al. (2017a) and used a 2 km maximum epicentral distance between Target and EGF
events but this did not yield enough EGF events for each Target event. We therefore
decided to extend the epicentral distance limit to 3 km and also use an absolute depth
difference of <5 km, as mentioned in Section 3.2. We observed that small variations
in hypocentral location translate to very small differences in path between the Target
and EGF events and conclude that the spatial criteria used were sufficient to select
appropriate EGF events, especially after all non-similar seismograms had been removed

at the cross-correlation thresholding stages.

In general, we identified fewer EGF earthquakes for the largest-magnitude Target
events. This is in part dependent on the Gutenberg-Richter distribution of magni-
tudes, whereby fewer earthquakes within 1-3 magnitude units of a mainshock exist for
larger earthquakes than for smaller target events. Additionally, the corner frequencies
of larger earthquakes lie within the low-frequency range, while small earthquakes do
not produce low frequency energy, and the uncetainty increases. The choice of cross-
correlation limit can go some way to mitigating the choice of poor EGF-Target pairs.
Throughout the calculations we rejected all Target-EGF waveform pairs for which the
cross-correlation was less than 0.7. As the cross-correlation limit is increased, the

number of useable data decreases. We find that we had sufficient spectral ratios to
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stack using pairs with cross-correlation values bigger than 0.8, and only used those
to estimate stress drop. Ruhl et al. (2017) demonstrated that for data from the 2008
Nevada swarm the corner frequencies are stable from cross-correlation limits of 0.7 and
Abercrombie et al. (2017b) found stable results from cross-correlation limits of 0.8.
Importantly, we also observed that corner frequency values do not incur significant
differences for different cross-correlation limits within these ranges. By using a high
cross-correlation limit we make sure to eliminate EGF events with markedly different

focal mechanisms.

In order to calculate corner frequency, we have to make some assumptions regarding
source parameters. We assume a simplistic circular source model with a fixed rupture
velocity (0.73). Hence, the corner frequency and stress drop estimation for complex
earthquake sources will not be well represented by this simple source. We opt to use
the Boatwright (1980) (sharper-cornered) model rather than the Brune (1970) model
because it gave a better quantitative fit to our data. Other studies from different
tectonic settings have also tended to prefer the Boatwright (1980) model, e.g. Aber-
crombie et al. (2017a) for earthquakes in New Zealand, Ruhl et al. (2017) and Huang

et al. (2016) for swarms in Nevada and Arkansas, respectively.

The corner frequency calculation is a significant factor affecting stress drop estimates,
as stress drop is proportional to the cube of the corner frequency (Equation 3.10).
Accordingly, errors in corner frequency estimation will be compounded in the stress
drop estimation. To calculate corner frequency, the source assumptions and bandwidth
limitation are the bigger sources of uncertainty. Earthquakes with corner frequencies in
the center of the data bandwidth will be the best resolved (Abercrombie et al., 2017a).
Corner frequency estimations outside the signal bandwidth are not taken into account
because the spectral ratios cannot constrain corner frequency in that frequency range.
The fitting of the spectral ratios can also bring uncertainty to the corner frequency
estimation. In order to avoid or minimize those uncertainties as best as possible,
Abercrombie (2015) suggested using at least five EGFs or five station measurements
for each Target event. We only keep those corner frequency measurements that were
made with both five EGFs and five stations. Using both constraints can significantly
decrease the uncertainties (Abercrombie et al., 2017a). Abercrombie et al. (2017a)
also found that corner frequency estimation from stacked spectra are less affected by

limited frequency bandwidth than the individual ratio fitting.

Seismic moment estimations contain notable uncertainties, especially when calculating
seismic moments from local magnitudes via moment magnitudes, as we do here. In

Section 2.2, we briefly described the procedure used by Michailos et al. (2019) and
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Dr. Emily Warren-Smith to calculate local magnitudes from earthquake signals. They
calculate magnitude uncertainties from the 95% confidence intervals of the individual
station magnitudes for each earthquake. We then estimate the moment magnitude
from local magnitude using new scaling relationships (Equations 4.3 and 4.4 for the
North and South Westland segments, respectively; see Section 4.2). To calculate the
seismic moment, we use the Kanamori (1977) relationship (Equation 3.12). We as-
sume the relation applies across the range of magnitudes considered in this thesis, but
in reality a different scaling may apply to both moderate and small (M < 2 — 3) earth-
quakes (Hanks and Kanamori, 1979; Hanks and Boore, 1984; Deichmann, 2017). We
calculate the seismic moment uncertainty from the local magnitude uncertainty, but
the underlying regression relationships used to compute seismic moment from local
magnitudes are themselves imprecise and also introduce uncertainties into the seismic
moment estimation. However, overall, the uncertainties calculated for the local mag-
nitudes are bigger than would be introduced by the regression relationships used to

calculate moment magnitude and seismic moment.

To calculate stress drop uncertainty fully and accurately, we have to combine corner
frequency and moment uncertainties together. Presently, seismic moment uncertainties
are calculated from the the 95% confidence intervals of the individual Mj station
magnitudes for each earthquake, and corner frequency uncertainties are calculated
from values within 5% of the minimum variance frequency (see Section 4.3). A focus
of future work should be to calculate uncertainty using consistent methodology so that

we can combine them and calculate a more robust stress drop uncertainty.

5.3 Fault Mechanics Implications

Given our careful analysis to reduce uncertainties, and the fact that relative changes
in stress drop along strike are better resolved than absolute values, we interpret our
main result that the South Westland segment appears to exhibit lower stress drops
than the other segments on average. Here, we discuss a possible explanation, based on

our stress drop estimations, that assumes varying fault strength along strike.

Fault strength is related to the fault’s friction and represents the critical point at which
the fault cannot withstand more shear stress (see Figure 5.4). Boulton et al. (2018)
found that the South Westland segment is not well orientated for failure and estimated
that coefficients of friction for the South Westland segment are very low (u =0.12-0.16
at temperatures of T' = 25 — 210°C') compared with the Central segment’s coefficient
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Figure 5.4: Schematic figure showing the stress drop variations along the
three Alpine fault segments. o is the strength of the fault and o, is the
shear stress on the fault after an earthquake.

of friction (p =0.43-0.45 at T' = 20 — 25°C' to p =0.60-0.74 at T" = 210 — 300°C')
(Boulton et al., 2014; Niemeijer et al., 2016). At present, there are no estimates of the

coefficient of friction for the North Westland segment.

As described in Section 1.5, an earthquake’s stress drop is the difference between the
initial shear stress (o1) and the strength of the fault (op). Thus, stress drop values
will be different depending on whether the fault is strong or weak (assuming constant
01). According to this model, a weak fault will fail at a lower resolved shear stress and
produce lower stress drop values than a strong fault, which will be able to maintain

higher overall stress before failing and thereby produce higher stress drop values.

For the South Westland segment, we estimate stress drop values that are lower than
those of the other Alpine Fault segments by ~10-20 MPa. If we assume, based on the
arguments above, that this indicates that the fault here is weak, then our stress drop
results are consistent with observations made by Boulton et al. (2018) that the fault
exhibits a low coefficient of friction and is poorly oriented in the prevailing 3D stress
field for failure. This then agrees with the model illustrated in Figure 5.4, such that if
the fault strength is low, the corresponding stress drops are low too. This also agrees
with the Central stress drop estimations, where the inferred fault strength is higher
than the South and North Westland segments and the stress drop values are higher

too.
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5.4 Future Work

We have estimated the stress drops of earthquakes occurring on and near the Alpine

Fault to investigate the spatial variability of these source properties along the fault.

This work was motivated by particular interest in whether earthquakes at the rupture

segment boundaries inferred from paleoseismological observations behave differently to

those in the middle of previously identified rupture segments. To address this in more

detail, we suggest some possible lines of future work:

« Expand the Target Event Catalogue

We have shown for the North and South Westland segments that M;2.0 earth-
quakes perform well for calculating stress drop (in that the earthquake signal is
sufficiently larger than the noise). Therefore, it would be useful to extend the
Target event catalogue for the Central segment and use earthquakes of M2.0
in addition to the larger ones considered here. This will increase the number of

Target events from ~144 to ~300.

More Robust Uncertainty Estimates

As discussed above in Section 5.2, the uncertainty of stress drop estimates remains
significant. We would like to estimate corner frequency and seismic moment
uncertainties using a more consistent methodology in order to combine both
uncertainties and calculate a more robust stress drop uncertainty than is typically

done in stress drop studies worldwide.

Calculate Directivity

Earthquake directivity produces azimuthal variations in the seismic radiation
Abercrombie et al. (2017b), resulting in different widths of the source time func-
tions for different observational azimuths. Measurements of directivity can be
used to infer both the orientation of the fault plane and the rupture velocity.
Directivity has been observed for small to moderate-sized earthquakes in New
Zealand and induced earthquakes in Brazil (Tomic et al., 2009; Abercrombie
et al.,, 2017b). To accurately measure the directivity of small earthquakes and
thus distinguish between the two nodal planes, we suggest using the stretching
method to measure the duration of the STF. The stretching method, developed
by Warren and Silver (2006), allows the whole waveform to be used to quantify
azimuthal variability, rather than relying on often ambiguous estimates of source
duration. This analysis for on- and near-fault earthquakes along the Alpine Fault

may help to identify whether a preferred rupture direction (either bi- or unilat-
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eral rupture) prevails along the Alpine Fault, and will contribute to a broader

understanding of rupture scenarios.

o Identify and Analyse Complex Sources
We have documented complex sources for some of the earthquakes along the
North Westland segment (Figure 5.5). Complex Source Time Functions can show
clear evidence of rupture complexity with the presence of multiple pulses and
systematic azimuthal variations. It is important to identify complex sources when
using the EGF methodology, because applying simple source models to complex
earthquake sources will not only bias the resulting source parameter estimates
but also hamper progress in understanding earthquake source processes more
generally. In addition, it is easier to observe complex sources in larger events,
and careful analysis of smaller earthquakes can illustrate this is also present at

lower magnitudes.

o Identify Fault Zone Guided Waves
To help constrain variations in on-fault source properties, it is important to dis-
criminate earthquakes occurring on, rather than simply near, the fault. The
fault zone guided waves are trapped waves within the damage zone, and so they
indicate earthquakes happening on the fault. Eccles et al. (2015) first identi-
fied fault zone guided waves associated with the Central Alpine Fault. Further
observations of fault zone guided waves at DWARF'S stations would expand the
catalogue constructed by Eccles et al. (2015) to encompass the other Alpine Fault
segments, and enable Target events used for stress drop estimation to be more

reliably discriminated into on-fault and off-fault subsets.

o Template Matching to Identify Similar Earthquakes for EGFs
Matched-filtering is an effective method for detecting clustered seismicity such as
aftershocks, using waveforms of earthquakes to look for similar waveforms. This
methodology will be useful to find co-located (EGF) earthquakes and therefore
expand the potential associated EGF earthquakes per Target earthquake. Having
a lot of EGF earthquakes associated to one Target event will generate more robust

results and may increase the azimuthal coverage.

5.5 Conclusions

This thesis presents the first stress drop estimation for earthquakes occurring on and

near New Zealand’s Alpine Fault. Here we present our key findings and conclusions
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Figure 5.5: Complex STFs for four events located in a cluster along North
Westland segment. Each panel presents the STFs calculated with different
cross-correlation (xc) value (>0.70 (blue), >0.75 (orange), >0.80 (yellow),
>0.85 (purple) and >0.90 (green)) and the number of spectral ratios avail-

able for the calculation.
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with reference to the three main objectives established in Chapter 1:

1. Identify moderate-magnitude earthquakes occurring on and close to
the Alpine Fault

o We use new and existing microearthquake catalogues along the Alpine Fault
and identify ~2500 events of magnitudes My —1.2 to M4.3 occurring within
5 km of the Alpine Fault.

o We construct a Target event catalogue of 245 earthquakes on and near the
Alpine fault plane with magnitudes of M;2.0 to M 4.3.

2. Calculate stress drops for identified earthquakes on and close to the
Alpine Fault

o We used an EGF approach to estimate the corner frequency and stress drop
for 94 and 95 well-recorded moderate-magnitude earthquakes from P- and
S-waves, respectively. These include results above a across-correlation limit

of 0.8 to guarantee only the best quality results.

o The corner frequency results have been tested using two circular source mod-
els, of Brune (1970) and Boatwright (1980). We opt to use the Boatwright
(1980) model as it provides a better empirical fit to our data.

o Corner frequency values range from 3 to 30 Hz and stress drop values range
from 1 to 352 MPa.

o We derive new scaling relationships for local and moment magnitudes using
events reported by GeoNet that have moment tensor solutions for the North

and South Westland segments.

e Our Alpine Fault stress drop values lie within the range of global and re-

gional (New Zealand) studies.

3. Identify possible spatial variability in source properties along the Alpine
Fault

o We observe a stress drop variation between the three Alpine Fault seg-
ments. Stress drop median values for each Alpine Fault segment are: North
Westland segment 15 MPa (for P-wave) and 19 MPa (for S-wave), Central
segment 17 MPa (for P-wave) and 39 MPa (for S-wave) and South Westland
segment 8 MPa (for P-wave) and 9 MPa (for S-wave)
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o Overall, the South Westland segment shows lower average stress drop values
by ~10-20 MPa.

« We propose an explanation for stress drop variation along the three main
segments of the Alpine Fault based on fault strength. The strength of the
Alpine Fault at the South Westland segment may be lower than along the

Central segment, consistent with previous estimates of fault friction.

e No differences in stress drop values between events on and off the fault
plane are observed. Neither do the stress drops obtained for the Alpine

Fault depend systematically on depth, magnitude or focal mechanism.
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Appendix A

DWARFS: Dense Westland Arrays
Researching Fault Segmentation

appendix

In this Appendix, the methods for event detection, picking, location, magnitude and fo-
cal mechanism calculations undertaken by Dr Emily Warren-Smith are outlined. These
methods outline work not included in this thesis, but provide the context for the un-
published DWARFS catalogues used for further analysis in this thesis. Earthquake
catalogues for both Northern and Southern DWARFS regions are constructed using
the same methodologies, based on previous microearthquake studies along the Alpine
Fault (e.g. Boese et al., 2012; Michailos et al., 2019).

A.1 Event Detection and Phase Picking

In addition to the 19 DWARFS broadband stations, GeoNet strong motion and broad-
band stations are utilised (JCZ, NSBS, MSZ, HDWS for DWARFS South and INZ,
LTZ, OXZ, WVZ, APPS and ARPS for DWARFS North). For DWARFS South,
four SAMBA sites (MTBA, LARB, SOLU, COVA) and COSA sites were also used
for the larger events. Event detection is initially undertaken manually, by applying
a 2—10 Hz bandpass filter to vertical channels of hour-long waveforms and identify-
ing by eye events occurring on at least 2 stations. This enabled easy separation of
local events from falsely detected regional waveforms, which were difficult to remove

from amplitude-based STA/LTA detections approaches, particularly with productive
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Figure A.1: DWARFS data continuity
19 DWARFS stations were installed during April 2019 and only 11 were removed during
October 2020. Eighth stations continue recording. The continuity of the data during
the 18 month DWARFS was good overall, only two stations (BELL and HURA, north-
ern DWARFS) stopped working due to climatic conditions and instruments failures.

Fiordland sequences located close to DWARFS South. P-phases were then manually
picked, polarities recorded where possible and the event registered. Following this,
the horizontal channels are added into the hour long-waveforms containing detections
and S-phases are picked where possible on the horizontal channels. This enabled some
events with only 2 P-phases to then be locatable as S-phases could be added onto a

third or fourth station with no clear P-arrival.

A.2 Event Location

Resulting registered events are then located using a linear location algorithm (HYPOCEN-
TRE) in SEISAN using a 1D velocity model unique to each network and extracted from
Eberhart-Phillips et al. (2010) to produce origin times. All events are then relocated
using a non-linear location algorithm (NonLinLoc, Lomax et al. (2009)) and a 3D ve-
locity model from Eberhart-Phillips et al. (2010). A final round of double difference
relative relocation is performed using HypoDD 3D (Waldhauser, 2001), where starting
locations are determined by NonLinLoc locations (or SEISAN if NonLinLoc locations
unavailable). Both catalogue and cross-correlation data were used and clustering was
enabled across 35 iterations with increasing weight on cross-correlation data from the

15th iteration onwards to help resolve fine-scale structures. For events which were not
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able to be relocated, the origin calculated using NonLinLoc is assigned.

A.3 Magnitudes

Peak displacement amplitudes (half peak to trough, in mm) are picked on pre-filtered
(2—20Hz) vertical channel waveforms following instrument response removal. Local
magnitudes (M, ) are calculated for events with at least 2 amplitude picks using a least
squares inversion method to solve for attenuation geometrical spreading and station
correction terms and develop a localised magnitude scale for each study region inde-
pendently (following Boese et al. (2012); Warren-Smith et al. (2017b); Michailos et al.
(2019)). We calibrate our scale against (M, ) estimates of earthquakes from GeoNet as
insufficient moment magnitude (M,,) estimates exist during our study period to invert

for a more accurate moment scale as preferred by Michailos et al. (2019).

A.4 Focal Mechanisms

Direct P-phase arrival polarities were picked on unfiltered waveforms where unambigu-
ous and events with at least 5 polarities were selected for focal mechanism calculation
using the Bayesian approach of Walsh et al. (2009). This approach includes the ef-
fect location uncertainties on take off angles, by incorporating the PDF scatter of
hypocentres calculated using NonLinLoc (Lomax et al., 2009). For events that were
not relocatable with HypoDD and where the NonLinLoc location was the best esti-
mate, the PDF scatter calculated for that location was used. For events relocated with
HypoDD, the PDF uncertainty was forward modelled with the HypoDD location as
fixed using the Time2EQ programme in NonLinLoc.
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Appendix B

DWARFS: Ambient Noise

Characteristics

This appendix summarises the performance of DWARFS stations, though analysis of

frequency dependent noise characteristics.

B.1 Spectral Noise Plots

Ambient noise signals recorded at seismographs provide information pertaining to the
site quality. Ambient noise is characterised using the power spectral density, P(w),
which is the Fourier transform of the auto-correlation function of the noise, p(7), ac-

cording to (Bormann et al., 2002):

Pw) = /_oop(T) exp(iwT)dT (B.1)

o0

where w is the angular frequency, and 7 a time interval. Ambient noise sources include
water bodies (i.e. rivers, lakes, ocean waves), which dominate in the microseismic
frequency band 0.05-0.5 Hz, wind and cultural noise (e.g. traffic and machinery),

which dominate at higher frequencies (>2—4 Hz) (Havskov and Alguacil, 2016).

Plots presented in Figures B.1-—B.19 characterise response corrected noise energy over
the frequency range 0—100 Hz (to the Nyquist frequency of the sampling rate of
200 Hz), calculated for a one month period (July 2019) on all three-components. Plots
are generated using the Python Obspy package, PPSD (probabilistic power spectral
density), based on the routine of McNamara (2004). Gray lines represent the high and
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low noise levels from Peterson and Survey (1993).

All stations show a similar general pattern; a peak in noise is observed at 0.2 Hz, and
two lows at 0.09 Hz and 2 Hz.
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B.1. Spectral Noise Plots
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Figure B.1: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARFS station BARN.
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Figure B.2: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARFS station CASC.
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Figure B.3: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARF'S station DATA.
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Figure B.4: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARF'S station DELT.
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Figure B.5: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARFS station GORG.
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Figure B.6: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARFS station MONK.
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Figure B.7: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARFS station OLIV.
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Figure B.8: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARF'S station POMM.
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Figure B.9: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARFS station RICH.
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Appendix B. DWARFS: Ambient Noise Characteristics
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Figure B.10: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Southern DWARFS station THOM.
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B.1. Spectral Noise Plots
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Figure B.11: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Northern DWARFS station BELL.
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Appendix B. DWARFS: Ambient Noise Characteristics
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Figure B.12: Spectral energy plots for vertical (HHZ) and horizontal (HHE,

HHN) channels for Northern DWARFS station GLOR.
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B.1. Spectral Noise Plots
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Figure B.13: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Northern DWARFS station HURA.
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Appendix B. DWARFS: Ambient Noise Characteristics
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Figure B.14: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Northern DWARF'S station JACK.
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B.1. Spectral Noise Plots
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Figure B.15: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Northern DWARFS station MORG.
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XX.MOSQ.10.HHE 2019-07-01 -- 2019-07-30 (1439/1439 5egments]30

_60_
25
= 80
=
E —100 A 20
E
2 120 —
£ 15 %
5 —140-
2 10
= i
& -160
= 5
~180 -
—200 e H Y 0
0.01 0.1 1 10 100
Freiuenci [Hz]
. ) ) 3 1 5
A G g P 8P 8 g P 20 oo
9% o0 90 9% o0 o0 o0 o0
W T g T 9 T
XX.M0OS5Q.10.HHN 2019-07-01 -- 2019-07-30 (1439/1439 segments)
30
_60_
25
g 80 _
= 100k il i,
RS AN r.
2 120 - . § —
s Nl | |
g —140 4 l h‘*-‘iIIIII !
E | | L 10
= i
& -160
= 5
~180 -
—200 e H Y 0
0.01 0.1 1 10 100
Freiuenci [Hz]
. ) ) 3 1 5
A G g 8P AN g ga® 20
9% o0 9% 9% o0 o0 o0 90 0O
297 0 g8 0¥ e 9T g0 e 1,0\
XX.M05Q.10.HHZ 2019-07-01 -- 2019-07-30 (1439/1439 segments)
30
_60_
25
= 80
=
™ — 4 il
¥ -100 P 20
qrI-') = &#
o, il
B g iiil .I ”'-!..aulli“l -
g sl
2 BB 10
[=% 4
& -160
= 5
~180 -
—200 Y 0
0.01 0.1 1 10 100

Freiuenci [Hz]

13 ] x4 > il 2% el
40 40 40 4> - 0.-!.’1. M 0-1'1. 'b

4
0° 0° 9P

W7 g 7 07 T 0 T Y

Figure B.16: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Northern DWARFS station MOSQ.

120



B.1. Spectral Noise Plots
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Figure B.17: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Northern DWARF'S station SHOT.
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Figure B.18: Spectral energy plots for vertical (HHZ) and horizontal (HHE,
HHN) channels for Northern DWARFS station TURI.
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Appendix C

MATLAB Scripts Workflow

This appendix includes a detailed description of the scripts used to estimate corner
frequency and stress drop. All scripts of the EGF methodology are run using MATLAB
(2019).

The first MATLAB script (make_egf clusters.m) reads the information of earth-
quakes from a file called eqinfo.mat. This file includes location, time, depth and

magnitude of the earthquakes from the Target events catalogue (see Chapter 2).

To select potential EGF events (step 1 in Figure C.1, we used a script called make egf
clusters.m. This script reads in a summary file (eginfo.mat) containing event origin
information and groups all the events together based on location, timing and magni-
tude, and then calculates which ones are potential EGFs for the Target events. Once
the EGF events are identified, it is time to calculate the time window for each Target
event, perform the cross-correlation and then the deconvolution (steps 2-4 in Figure
C.1) of each Target-EGF waveform. This is done by the script named EGF _decon.m.

Steps 5 and 6 of the methodology (see Figure C.1) are performed using three scripts: (1)
get specdstack.m calculates the signal and noise spectra of each Target-EGF waveform
pair. (2) stack_specl.m calculates the spectral ratios and (3) stack spec2.m performs

the fit of the individual and stacked spectral ratios and calculate the corner frequency.

The final script named get stress_drop.m estimates the stress drop of each Target

event.

All codes can be found at Geogarfias-GitHub
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Appendix C. MATLAB Scripts Workflow

Empirical Green's Function Methodology

CHAPTER 3
STEPS SECTIONS
1. Identify potential EGF events Section 3.2

<

2. Time window selection for
waveforms

Section 3.3

<

3. Cross-correlation between
Target and EGF waveforms

<

4. Deconvolution

<

Section 3.4

5. Calculate Spectra and
Spectral ratio

<4

6. Corner Frequency calculation Section 3.5

<4

7. Stress Drop calculation Section 3.6

SCRIPT NAMES

Script: make_egf_cluster.m

Script: egf_decon.m

Script: get_spec4stack.m
Calculate the signal and noise spectra

Script: stack_speci_.m
Calculate the spectral ratios

Script: stack_spec2_.m

Fits the individual and stacked spectral
ratios and calculate corner frequency

Script: get_stress_drop.m

Figure C.1: Extended workflow of the EGF methodology. Includes the
script names used at each step of the methodology.
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Appendix D

Target Events Catalogue

This appendix includes hypocentral and source properties information for the Target

events used in this thesis. Events are divided by Alpine Fault segment.
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Table D.1: Table of Target events

Event name Latitude | Longitude | Depth Local Seismic No. No. P | No. S P Corner S Corner P stress S stress
Q) ©) (km) Magnitude | moment (Nm) | EGF | ratios | ratios | frequency (Hz) | frequency (Hz) | drop (Mpa) | drop (Mpa)
North Westland segment events
20190514185637 -42.838 171.809 10.6 2.3 10 7 4
20190520071324 -42.913 171.832 14.3 2.3 2.24E+12 15 13 25 9.5 1.0
20190525212841 -42.884 171.796 124 2.3 10 8
20190603234707 -42.962 171.434 9.3 2.3 7
20190731152024 -42.864 171.614 10.0 4.0 5.84E+14 14 20 43 4.7 4.8 18.0 34.7
20190805213540 -42.805 171.654 7.8 2.3 2.39E+12 45 16 41 17.2 17.2 3.5 6.6
20190813121129 -42.865 171.621 6.5 2.6 8.86E+12 s 40 163 11.3 11.9 3.7 8.1
20190814053750 -42.863 171.626 4.7 2.6 7.08E+12 59 34 113 18.6 17.9 13.2 22.0
20190916095727 -42.943 171.571 8.9 2.3 8
20190921183142 -42.950 171.894 13.2 2.0 1
20190923014313 -42.703 171.377 15.5 3.7 2.46E+14 35 119 311 6.4 11.5 19.2 204.2
20190923024033 -42.688 171.373 15.5 2.2 1.73E+12 23 62 10.2 1.0
20190924091844 -42.706 171.374 15.7 4.2 1.04E+15 20 111 214 4.1 4.2 20.2 40.7
20190924092315 -42.706 171.376 16.3 2.5 4.52E+12 29 37 167 22.3 11.6 14.7 3.9
20190924154235 -42.703 171.381 15.5 2.4 3.50E+12 26 35 131 20.1 29.4 8.2 47.9
20190924161012 -42.704 171.373 16.2 3.0 2.31E+13 35 74 194 10.1 10.6 6.8 14.8
20190924203940 -42.703 171.374 16.3 2.2 1.91E+12 23 19 123 27.8 20.8 11.9 10.0
20190924204345 -42.703 171.373 16.0 2.5 5.31E4+12 30 25 184 0.0 18.9 19.5
20190925112909 -42.707 171.373 16.2 3.5 9.75E+13 34 134 207 19.5 8.8 211.6 36.3
20190927121717 -42.705 171.374 15.2 4.1 8.31E+14 23 54 150 3.4 3.2 9.4 14.8
20190927163023 -42.701 171.372 16.1 2.9 1.91E+13 34 40 178 27.0 30.8 109.9 302.0
20190928230745 -42.701 171.372 15.4 3.3 7.08E+13 35 119 234 25.8 16.9 352.6 186.2
20190929140740 -42.701 171.374 15.9 2.6 6.43E+12 31 33 152 12.5 12.8 3.7 7.4
20191005053418 -42.710 171.380 15.7 2.6 7.31E+12 30 30 86 19.5 23.8 15.7 53.7
20191017104924 -42.703 171.373 15.0 3.8 2.99E+14 36 129 184 8.9 7.9 60.6 79.4
20191020005117 -42.938 171.960 14.5 2.2 1
20191104071030 -42.716 171.380 16.4 2.6 7.79E+12 26 47 122 24.4 16.7 32.9 19.5
20191123001556 -42.631 171.944 14.6 2.7 9.75E+12 17 10 17 20.3 23.6
20191127032748 -42.645 171.960 12.3 2.3 2.39E+12 18 7 18 32.4 23.7
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Table D.1 continued from previous page

20191129040810 -42.689 171.881 10.7 2.9 1.68E+13 58 11 16 13.6 9.9 12.2 8.9
20191205210122 -42.754 171.736 9.2 2.1 62 3 10
20191207133544 -42.946 171.414 6.0 2.5 8
20191208134937 -42.765 171.753 7.2 2.3 54 4 17
20191212223555 -42.506 171.600 15.3 2.1 1
20191215121458 -42.508 171.601 15.8 2.4 1
20191224142518 -42.987 171.757 9.0 2.1 3 1 2
20191226191316 -42.517 171.995 0.0 2.1 2
20200111135645 -42.936 171.932 13.9 3.2 4.38E+13 9 54 15.5 15.5 47.3 85.4
20200126070145 -42.989 171.864 10.1 2.3 2
20200209021806 -42.768 171.665 7.8 2.8 1.14E+13 76 40 53 15.5 13.4 12.3 14.9
20200216233719 -42.903 171.602 8.8 2.1 13 5 20
20200302064402 -42.872 171.620 7.6 2.7 1.14E+13 83 45 163 17.2 18.9 16.8 41.6
20200305162006 -42.807 171.659 7.3 2.6 6.64E+12 45 27 34 12.2 3.5

Central segment events
20081202164901 -43.100 171.067 9.5 3.1 16 7 6
20081208173421 -43.447 170.374 10.6 2.7 1.41E+413 73 54 64 12.7 114 9.1 12.6
20090114164326 -43.149 171.091 15.2 2.7 16 8 9
20090208060744 -43.172 170.852 8.4 2.6 1.00E+13 62 43 42 18.6 14.9 20.6 20.0
20090225214217 -43.471 170.324 7.8 2.6 233 5 5
20090324135649 -43.182 170.825 12.4 2.8 2.00E+13 30 26 29 26.8 26.7 121.8 223.9
20090403123714 -43.145 170.747 11.2 2.9 16 6
20090417085600 -43.689 169.655 12.5 2.8 23 12
20090422101936 -43.126 170.955 13.5 2.9 2.82E+13 34 31 30 14.4 11.9 26.7 28.2
20090427184333 -43.205 170.897 16.2 3.1 5.62E+13 21 18 19 9.1 11.5 13.4 50.1
20090503052658 -43.123 170.976 16.5 2.6 1.00E+13 29 27 26 27.5 30.2 66.2 162.2
20090507172004 -43.248 170.817 16.3 3.1 5.62E+13 25 19 18 12.0 12.3 30.8 63.1
20090508003438 -43.128 170.949 13.3 3.9 8.91E+14 16 12 13 4.2 3.8 20.8 28.8
20090525014213 -42.948 171.386 16.8 2.6 16 1 1
20090526192530 -43.224 170.853 13.7 2.7 17 14 15
20090530155821 -43.443 170.305 10.0 2.8 39 5 6
20090708072513 -43.153 170.938 12.0 2.9 2.82E+13 41 35 36 9.3 8.0 7.2 8.5
20090710103032 -43.236 170.912 12.4 3.0 49 32 39
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20090818103443 -43.228 170.918 15.3 2.9 2.82E+13 29 21 27 20.3 17.1 75.0 83.2
20090907223334 -43.246 170.899 13.2 2.5 7.08E+12 42 39 40 9.8 2.1

20090908192047 -43.248 170.902 13.0 2.6 1.00E+13 48 47 47 17.1 16.0

20090925201228 -43.25 170.898 13.1 2.8 2.00E+413 49 47 48 13.6 16.1 16.0 49.0
20091002025242 -43.248 170.902 12.9 3.3 1.12E+14 48 45 45 10.2 9.1 37.3 50.1
20091010180638 -43.189 170.82 12.2 2.6 27 21 24

20091112011703 -43.252 170.845 10.3 2.6 27 20 20

20091214160525 -43.245 170.985 16.2 2.6 16 5 4

20091229063342 -43.157 170.95 12.3 2.9 2.82E+13 34 28 25 9.5 8.3 7.8 9.5

20100217072856 -43.155 171.005 9.0 2.8 16 10

20100618051308 -43.151 171.018 17.8 2.9 16 8

20100625191016 -43.706 169.629 13.8 2.9 23 17 17

20100625194408 -43.713 169.618 8.3 3.0 20 12 14

20100703112927 -43.473 170.121 11.5 2.8 49 45 47

20100706192456 -43.157 170.663 9.9 2.7 16 3 3

20100713163904 -43.231 170.868 12.9 2.9 46 36 36

20100819204309 -43.701 169.588 17.0 2.5 16

20100904141748 -43.673 169.713 13.3 2.8 16

20110211120039 -43.293 170.808 13.9 3.8 6.31E4+14 61 60 60 5.6 5.0 34.4 46.8
20110211230723 -43.288 170.821 15.7 2.7 37 32 36

20110226173347 -43.418 170.303 5.2 2.5 16 1 1

20110322011549 -43.505 169.962 9.7 2.7 1.41E+13 19 13 18 14.8 12.1 14.6 14.8
20110525144351 -43.316 170.801 15.7 3.2 7.94E+13 55 20 20 8.8 9.0 17.1 33.9
20110525150212 -43.318 170.798 15.5 2.6 1.00E+13 32 10.3 9.6 3.5 5.3

20110526045423 -43.317 170.807 15.2 2.5 34

20110526045558 -43.315 170.803 15.6 4.0 1.26E415 43 39 40 6.3 6.2 98.8 173.8
20110629074345 -43.493 170.269 10.1 4.2 2.51E+15 29 24 27 5.9 5.7 165.1 275.4
20110805165515 -43.344 170.646 14.3 2.8 16

20110808083302 -43.73 169.649 14.0 2.7 16

20110809050531 -43.41 170.486 11.1 2.5 7.08E+12 33 31 32 14.5 12.0 6.8 7.2

20110925101658 -43.485 170.283 7.7 2.9 2.82E+13 320 36 37 17.8 17.7 50.8 91.2
20111002130810 -43.154 170.895 12.5 2.5 29 22 23

20111212010058 -43.319 170.81 15.9 2.5 30 3 3
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20111228164124 -43.169 170.839 14.8 3.4 19 15 14

20120114045420 -43.218 170.87 10.8 3.0 3.98E+13 41 33 36 29.1 309.8
20120227015352 -43.085 171.127 10.0 3.3 16 3 3

20120406111701 -43.578 169.935 9.5 3.4 22 15 20

20120427005807 -43.125 170.886 10.1 4.0 16 8 9

20120427131020 -43.134 170.862 10.1 2.8 3.98E+13 20 15 16 10.3 9.0 13.7 17.0
20120510162115 -43.47 170.088 7.2 2.5 7.08E412 102 60 97 39.0 34.5 133.0 173.8
20120516070424 -43.476 170.079 8.5 2.6 1.00E+13 116 90 112 20.2 25.9

20120525175630 -43.17 170.972 9.1 2.8 2.00E+413 22 21 20 9.8 10.9 6.0 15.5
20120612215855 -43.113 170.844 11.4 3.2 7.94E413 16 12 14 16.6 15.9 114.7 190.5
20120919111159 -43.199 170.861 5.8 2.6 1.00E+13 36 35 34 19.3 19.6 23.0 44.7
20121019184839 -43.118 171.111 15.0 2.8 16 2 3

20121022051701 -43.147 170.966 7.3 2.5 7.08E+12 28 22 23 17.0 14.8 11.0 13.8
20130319133743 -43.149 170.975 10.2 4.1 1.78E+15 16 11 10 6.5 281.8
20130730211311 -43.582 169.927 5.9 2.5 7.08E+12 31 13 24 14.9 13.8
20130731072151 -43.578 169.933 7.3 3.0 36 23 30

20130815205218 -43.592 169.824 7.2 2.6 53 41 41

20130827061505 -43.435 170.168 5.7 2.7 33 17 28

20140405154912 -43.155 170.814 15.8 2.8 16 5 5

20140413215745 -43.122 170.77 8.8 2.5 27 15 19

20140512094501 -43.572 169.932 8.2 2.6 45 35 38

20140519085921 -43.202 170.906 14.0 2.6 28 14

20140522182538 -43.456 170.319 6.8 2.5 131 2

20140818155530 -43.185 170.897 14.4 2.5 7.08E+412 33 24 24 18.8 27.6
20140908021454 -43.165 170.821 3.0 3.0 16 13 12

20140908122828 -43.109 170.927 16.8 4.4 16 5 5

20140908123113 -43.145 170.909 14.7 2.8 2.00E+13 34 23 15 14.0 14.2 17.3 33.1
20141018170328 -43.114 170.91 17.9 2.7 16 5 1

20141231010938 -43.67 169.708 14.0 2.5 16 4 4

20150105180759 -43.14 171.234 17.0 3.5 16 2 3

20150105221324 -43.113 171.251 16.4 3.6 16 2 2

20150106230001 -43.094 171.225 16.7 2.5 16 1 1

20150107151353 -43.159 170.977 9.9 2.7 17 11 6
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20150108122542 -43.133 171.173 19.2 2.7 16 1 1

20150127202232 -43.094 171.238 16.5 3.3 16 1 1

20150130014738 -43.116 171.234 18.6 2.7 16 1 1

20150203145813 -43.1 171.204 19.7 3.4 16 6 6

20150216203848 -43.525 170.138 8.2 2.7 1.41E+13 96 94 93 14.4 18.9 13.4 56.2
20150310211225 -43.86 169.384 10.1 3.8 16 2 3

20150315041508 -43.096 171.227 16.2 2.8 16 2 2

20150517161908 -43.48 170.077 6.9 2.7 1.41E+13 119 86 114 13.3 13.7 10.5 21.4
20150530185234 -43.482 170.065 7.9 4.3 3.55E+15 16 15 15 5.8 4.8 221.6 239.9
20150530185611 -43.482 170.068 7.8 3.5 2.24E+14 55 18 54 8.6 85.1
20150602085829 -43.482 170.065 7.7 2.6 1.00E+13 114 87 111 14.8 17.9 10.2 33.9
20150602184317 -43.487 170.061 7.3 2.6 1.00E+13 115 83 112 16.1 13.3

20150612023807 -43.236 170.895 11.8 2.7 1.41E413 57 43 49 14.7 12.5 14.2 16.2
20150612123501 -43.481 170.056 8.2 3.0 3.98E+13 100 85 87 15.3 10.0 45.4 23.4
20150622080626 -43.052 171.27 18.0 3.8 16 1 1

20150828050121 -43.081 170.964 18.7 2.6 16 2 2

20151204210541 -43.231 170.881 17.5 4.1 17 16 16

20160215135838 -43.121 170.894 19.3 2.5 16 1 3

20160220213200 -43.532 169.936 11.6 4.1 16 1 1

20160221084509 -43.537 169.936 11.1 3.5 17 5 15

20160419014928 -43.175 170.943 15.9 2.8 16 10 10

20160422232958 -43.757 169.551 9.9 2.6 16 6 7

20160528230343 -43.744 169.545 14.1 3.6 3.16E+14 16 8 14 9.4 154.9
20160606021359 -43.498 170.281 11.6 2.5 7.08E+12 80 75 70 18.1 13.9 13.4 11.2
20160809222648 -43.253 170.794 19.2 2.6 16 4 4

20160830010056 -43.492 170.279 8.1 4.0 1.26E415 55 53 53 5.5 6.4 68.2 199.5
20161005232050 -43.393 170.474 7.8 3.4 18 15 17

20161007234558 -43.076 170.849 10.0 3.4 1.58E+14 23 14 16 5.2 13.2
20161007234908 -43.091 170.858 0.0 2.5 16

20161129031535 -43.1 171.003 15.4 2.6 16

20161205173704 -43.139 170.979 19.8 3.2 16

20161209200912 -43.305 170.823 15.3 3.4 1.58E+14 66 61 61 14.5 11.9 153.4 158.5
20170111192850 -43.496 170.271 8.1 2.5 7.08E412 316 298 299 14.7 12.8 7.1 8.9
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20170114033216 | -43.437 170.339 8.6 3.3 | 29 | 8 | 18 |

South Westland segment events
20190422074509 | -44.207 168.447 7.2 3.5 6 9 9
20190423204701 | -44.210 168.425 6.2 2.0 61
20190424053250 | -44.090 168.856 5.4 2.2 1.79E+12 14 20 6 25.6 8.2
20190501033509 | -44.269 168.937 7.0 3.1 1
20190511061111 | -44.085 168.855 5.6 2.3 14 15 18
20190511083623 | -44.083 168.837 5.1 2.9 1.11E+13 12 13 6 12.9 12.9 5.4 10.1
20190517180151 | -44.051 168.854 4.4 2.9 2
20190523114632 | -44.148 168.520 5.7 2.3 19 4
20190602184554 | -44.100 168.781 3.8 2.0 6.94E+11 115 68 196 22.1 18.8 1.7 2.0
20190613012055 | -44.065 168.725 6.6 2.7 6.35E+12 169 726 362 21.1 16.8 13.6 13.1
20190615033108 | -44.066 168.722 6.2 2.1 9.80E+11 329 462 626 32.3 25.0 7.6 6.4
20190623063412 | -44.242 168.683 5.9 2.8 3 2 3
20190623105709 | -44.067 168.721 6.2 2.0 6.25E+11 338 323 687 40.0 9.2
20190624061848 | -44.063 168.721 6.2 2.0 7.12E+11 322 303 392 40.3 10.6
20190626001117 | -44.103 168.780 4.0 3.1 2.25B+13 24 139 158 19.3 16.8 37.2 45.9
20190627160744 | -44.154 168.793 6.6 2.0 22 11 13
20190628141228 | -44.310 168.916 7.0 2.6 4.73E+12 6 56 60 16.3 17.9 47 11.6
20190629195520 | -43.741 168.375 25.2 2.5 1
20190701135743 | -44.068 168.720 6.3 2.3 1.91E+12 302 365 442 31.8 14.8 14.1 2.7
20190701184632 | -44.067 168.724 6.4 2.8 8.72E+12 134 279 523 13.8 135 5.2 9.0
20190702031545 | -44.063 168.722 6.0 2.1 7ATE+11 331 254 288 39.6 41.7 10.6 23.0
20190702213329 | -44.064 168.728 6.5 2.2 1.12E+12 318 145 585 31.8 31.3 8.2 14.5
20190704083147 | -44.064 168.723 6.7 4.4 1.34E+15 6 37 92 7.1 6.3 111.0 1432
20190704162416 | -44.088 168.821 1.6 2.3 1.51E+12 36 21 17 375 375 18.2 34.4
20190705185504 | -44.142 168.442 1.6 2.5 3.12E+12 31 9 75 14.5 11.8 2.2 2.2
20190710082627 | -44.100 168.760 5.8 2.6 3.92E+12 61 37 76 21.0 22.2 8.3 18.3
20190711220419 | -44.063 168.730 6.5 2.3 1.62E+12 312 367 439 28.1 21.9 8.2 7.4
20190712042406 | -44.149 168.478 6.3 2.2 58 7
20190717104304 | -43.993 168.901 5.5 2.4 3 3 1
20190719094538 | -44.062 168.735 6.4 2.2 1.27E+12 312 141 450 30.9 23.1 8.6 6.6
20190720043854 | -44.102 168.780 3.7 2.3 1.51E+12 109 138 152 175 18.6 1.8 4.2
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20190721070054 -44.236 168.612 4.9 2.0 19 5

20190722112829 -44.237 168.516 7.3 3.3 4 5 11.3

20190723200202 -44.064 168.716 6.2 2.2 1.03E+12 327 134 504 36.4

20190725022031 -44.024 169.033 7.0 2.1 1

20190727100233 -44.306 168.397 7.0 2.2 7 2

20190728134305 -44.364 168.929 9.2 2.4 1

20190801233312 -44.093 168.845 5.0 2.4 19 22 27

20190805091419 -43.891 169.067 5.4 2.3 1

20190807084714 -43.902 169.076 4.2 3.5 8.64E+13 6 18 42 5.4 5.4 3.1 5.8
20190811151647 -43.908 169.072 3.9 2.3 1

20190824234411 -43.898 169.074 5.3 2.2 1

20190825045650 -44.201 168.673 5.4 2.3 2.24E+12 124 6 50 18.5 3.9
20190829121738 -44.201 168.670 5.7 2.0 134 9 25

20190830022535 -44.102 168.779 4.3 2.3 1.76E+412 105 128 263 38.2 31.4 22.4 22.9
20190901132954 -44.163 168.664 7.1 2.3 2.63E+12 65 4 20 29.5 18.5
20190905185335 -44.395 168.334 5.2 3.0 7 3 10

20190906110550 -43.944 169.056 6.8 2.0 1

20190910044226 -44.104 168.773 4.3 2.6 3.96E412 66 109 185 18.9 21.2 6.1 16.1
20190914073102 -44.389 168.365 5.9 2.1 17

20190915072620 -43.894 169.067 6.8 2.2 1

20190926223153 -44.382 168.359 3.9 3.2 11 2

20190927041331 -44.136 168.734 7.8 2.1 9.78E+11 43 15 29 27.5 25.8 4.7 7.1
20190929184504 -44.384 168.359 4.3 2.3 21

20191004070443 -44.084 168.834 5.5 2.2 1.25E+12 22 12 20.4 20.4 2.4 4.6
20191005182525 -44.085 168.832 5.7 2.9 1.10E+13 18 19 3 25.4 25.4 41.1 77.9
20191007171900 -44.139 168.699 3.6 2.5 48 8 43
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