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“On and on, like dominoes. The more you experimented the less you really knew. ”

Simon Ings, The weight of numbers.

“Correlation is everything. Did you know it is an established fact that hemlines tend
to rise in times of national crisis?”

Terry Pratchett, Making Money.

“The tremors underground are starting to surround us...”

Avalanche City (Dave Baxter), Fault Lines.
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Abstract

This thesis concerns the detection and analysis of micro-seismicity and low-frequency
earthquakes in New Zealand’s central Southern Alps. We make use of the 6.5 year
continuous seismic dataset collected using the Southern Alps Microearthquake Bore-
hole Array (SAMBA), alongside other temporary and permanent seismic deployments
nearby. The small station spacing of this deployment allows for high resolution seismic
studies near the Alpine Fault, a dextral-transpressive plate boundary fault between the

Pacific and Australian plates.

Using this dataset we have documented the first evidence of low-frequency earthquakes
on or near the deep extent of the Alpine Fault. By using a network based cross-
correlation detection method we have generated a 3 year catalogue of 14 low-frequency
earthquake families. These low-frequency earthquake families locate close to other
indicators and models of the deep extent of the Alpine Fault, and we interpret these
low-frequency earthquakes to represent shear failure on or near the deep extent of the
Alpine Fault. These low-frequency earthquakes highlight a near-continuous background
rate of deformation, punctuated by short periods of tremor. We also observe higher
rates of low-frequency earthquake generation after large regional earthquakes. The
magnitudes of our low-frequency earthquakes range from M;—0.8-1.8, and appear
to follow an exponential distribution, implying that there might be a characteristic

length-scale of failure.

We have extended the catalogue of low-frequency earthquake templates using the full
6.5 year dataset and an objective synthetic detection methodology. We developed a
new methodology for template detection after other methods failed, or were not feasi-
ble. This method employs simple synthetic template events, which, rather than trying
to capture all of the complexities of the body waves we try to detect, approximate a
simple waveform that does not correlate well with background noise. To undertake this
method we have developed a multi-parallel Python package, which is highly portable
(we have run this on computers ranging from dual-core, 8 GB RAM laptops to a 393
node, 6349 CPU cluster computer) and distributed via an open-source model. This
package was run through the 6.5year dataset on the New Zealand E-Science PAN
cluster to efficiently (<48 hours clock-time) generate a spatially and temporally con-

tinuous catalogue of low-frequency earthquake templates. Using this method to detect




an initial suite of over 25,000 detections grouped into 600 families we have generated
600 good quality, discrete stacked waveforms for use in further matched-filter detection
routines. We have shown that, for templates with both P and S-phase picks, these
templates locate near to our previously determined low-frequency earthquake family

locations.

Using a network matched-filter detection technique we have generated a catalogue of
micro-seismicity in a region of low-seismicity near the Whataroa Valley, motivated by
the Deep-Fault Drilling Project; Phase-2. We detected 300 earthquakes that include
a selection of near-repeating earthquakes. We find that most detected events are not
similar enough to be termed repeating. For 106 earthquakes we are able to gener-
ate high-precision magnitudes calculated by singular-value decomposition of similar
waveforms. We find a high b-value of 1.44 for these earthquakes, with no earthquakes
above Mp1.6. By generating high precision cross-correlation derived picks for indi-
vidual detections and employing a double-difference location methodology we show
that seismicity does not delineate a single structure; rather we interpret the detected
seismicity as temporally-limited earthquake sequences on small asperities adjacent to
the Alpine Fault. Focal mechanisms for the best recorded events show dominantly

strike-slip mechanisms, with lesser reverse and normal components.

During the drilling of the Deep-Fault Drilling Project: Phase-2 borehole we operated a
real-time earthquake detection system around the drill-site. This was a multi-national
effort involving 16 seismologists in three countries monitoring the automatic detections
in shifts. During the 5 month real-time monitoring period we detected and located 493
earthquakes, none of which occurred within 3 km of the drill-site, nor required changes
to the drilling operations. We undertook this monitoring using open-source software,

which employed a standard energy based detection scheme.

This thesis has contributed four complementary earthquake catalogues, a further
three years of continuous seismic data from the central Southern Alps, and an open-
source Python package for detection and analysis of earthquakes using cross-correlation
techniques. The characteristics of these catalogues highlight deformation modes on and
near one of the world’s major strike-slip plate boundaries, both at depth, and at the

upper extent of the seismogenic zone.
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1 Introduction

1.1 Motivation and objectives

Earthquakes are often the most obvious manifestation of dynamic crustal deformation.
How we interpret seismogenic processes is, however, often limited by our ability to
detect earthquakes across a range of magnitudes: large earthquakes (M>7) are poorly
sampled due to large interseismic periods, and small earthquakes (M<2.0, GeoNet
magnitude of completeness (M) in the central Southern Alps is ~2.3, Figure 1.1) are
difficult to detect due to their low rupture energies, and the attenuating properties of

the Earth resulting in low recorded amplitudes.

While little can be done to detect more large earthquakes, beyond recording for longer
durations, understanding the significance of small earthquakes and their role in the seis-
mic cycle can be improved. In the shallow crust, frequent small earthquakes contribute
to the redistribution of elastic stress, and the triggering of subsequent events [Marsan,
2005]. In some cases, the spatial distribution of small earthquakes prior to large earth-
quakes has been observed to outline the region of maximum coseismic-slip [Haberman,
1981]. Temporal distributions of small earthquakes sometimes change with proxim-
ity to large earthquakes, however the significance of these observations is often ques-
tioned [e.g. Reasenberg and Matthews, 1988, Shaw et al., 1992]. If we can understand
how these more frequent and less destructive earthquakes influence, and are influenced
by, the seismic cycle of large earthquakes, we may hope to find predictive models for

large earthquakes.

In recent years the detection of slow earthquakes has offered insight into how faults are
loaded, and provided a mechanism for the transferral of stress from deep-ductile regions
to shallow seismogenic faults [e.g. Peng and Gomberg, 2010, Wech and Creager, 2011].
The implications of these discoveries are manifold; one such implication is that recent
observations of slow-earthquakes prior to large earthquakes imply a preliminary phase
of nucleation loading the fault patches that subsequently fail in large earthquakes [Kato
et al., 2012, Ito et al., 2013, 2015, Ruiz et al., 2014]. These implications are discussed

further in Section 1.5.

Interest in these slow-earthquakes has increased recently (Figure 1.2), and alongside
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Figure 1.1: Magnitude histogram of GeoNet events detected and located between
January 2000 and September 2015 in the central Southern Alps. An approximate
Gutenburg-Richter fit is plotted alongside the cumulative density function (CDF)
(crosses) for a M¢ of 2.3 and b-value of 1.15 (fitted by linear least-square). Earthquakes
plotted are located in a region bounded by the box: -44.13688-43.11903, 169.70856—
170.91980.

this interest a range of specialised detection methods have been developed to better
characterise these events [e.g. Shelly et al., 2009, Kao et al., 2009, Wech and Creager,
2008, Brown et al., 2013, Ghosh et al., 2009, Rubin and Armbruster, 2013, Frank and
Shapiro, 2014]. These detection methods can often be applied to the detection of
regular shallow micro-seismicity. The application of these detection techniques to a

range of seismic signals on and near the Alpine Fault forms the core of this thesis.

Large earthquakes on New Zealand’s Alpine Fault have been identified by Stirling et al.
[2012] as the primary seismic hazard faced in southern New Zealand (Figure 1.3), de-
spite the current low rate of large earthquakes on the central portion of the Alpine
Fault (Figure 1.4). This hazard assessment is based in part on the paleoseismic record
of proposed large earthquakes on the Alpine Fault [Berryman et al., 2012]. This pa-
leoseismic record demonstrates the regularity of likely large Alpine Fault earthquakes,
with the last thought to have occurred in c. 1717 AD and to have exceeded M 8.0 [Wells
et al., 1999]. This would put the Alpine Fault late in the seismic cycle at present, with
the probability of a M 8 earthquake in the next 50 years of 27% [Biasi et al., 2015].

This thesis addresses small earthquakes and slow earthquakes on and near to New
Zealand’s central Alpine Fault. To facilitate these investigations 6.5 years of continu-
ous seismic data collected on the SAMBA (Southern Alps Microearthquake Borehole
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Figure 1.2: Publications per year with keywords, titles or abstracts including the
terms tremor or slow slip or episodic tremor and slip, and LFE or low-frequency
earthquake or low frequency earthquake in earth sciences respectively (source:
http://www.scopus.com, accessed 21 September 2015,

Array) network [Boese, 2012] have been analysed alongside data from other nearby
temporary networks and the permanent national seismograph network, GeoNet. Infor-
mation regarding the deployments used in this thesis, and the processing steps applied
to the data can be found in Sections 2.1 and 2.1.1.

The overarching objectives of this thesis are as follows:

1. Determine how deformation occurs beneath the central Southern Alps near the
brittle-ductile transition zone through the study of low-frequency earthquakes
(LFEs);

2. Assess temporal variations in slow-deformation on and near the deep extent of
the central Southern Alps in relation to other phenomena that might trigger slip,

and in relation to how slow-slip may impact on the shallow seismogenic zone;

3. Determine levels of seismicity in the ‘seismic gap’ between Whataroa and Wan-
ganui valleys prior to and during drilling of the Deep Fault Drilling Project,
phase 2;

4. Reduce the magnitude of completeness for seismic catalogues in the central South-

ern Alps using match-filter detection techniques.

To achieve these objectives, the following tasks have been addressed:

'Full search strings are: ((TITLE-ABS-KEY("tremor”) OR TITLE-ABS-KEY("slow slip”) OR
TITLE-ABS-KEY ("episodic tremor and slip”)) AND NOT (TITLE-ABS-KEY(volcanic)) AND
(LIMIT-TO(SUBJAREA,”EART"))), and ((TITLE-ABS-KEY("LFE”) OR TITLE-ABS-KEY (" low-
frequency earthquake”) OR TITLE-ABS-KEY(”low frequency earthquake”)) AND NOT (TITLE-
ABS-KEY (volcanic)) AND (LIMIT-TO(SUBJAREA,”EART"))).).
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Figure 1.4: All events My, > 6.0 in the GeoNet national catalogue since 1815, as of 18
June 2015. The Alpine Fault is notable predominantly for the lack of large earthquakes
along its length.




1.2 Tectonic setting

e Manually identify LFEs within tremor signal previously identified by Wech et al.
[2012] (objective 1);

e Detect further LFEs using a match-filter detection technique to develop a con-

tinuous catalogue (objective 1);

e Generate a spatially and temporally continuous LFE catalogue using an auto-
mated template detection method coupled with match-filter detection and stack-

ing (objective 2);

e Analyse temporal variations in the LFE catalogue and compare these to large

regional earthquakes, and teleseismic events (objective 2);

e Generate magnitudes for LFEs and relate this to deformation rate and loading
of the Alpine Fault (objective 2);

e Apply real-time detection methods to a small region around the Whataroa Valley
during DFDP-2 drilling (objective 3);

e Generate templates and construct a catalogue of seismicity in the low-seismicity
zone between the Whataroa and Wanganui valleys using match-filter detection
(objective 4);

e Obtain relative locations of this matched-filter derived catalogue using high-prec-

ision cross-correlation derived picks (objective 4).

The work presented in this thesis has been conducted under the auspices of three
Marsden funds awarded by the Royal Society of New Zealand. The initial Marsden
fund (‘Putting a stethoscope on the Alpine Fault’) funded the development of the
SAMBA seismic network and the continuation of detailed passive monitoring of Alpine
Fault seismicity. The second of these Alpine Fault seismicity specific funds (‘Locked and
loaded? Effects of deep seismic and aseismic deformation on Alpine Fault earthquakes’)
has since enabled continued research into more esoteric seismic signals, specifically
LFEs, with the goal of determining how slow tectonic deformation is loading the Alpine
Fault towards an eventual large earthquake. Seismic monitoring associated with the
Deep Fault Drilling Project was funded by a separate series of funds, including Marsden,
the Earthquake Commission, Victoria University of Wellington, University of Otago,

International Continental Scientific Drilling Project and GNS Science.

1.2 Tectonic setting

New Zealand’s present day structure is due to deformational and erosional processes

dominated by deformation at and adjacent to the Australia-Pacific plate boundary
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[Walcott, 1978]. Beneath the North Island the Pacific plate is subducted under the
Australian plate at the Hikurangi subduction zone. To the south, interplate motion
is transferred through the Marlborough Fault Zone to the Alpine Fault which runs
for 650 km through South Island [Berryman et al., 1992] accommodating c. 75% of the
total strike-slip inter-plate motion and up to 100% of the compression in the central
portion of the fault [Norris and Cooper, 2000]. In the south of South Island, interplate
motion occurs on the steeply dipping Puysegur subduction zone, where the Australian
plate is subducted beneath the Pacific plate.

Deformation in the region of the Alpine Fault was dominated by extension to (what is
now) the South between 40-38 Ma, before becoming dominantly strike-slip through the
late Oligocene (29-24 Ma), with an increasing compressional component through time
until the current transpressional regime [Sutherland, 1996]. Sutherland et al. [2000]
favoured the formation of a transpressional Alpine Fault from around 25Ma. These
authors suggested that the location of the Alpine Fault is controlled by a previous,
Eocene age, passive margin, that formed a separation between the continental litho-
sphere of the Challenger Plateau, and younger oceanic lithosphere, that has since been
partially subducted beneath the Alpine Fault. The position and rheology of this ma-
terial has key implications for the seismicity at depth beneath South Island [e.g. Boese
et al., 2013, Lamb et al., 2015].

Total strike-slip displacement on the Alpine Fault is recorded by offset of the Dun
Mountain Ophiolite Belt (Figure 1.5), giving c. 460 km dextral offset [Sutherland et al.,
2000]. Plate reconstructions, however, estimate total dextral displacement between
western North Island and eastern South Island of c¢. 850 km [Molnar et al., 1999]. The
remaining c. 390 km of dextral offset is likely accommodated by shear on other, smaller

structures [Norris and Cooper, 2000].

The present-day Alpine Fault has an average strike of 055°, 16° anti-clockwise from
the current Pacific-Australia plate motion vector (37£2mm/yr at 071+2°) [DeMets
et al., 1994]. This results in a transpressive margin accommodating both reverse and
dextral strike-slip motion. At the northern extent of the Alpine Fault, where strain is
partitioned across the Marlborough Fault Zone and compression is accommodated by
the southern extent of the Hikurangi subduction zone, the Alpine Fault dips steeply
to the East [Cox and Sutherland, 2007]. Through the central Southern Alps, the
Alpine Fault becomes more listric in nature, with dips of 45-60° in the mid-crust [Stern
et al., 2007]. The Alpine Fault becomes near vertical in its southern extent, with

occasional instances of normal motion as compression is taken up by the Puysegur

Trench [Sutherland et al., 2007].

The central Alpine Fault displays extensive surface segmentation, with strike-slip dom-

inated sections striking at 065-090°, and thrust-dominated segments of strike 020-
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conductivity from Wannamaker et al. [2002], regions of low @ p from Eberhart-Phillips
et al. [2008], GPS fault from Lamb and Smith [2013]. The listric fault foundering at
30-40km depth is imaged well by the active source seismic studies [Stern et al., 2007].

050° [Norris and Cooper, 1995, Barth et al., 2013]. This segmentation is thought to be
a near-surface effect of topography, however it is not known at what depth these seg-
ments merge into a continuous, supposedly through-going, crustal-scale fault [Houlié
and Stern, 2012]. At depth the fault dip appears to become shallower (Figure 1.6), as
imaged by active seismic studies [Stern et al., 2007], modelled by GPS inversion [Lamb
and Smith, 2013], and indicated by geological exhumation profiles [Koons et al., 2003,
Herman et al., 2009, Norris and Toy, 2014].




1.3 Geology of the Alpine Fault and central Southern Alps

1.3 Geology of the Alpine Fault and central South-
ern Alps

New Zealand’s basement geology is made up of a series of terranes and igneous suites
[Cox and Sutherland, 2007]. On a large scale the basement terranes are grouped into
Eastern and Western Provinces, separated by the Median Batholith (Figure 1.5) [Mor-
timer, 2004]. The rocks of the Western Province form the footwall of the present
day Alpine Fault, and are juxtaposed with Eastern Province rocks at the fault. The
Western province is dominated by quartzose sediments (Buller Terrane), which have
been metamorphosed and later intruded by plutonic rocks [Cox and Sutherland, 2007].
Rocks of the Eastern Province are dominantly lithic and feldspathic greywackes, at
differing levels of metamorphism [Cox and Sutherland, 2007]. Alongside the Alpine
Fault, and throughout the Southern Alps, the rocks are grouped into the Rakaia Ter-
rane, which transitions from greywacke to schist and on to mylonites and fault rocks

near the Alpine Fault.

On a transect from Canterbury towards the Alpine Fault, the rocks of the Rakaia
Terrane become progressively more metamorphosed and deformed, transitioning from
greywacke into foliated schists. The foliation of the schists are thought to be due to
distributed pure-shear strain from thickening and rotation [Little et al., 2002]. Within
2km of the Alpine Fault, schists transition into mylonites (which can be further broken
down into protomylonites, mylonites and ultramylonites [Norris and Cooper, 2007, Toy
et al., 2015]). These mylonites have foliations with an average dip of ~45°, which has
been inferred to indicate the dip of the Alpine Fault at depth [Sibson et al., 1979],
although this may not be the case due to a lack of rotation of fabrics [Toy et al., 2013].

Adjacent to the principal slip zone of the Alpine Fault cataclastic rocks separate
the fault zone gouge from the mylonites in the hanging-wall. In the hanging wall
the cataclastic units are predominantly formed from hanging-wall protoliths, however
there is some indication of a foot-wall (Pacific plate) source for some of the catacl-
asites [Toy et al., 2015]. Recent drilling of the DFDP-1 boreholes [Townend et al.,
2009, Sutherland et al., 2012] at Gaunt Creek revealed that the fault zone gouges
have relatively high coefficients of friction (u ~ 0.61-076 for T=70-350°C and nor-
mal stress=31-156 MPa [Boulton et al., 2014] and p ~ 0.67 for T=160° C and normal
stress=100 MPa [Ikari et al., 2015b]), with lower p occurring in gouges containing smec-
tite clays [Schleicher et al., 2015]. These frictional values are in stark contrast to the
low values of 1 found at the Nankai Trough of < 0.4 [Saffer et al., 2012], and Parkfield
(1 = 0.1-0.15) [Lockner et al., 2011], or on the southern portion of the Alpine Fault
(u=0.12-0.37) [Barth et al., 2012].
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DFDP-1 drilling also revealed that, despite the relatively high permeability of the
schists that make up the Southern Alps (highlighted by meteoric water intrusion up
to the brittle-ductile transition [Menzies et al., 2014] and the response of hot-springs
to regional earthquakes [Cox et al., 2015]), the Alpine Fault itself forms a barrier to
fluid flow [Sutherland et al., 2012]. A high geothermal gradient was also found of
~63°Ckm™! [Sutherland et al., 2012]. A higher geotherm has also been seen in the
more recent DFDP-2 borehole (Rupert Sutherland, pers. comm.).

Recent work by Bourguignon et al. [2015] revealed a step in the seismogenic thickness
across the Alpine Fault, which they suggested indicated that changes in temperature
across the fault are an important control on the seismogenic depth near the Alpine
fault. Despite this body of work, little is known about the footwall beneath seismogenic
depths and how the footwall interacts with the Alpine Fault. The footwall will likely
play an important role in Alpine Fault earthquakes, not least as a possible source of

fluids which may weaken the fault allowing for tremor to occur [Wech et al., 2012].

1.4 Seismicity in the central Southern Alps

Despite high deformation rates, the central Alpine Fault displays sparse seismicity of
low magnitude [Evison, 1971, Scholz et al., 1973, Caldwell and Frolich, 1975, Walcott,
1978, Boese et al., 2012, Bourguignon et al., 2015]. Seismicity in the central Southern
Alps has been studied by a number of authors. Initially only the New Zealand National
Seismograph network was used [e.g. Haines, 1981, Anderson and Webb, 1994], before

additional small-scale, temporary deployments were added.

Evison [1971] provided a focused overview of Alpine Fault seismicity, using a sparse
catalogue of moderate magnitude (M, < 4) earthquakes. He noted the lack of seismic-
ity in the central Southern Alps, and suggested a link between this observation and the
idea that seismic gaps on the San Andreas denote a high probability of major earth-
quakes. Following from this work Scholz et al. [1973] conducted a more detailed study
of Alpine Fault seismicity using a small transportable network of temporary seismic
stations. They documented diffuse seismicity throughout the region, apparently not

associated with major faults.

Reyners [1988] analysed seismicity associated with the impounding of Lake Pukaki
using a small network of nine seismometers, recording for over 8 years from 1975 to 1983.
Reyners [1988] noted that despite low seismicity in the region surrounding Lake Pukaki
(a glacial lake within the central Southern Alps, Figure 1.7), many low magnitude
(M, < 2.0) earthquakes were recorded. Reyners [1988] recorded 2825 earthquakes, of
which 2777 (98%) were shallower than 15 km, with a completeness value of Mc=1.8.

11
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Figure 1.7: Seismicity in the Southern Alps from GeoNet (1990-2015), SAPSE [Leitner
et al., 2001}, Lake Pukaki seismic network [Reyners, 1988] and CIAF [O’Keefe, 2008].
All earthquakes are scaled by magnitude apart from the catalogue of Reyners [1988],
for which magnitudes could not be extracted from the catalogue. The Hura Fault
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the New Zealand Active Fault Database (http://data.gns.cri.nz/af/)).
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Leitner et al. [2001] studied the central Southern Alps using a more extensive seis-
mic network of 40 temporary stations (Southern Alps Passive Seismic Experiment
(SAPSE)) alongside 15 permanent, national network seismograph stations. They
recorded 5,491 earthquakes of M, 2.0-4.2, of which 195 were selected to simultaneously
invert for 1D velocity structure and hypocentre locations. From these earthquakes 53
well-constrained focal mechanisms were generated from first-motion picks and ampli-
tude ratios. Leitner et al. [2001] found that the focal mechanisms were dominated by

oblique strike-slip and thrust mechanisms.

Combining data from the short-term SAPSE deployment with other longer-term de-
ployments (New Zealand national network, Lake Pukaki network and the small deploy-
ment of three seismometers following the 1997 My, 5.0 Mount Cook earthquake) Leitner
et al. [2001] found a consistent seismogenic cut-off depth throughout the Southern Alps
of 124+ 2km. Beneath the central Southern Alps, they noted a change in cut-off depth
to 3—4 km shallower levels attributed to elevated temperatures at depth due to high
uplift rates associated with the orogen. The width of the seismogenic zone on the east
of the Alpine Fault becomes wider to the south, extending from c. 60 km-wide in the

central Southern Alps to up to 200 km-wide in Central Otago.

Near the Alpine Fault between Franz Josef and the Wanganui River (Figure 1.7),
Leitner et al. [2001] found a zone of low seismicity (within 10-20km of the surface
expression of the fault). They linked this apparent seismicity gap to a transition
from deformation on the Alpine Fault to partitioned deformation across multiple fault
structures in the Marlborough Fault Zone (the Hura/Hope fault splays off the Alpine
Fault ~50 km north of the Wanganui river: Figure 1.7).

Leitner et al. [2001] observed 60 earthquakes that they suggested occurred on or near
the Alpine Fault, yielding a dip of c. 45°. They suggested that the presence of seismicity
on the Alpine Fault shows that the fault is capable of releasing elastic strain, and that
the rates of seismicity on the Alpine Fault are comparable with those (for similar
magnitudes) found on locked portions of the San Andreas Fault in California [Leitner
et al., 2001].

The MSc study by O’Keefe [2008] addressed seismicity in the seismically quiet zone
found by Leitner et al. [2001] between September 2006 and March 2007 using a tempo-
rary network of eight seismographs. This study recorded 411 events with a magnitude
of completeness of 1.6. These earthquakes were used to compute a new 1D velocity
model for the region. O’Keefe [2008] also generated an updated local magnitude scale
showing that attenuation in the central Southern Alps is anomalously high compared
to the national magnitude scale. O’Keefe [2008] again found low seismicity rates in
the area between Franz Josef and the Wanganui River, but described this seismicity

gap as a ‘horseshoe’ rather than of triangular shape.
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More recently Boese [2012] conducted a detailed study on microseismcity in the cen-
tral Southern Alps, resulting in the publications: Boese et al. [2012, 2013, 2014]. Boese
[2012] deployed a temporary network of ten short-period seismographs between Novem-
ber 2008 and June 2009 forming the Southern Alps Micro-earthquake Borehole Array
(SAMBA) network. This network continues to operate and is described in detail in
Section 2.1.1.

Boese et al. [2012] recorded a detailed earthquake catalogue of 1,791 earthquakes be-
tween November 2008 and December 2009. They found that the earthquakes tend to
occur in clusters along and to the east of the Main Divide Fault Zone, and appear dis-
tributed through the crust rather than confined to mapped faults. They again found
similar seismogenic depths to Leitner et al. [2001], with seismogenic depths near the
Alpine Fault trace of 10+£2 km, shallowing to 8+2km within 20 km of the Fault trace,
before deepening to 15+2km. Boese et al. [2012] related this to the shape of the high
resistivity zone [Wannamaker et al., 2002]. Earthquakes cluster on the boundaries
between high and low resistivity zones, which Boese et al. [2012] suggested indicated

zones of extensive fracturing, but limited fluid saturation.

Boese et al. [2012] reported magnitudes of My, —0.3-4.2, with infrequent high mag-
nitudes (M, > 2.5) in the region of highest uplift. These magnitudes were calcu-
lated using a magnitude calibration derived by including frequency-dependent attenu-
ation. Boese et al. [2012] found that high frequencies (f >10Hz) were attenuated more
than twice as much as low frequencies (f <5Hz). The lack of frequency dependent
attenuation in the national network magnitude calculations resulted in magnitude es-
timations biased by hypocentral distance in the central Southern Alps. Boese et al.
[2012] also computed focal mechanisms and stress inversions for their catalogue, giving
an angle between Syp. and the average strike of the Alpine Fault of 59° which they
interpreted to mean that the fault is poorly oriented and therefore weak. However,
due to the segmented nature of the Alpine Faults surface trace, individual thrust and

strike-slip segments are favourably oriented for faulting in this stress regime.

Boese et al. [2013] located 20 subcrustal earthquakes recorded between December 2008
and February 2012 at depths of 47-74 km. These events combined with previously doc-
umented subcrustal earthquakes [Calhaem et al., 1977, Haines et al., 1979, Reyners,
1987, Kohler and Eberhart-Phillips, 2003], and the non-volcanic tremor documented
by Wech et al. [2012] (discussed in more detail in Section 1.5) led Boese et al. [2013] to
identify three distinct zones of seismic character along the Alpine Fault (Figure 1.8).
Zones at both north and south ends of the Alpine Fault are defined by subduction zone
intermediate-depth and deep earthquakes. Directly beneath most of the SAMBA net-
work few intermediate-depth earthquakes are seen and there is little crustal seismicity
north of Mt. Cook. The final zone is marked by a sharp transition south of Mt. Cook
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Figure 1.8: Adapted from Boese et al. [2013], highlighting the changes in seismic char-
acter along strike of the Alpine Fault. The red boxes signify regions characterised by
subduction driven intermediate and deep earthquakes. The pink box indicate a region
is seismically quiet, while the blue box indiciates a region that displays more seismicity
along with intermediate depth earthquakes and tremor. Tremor locations from Wech
et al. [2012] are shown by the open black circles, with large depth uncertainty. Open
red circles mark earthquakes of M > 5, grey circles mark well located seismicity in
the GeoNet catalogue. Red and green closed circles with uncertainty are subcrustal
earthquake locations.

and shows both tremor and intermediate depth earthquakes.

The zone of intermediate-depth earthquakes adjacent to the Alpine Fault appears to
correlate spatially with the hypothesised extent of partially subducted Eocene-Miocene
rifted crust [Sutherland et al., 2000]. This crust would likely be rich in volatiles,
providing a fluid source capable of weakening the fault at depth and allowing for slow-

slip episodes to occur as highlighted by tremor [Wech et al., 2012].

Boese et al. [2014] documented earthquake swarms within the central Southern Alps
and provided evidence of both background and triggered swarms consisting of low mag-
nitude (M, < 2.8) earthquakes. These earthquake swarms are distinct from mainshock-
aftershock sequences by virtue of having no apparent mainshock. Boese et al. [2014]
noted that some of the swarms are triggered by regional earthquakes. These swarms
showed a delay between the passage of the surface waves of the triggering earthquake
and the beginning of the swarm, indicating that pore fluid diffusion is the likely trig-
ger rather than dynamic stresses due to surface waves. Following these swarms were

periods of quiescence, which may be indicative of so-called ‘clock-advancing’, where
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critically stressed faults are forced towards failure earlier than would be expected given

background tectonic stressing [Gomberg, 2001].

Bourguignon et al. [2015] catalogued more than 1,300 earthquakes north of the Wan-
ganui river and south of Ross. They computed high precision earthquake relocations,
and generated a tomographic model, and calculated focal mechanisms for 148 events.
Their earthquake locations showed strong variations in seismicity perpendicular to the
Alpine Fault, with sparse seismicity of dominantly reverse mechanisms in the footwall,
juxtaposed with sparse seismicity in the hangingwall within 9km of the fault trace,
before transitioning into elevated seismicity rates out to 20 km. The change from low
seismicity rates in the hangingwall to higher rates of seismicity around 9 km away from
the fault is coincident with region of interpreted peak horizontal strain rates [Lamb
and Smith, 2013], and suggest that this peak strain rate implies slip on the deep extent
of the Alpine Fault, thus linking deep slip with elevated rates of crustal seismcity.

Bourguignon et al. [2015] also found shallower seismogenic cut-off depths in the hang-
ingwall of the fault and attributed this to higher geothermal gradients, which they in-
ferred to be associated with increased permeability in the hangingwall, and the Alpine
Fault forming a barrier to fluid flow (and thus a barrier to heat transport by convec-

tion).

1.5 Low-frequency earthquakes in a global context

Non-volcanic tremor (herein termed tremor) is thought to be, in part, composed of
a superposition of low-frequency earthquakes (LFEs) [Shelly et al., 2007]. The cur-
rent working hypothesis of how LFEs are generated holds that LFEs represent re-
peated shear failure of small asperities (‘sticky-points’) within an otherwise aseismic
region. LFEs are characterised by dominant power in the low-frequency (1-10Hz)
band (Figure 1.9) compared to regular seismicity. The deficiency in high-frequency
energy observed for LFEs and longer source-time functions has recently been used to
infer LFE stress drops 2—-3 orders of magnitude less than for regular seismicity (order
of 10*Pa), and reduced rupture-velocities (0.7km/s) compared to regular seismicity
(often >2.0km/s) [Thomas et al., 2016].

To fully understand LFEs it is important to also discuss the two related observations
of geodetically observed slow-slip and seismically observed tremor (Figure 1.10). The
first observations of slow-slip in the Cascadia subduction margin [Dragert et al., 2001],
and tremor in southwest Japan [Obara, 2002], and of subsequent studies [e.g. Shelly
et al., 2006, Nadeau and Dolenc, 2005, Payero et al., 2008, Brown et al., 2009, Shelly
et al., 2007, Tto et al., 2007, Kao et al., 2009, Delahaye et al., 2009, Wech et al., 2012,
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Figure 1.9: Comparison of LFE waveforms and spectrums (labelled LFE) with closely
located regular earthquakes (labelled earthquake). The highlighted grey region of both
spectral plots shows the 1-10 Hz band within which LFEs often have peak power. In
contrast the regular earthquakes maintain power to much higher frequencies. Adapted
from Thomas et al. [2016]
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Figure 1.10: Overview of the range of scales slow-earthquakes on the Cascadia sub-
duction margin (encompassing geodetically observed slow-slip, bottom panel, tremor,
upper panel, and LFEs, right panel). Geodetically observed slow-slip often occurs on
time-scales of days to weeks and is often accompanied by seismically observed tremor.
Within the tremor are LFEs with often emergent seismic phase arrivals.
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Figure 1.11: Adapted from Wech and Creager [2011]. Schematic model of how stress
is transferred from deep stable sliding at the base of the crust to the seismogenic zone
capable of generating large earthquakes.

Peng and Chao, 2008, Thomas et al., 2009] provided evidence that the transition of
faults from locked (near the surface, on the seismogenic portion of faults) to stably
sliding at depth is likely to be a gradational change, with a variety of slip mechanisms

possible from large earthquakes through to slow, aseismic creep [Wech and Creager,
2011] (Figure 1.11).

These early observations, and reconciliation of tremor and slow-slip into Episodic
Tremor and Slip [Dragert et al., 2004], showed that despite the slow moment release
observed by Dragert et al. [2001], seismic energy was being radiated by these slow slip
events, as non-volcanic tremor. The moment release of large slow-slip events is compa-
rable to that of large earthquakes, with moment magnitudes of Cascadia slow-slip often
exceeding of My, 6.4 (Figure 1.12) with relatively constant and predictable recurrence
intervals of 15 4+ 2 months [Wech, 2010].

Although Cascadia Episodic Tremor and Slip events appear to be periodic in na-
ture [Rogers and Dragert, 2003] and, on a broad scale, follow a relatively simple
progression along strike of the subduction zone [Wech and Creager, 2008] (with some
caveats [e.g. Wech and Bartlow, 2014] and short-duration rapid tremor reversals [Ghosh

et al., 2010, Houston et al., 2011]), this is not the case in all subduction zones. For
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example slow-slip in the Hikurangi margin of New Zealand is observed at a range of
depths (possibly as shallow as the trench), and a variety of durations, from 6 months
to 1.5years [Douglas et al., 2005, Delahaye et al., 2009, Wallace and Beavan, 2010].
Even in the apparently simple Episodic Tremor and Slip zone of Cascadia a range of
short-term transients are observable within tremor including rapid tremor reversals and
streaks that propagate at speeds up to 350x faster than the main rupture front [e.g.
Thomas et al., 2013, Houston et al., 2011, Ghosh et al., 2010]. The wide range of
behaviour within tremor is however reproducible in relatively simple rate-and-state

friction based models with frictional healing [e.g. Colella et al., 2012].

There are some caveats to the relationship between tremor and slow-slip. Notably in
Cascadia, slow-slip can occur without tremor [Wech and Bartlow, 2014|, where the
authors observe a slow-slip event transitioning from tremor-generating to silent and
back again as the slip front progresses along strike. Wech and Bartlow [2014] suggest
this may be due to a combination of changing slip-speed and changes in rheology
along strike. On the San Andreas tremor is documented without observable slow-
slip [Shelly et al., 2009], however here the apparent disparity between tremor and
slow-slip may be due to detection thresholds, with slow-slip on the near vertical San
Andreas unlikely to be observable at the scales and depths proposed by the tremor
locations and durations. On New Zealand’s Hikurangi margin Delahaye et al. [2009]
documented increased reverse-faulting microseismcity, but no tremor accompanying a

shallow slow-slip episode.

Following the early observations of tremor as a long duration, emergent, low-frequency

signal, Shelly et al. [2007] described tremor in Japan as a swarm of discrete LFE events.
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1.5 Low-frequency earthquakes in a global context

The discovery of LFEs and their relation to tremor quickly allowed for more accurate
locations of tremor using traditional P and S-phase picking than the previous waveform
envelope cross-correlation locations using a single-phase (S) lag times for location (see
Section 2.2.2 for more details of the detection and location methods). The presence of
distinct, albeit often emergent, phase arrivals also allowed for the generation of LFE
focal mechanisms [e.g. Ide et al., 2007b, Shelly et al., 2007]. The combination of LFE
locations clustering around fault interfaces and LFE focal mechanisms consistent with
slip on the main subduction thrust fault in both Cascadia [Royer and Bostock, 2013]
and Japan [Ide et al., 2007b, Shelly et al., 2007] provided further evidence that both
LFEs and tremor are the seismic manifestation of slow-slip on the main plate interface
fault.

The delicate balance between tremor and slow-slip is again highlighted through ob-
servations of triggered tremor, both by tidal stresses on the scale of 1-10kPa [e.g.
Thomas et al., 2012, 2013] and by passing seismic waves [e.g. Chao et al., 2013, Hill
et al., 2013, Rubinstein et al., 2009, Gomberg and Prejean, 2013], again with very low
dynamic stress perturbations on the scale of 2-10 kPa. Multiple authors appeal to high
pore-pressures, close to lithostatic, resulting in low effective stresses to allow for trig-
gering by such low external stresses [e.g. Thomas et al., 2012, Beeler et al., 2013]. The
presence of fluid is also suggested by low (@), regions close to many tremor generating
regions [e.g. Wech et al., 2012].

The ability of tremor and LFEs to be triggered by such low stresses enabled Beeler
et al. [2013] to make inferences about the rheological state of the crust in the region
of LFE generation on the San Andreas fault. The study of the state of rheology relies
on the currently pervasive simple model of LFE sources as small, persistent asperities
within an otherwise stably creeping region (Figure 1.13). This model at the same time
explains why tremor and slow-slip magnitudes do not match (not all of the sliding region
is generating seismic energy), and why we observe LFEs as repeating events. It is also
consistent with geological observations of presumed tremor-genetic regions [Fagereng
et al., 2014], where the fault zone is characterised by lenses of brittle material within
a more viscous region. These brittle lenses are postulated to be capable of generating
seismic energy, while the matrix surrounding them may deform plastically around the
lenses, accommodating the greater moment release observed geodetically than the pure

seismic moment release would suggest.

Detailed studies of LFEs and tremor have suggested that the magnitudes of these events
do not scale in the same way as traditional earthquakes (Figure 1.12) [Wech, 2010,
Sweet et al., 2014, Bostock et al., 2015]. Tremor magnitudes have been calculated by
various authors based on either a duration scaling related to the geodetically observed

moment [e.g. Aguiar et al., 2009], or using duration-amplitude scaling [Watanabe et al.,
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Figure 1.13: Schematic model for LFE generation in the Southern Alps. The transition
from stable sliding at depth to the shallow seismogenic region in the upper crust is
characterised by tremor and LFE generation [Wech et al., 2012, Chamberlain et al.,
2014]. We suppose that LFEs (and therefore tremor) may be generated on small
asperities within an otherwise stably sliding region. These asperities undergo brittle
failure to generate seismic energy, while the stable sliding region surrounding them
may provide a means for slowing the seismic slip of these brittle regions producing the
slow rupture speeds required to generate true LFEs.

2007]. Ide et al. [2007a] suggested that slow earthquake moments scale in proportion
to the duration-cubed. However as can be seen in Figure 1.12, there is a large gap
in observations on time-scales of between 100s and 10days (tremor magnitudes can
be calculated for tremor durations within this band, but these do not show the true

moment release as described above).

The gap in observations at moderate duration time-scales may be due to a lack of resolu-
tion at this level rather than a true lack of activity [Gomberg et al., 2014]. For instance
geodetic instruments are not sensitive to slow-slip in Cascadia below My, 6.1 Aguiar
et al. [2009], and most analysis of GPS time-series is done on daily GPS solutions. More
work with 1 Hz GPS networks and novel techniques such as stacking GPS time-series
during periods of elevated LFE generation [Frank et al., 2015a] may reveal smaller
slow-slip events. There is, however, a gap in observations between Very Low Fre-
quency earthquake (VLF) and regular earthquakes: we have resolution between these

phenomena, but have not observed any seismicity of this moment-duration scale.

Understanding how slow-earthquake size relates to the number of events is important
as this provides information on the source properties, which impact how we can expect
these slow events to propagate. Studies into LFE amplitudes and magnitudes [Shelly
and Hardebeck, 2010, Sweet et al., 2014] show that LFE magnitudes do not appear
scale according to a power law relating to number of events, rather amplitudes scale
according to an exponential law [Shelly and Hardebeck, 2010]. This is also observed in
a detailed non-volcanic tremor study by Watanabe et al. [2007], who find that tremor
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magnitudes scale exponentially. This exponential relationship suggests that LFE and
tremor sources are scale invariant. The implications of this are discussed further in Sec-
tion 3.5.2. However Bostock et al. [2015], who computed moment magnitudes for LFEs
in Cascadia, indicated that magnitude calculations calibrated by local earthquakes have
a different relationship than their moment magnitudes, which fit a power-law model
with a high b-value (b>5). Despite this power-law fit, Bostock et al. [2015] conclude
that LFEs do not scale self-similarly and rather their magnitudes depend more on slip

than on slip-area.

The fine detail provided by LFE locations on the San Andreas has provided key infor-
mation on how the fault behaves prior to [Shelly, 2009] and following a large earthquake
(Parkfield) [Shelly, 2010] and the depth extent of the transition zone [Shelly et al., 2009].
The precise relocations of events by Shelly and Hardebeck [2010] provide constraints
on the location of the fault deep in the crust. Precise locations of LFEs in the Southern
Alps of New Zealand could provide strong constraints on the location of the Alpine
Fault at depth and be a strong test of the models of Norris and Toy [2014].

Precise LFE locations can also provide constraints as to how faults are deforming at
depth and the rheology of the fault zone [e.g. Beeler et al., 2013]. This is exemplified
by the investigation of Frank and Shapiro [2014] in Mexico, where different zones of
deformation are seen in the near flat-lying subduction zone. The continuous catalogue
in Mexico highlighted small deviations in LFE generation rate and LFE locations,
providing a basis for the model of Frank et al. [2015b] who suggested an almost fault-
valve like modulation of LFEs, suggesting that fluids play an active role in tremor and

LFE migration.

The importance of studying LFEs is highlighted most effectively by the observation of
tremor increases prior to, and in the region of, large earthquakes. Prior to the My9.0
Tohoku (Japan) earthquake of 2011 Kato et al. [2012] observed a migration of small
earthquakes they linked to the propagation of a slow-slip front towards the mainshock
rupture point. This observation has since been corroborated by observations made
on ocean bottom pressure sensors and an on-shore strainmeter [Ito et al., 2013], and
observations of tremor on ocean bottom seismometers [Ito et al., 2015]. This type of
observation has also been made prior to the My, 8.1 Iquique earthquake (Chile) in 2014,
with coupled foreshock migration patterns and slow-slip transients towards and around

the mainshock rupture area [Ruiz et al., 2014].

Observations of slow-slip prior to large earthquakes suggest that these large earth-
quakes may have been triggered by this slow deformation. For this to be the case,
and for slow-slip and tremor to have the potential to be used as a diagnostic tool in
earthquake prediction we can consider some variant of the pre-slip model of earth-

quake nucleation rather than a purely random cascade model [Beroza and Ellsworth,
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Figure 1.14: Cascade and preslip nucleation models adapted after Beroza and Ellsworth
[1996]. The preslip model would see nucleation restricted to a zone undergoing pre-
slip, or slow slip, before breaking away in the main earthquake rupture. In contract
the cascade model has no pre-earthquake aseismic creep, rather the nucleation phase
begins by a small earthquake randomly triggering a larger event in a random walk
scenario.

1996] (Figure 1.14). This appears to be the case in some laboratory experiments [e.g.
McLaskey and Kilgore, 2013], where small foreshocks are promoted by aseismic creep

in a block slider experiment.

If this indeed were the case then LFEs, tremor and other slow-slip associated phenom-
ena may provide our most realistic chance of monitoring the state of stress of major

faults in real-time prior to a major rupture.
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1.6 Thesis structure

Following this introduction, the SAMBA network is described in detail along with data

processing and research methodology in Chapter 2.

Chapter 3 discusses initial findings from 3 years of LFE detections including LFE family

locations, inter-event times and frequency-magnitude characteristics.

Chapter 4 extends this work using an automated template detection method to generate

an extended catalogue of LFE templates using 6.5 years of data.

Chapter 5 presents a catalogue of microseismicity detected using cross-correlation
methods near the Deep Fault Drilling Project (DFDP) phase-2 borehole in Whataroa.
In this study earthquakes are detected by correlation before being relocated using re-
fined picks generated by single-channel correlation values. Earthquakes are then located

precisely using double-difference methods.

Chapter 6 describes the real-time seismic monitoring associated with the DFDP phase-
2 drilling, where microseismicity and moderate magnitude earthquakes were detected

using standard energy based detection.

Finally Chapter 7 summarises the major findings of this thesis and suggests extensions

of this work.

These chapters are largely stand-alone projects, with their own specific introductions
and methodologies. These complement this general introduction and the following,
more theoretical, methodology (Section 2). Chapters 3—-6 have been written in the form
of papers for publication. In the case of Chapter 3, this has already been published
as [Chamberlain et al., 2014]. A shortened version of Chapter 4 is in preparation
for submission to Journal of Geophysical Research, Chapter 5 has been written for
submission to Farth and Planetary Science Letters, and Chapter 6 will be submitted

to Seismological Research Letters.

Most of the work in these projects has been conducted by me (Calum Chamberlain),
with all work presented in this thesis my own unless explicitly stated. Chapter 6 was a
joint monitoring effort during the real-time monitoring, however I led this monitoring
alongside Carolin Boese, and set-up and administered the software during real-time
monitoring. All the analysis presented here of the dataset collected is my own work
expect the relocations of the Malcolm Peak earthquake sequence which were conducted
by Cliff Thurber. To be consistent with the format of Chapter 3 I have chosen to write
the rest of this thesis in the first person plural, rather than first person singular. This

also reflects the importance of my supervisor’s guidance in this project.
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2 Research methodology

To achieve the aims outlined in Section 1.1 a series of methodologies have been de-
veloped for constructing Low-Frequency Earthquake (LFE) and earthquake catalogues
within the Southern Alps of New Zealand. To facilitate development of continuous
catalogues, a multi-year suite of passive, continuous seismic data have been collected,
the acquisition and processing of which are outlined in Section 2.1. To fully utilise
these seismic data for the purpose of understanding the tectonics of the Southern Alps
we consider fundamental methodological problems prior to analysis of earthquake cat-

alogues.

The most basic of concerns when interpreting earthquake catalogues should be that
of completeness, which directly relies on detection techniques. This chapter forms a
discussion of some of the available detection methods and how the chosen methods
have been implemented at different stages throughout this thesis (Section 2.2). Once
the relevant seismic signals have been identified, we then locate the source of energy

(Section 2.3) and obtain information regarding the source properties (Section 2.4).

2.1 Data acquisition and processing

Data from a range of deployments are presented within this thesis, however the core
of the data presented have been collected using the Southern Alps Micro-earthquake
Borehole Array (SAMBA) network. This network has been operational throughout
this study, and the maintenance and extension of this network formed a large part
of my work. The network is described in the following section (Section 2.1.1), with
details of instrumentation, fieldwork protocols and operational parameters outlined in

the associated appendix (Appendix A).

Further to this core network, data are also presented from select GeoNet stations
(http://geonet.org.nz/), Wisconsin New Zealand Array Regional Deployment (WIZ-
ARD) sites [Thurber et al., 2012], and form the DFDP-2 local borehole array and
associated short-term stations. All these data were collected from short-term passive
deployments except for the GeoNet data, which are collected from sites that form part

of the New Zealand national network operated by GeoNet, a group housed within Ge-
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ological and Nuclear Science (GNS) Science. All the stations used are shown in Fig-
ure 2.1. The locations of SAMBA stations are tabulated in Table 2.1, the set-up and

an indication of their continuity can be found in Appendices A and B.
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Figure 2.1: All the networks from which data were provided for this thesis. Inverted
red triangles denote SAMBA stations, with the three southern sites installed as part
of this thesis work. Light blue inverted triangles show the WIZARD temporary de-
ployment, with three dark-blue inverted triangles showing WIZARD sites redeployed
for the DFDP-2 project. Black squares indicate GeoNet broadband national network
sites. Small red squares show GeoNet’s strong-motion instruments.

2.1.1 SAMBA: The Southern Alps Micro-earthquake Bore-
hole Array

Deployment of SAMBA began in late 2008 and has consisted of 10 borehole stations
since March 2009. These were supplemented later by four surface sensors forming a
southern extension of the network. SAMBA was originally designed for the detection of
micro-earthquakes (M < 2.0) in a small region bounded by GeoNet stations FOZ, WVZ
and RPZ. These GeoNet sites are separated by 80-100 km and have been running nearly
continuously (save for short periods of data-loss) since 2004, 2003 and 2001 respectively.
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2.1 Data acquisition and processing

The findings from microseismicity studies using SAMBA have been published in [Boese
et al., 2012, 2013, 2014]. Boese [2012] also contains a full description of the SAMBA
network and site parameters for the main SAMBA deployment. Full site details will
only be given here for those three sites (MTBA, LARB and SOLU) deployed as part
of this PhD. Details of the network are given in Appendices A and B.

SAMBA was originally deployed as part of the Marsden project titled: ‘Putting a
stethoscope on the Alpine Fault’, and has since found further use in the detection
of more esoteric signals, such as glacier derived seismic signal [Horgan et al., 2015],
tremor [Wech et al., 2013] and low-frequency earthquakes [Chamberlain et al., 2014,
and this thesis]. Detection of such weak signals has been possible through careful
deployment of sensitive seismometers. The choice to use borehole seismometers for
the core of the network has allowed for significantly reduced noise levels compared to
co-located surface sensors [Boese, 2012] due in part to lower temperature fluctuations

beneath the surface and the decay of weak, surface generated signals with depth.

2.1.2 Data processing

Data have been collected from the SAMBA network biannually, usually in Austral
autumn and spring, alongside network servicing to prepare for the winter (where snow-
damage is likely) and rebuild instruments after winter respectively. Data are recorded
by RefTek RT-130 dataloggers on compact flash disks of between 2-16 GB volume.
Data are stored in a proprietary RefTek compression format based on miniseed Steim-
2. After collecting the data from sites the data are then transferred from the flash
disks to hard-drive and converted to miniseed format. Data files were originally stored
as 15min files, but have, during this project, been stored as hour-long files. Data
conversion is done using the pascal tools rt2ms tool. Data are also converted to SAC

format, which was used in the LFE and tremor detection routines.

Once data have been converted to miniseed, individual channel files were merged to
generate merged hour-long miniseed files along with all other available data from WIZ-
ARD, DFDP2 and GeoNet stations, using either the Seisan tool seisei or the Obspy
package in Python. These files are then queried by a simple energy based detector run-
ning a short-term average/long-term average filter (STA/LTA) for routine earthquake
detection. For different elements of this project, different detection parameters and
programming packages were used and as described in the following sections. Detec-
tions made by these routines were then visually inspected and picked for earthquake

phases.

Separate to this, SAC data have been merged for individual channels into day-long files
to be used for LFE and tremor detection. For the period between the start of SAMBA
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and 2012/03/26, data have been downsampled to 100 Hz to speed processing for tremor
and LFE detection. After this date, data have been left at their original sampling rate
(100 Hz for GeoNet sites, 200 Hz for SAMBA and 250 or 200 Hz for DFDP2 stations
dependent on time-period; DFDP2 sites were changed to 200 Hz sampling while teleme-
tered to reduce data volumes) to allow for more accurate detection of higher frequency

signals such as microseismicity.

2.1.3 Data quality

The quality of data for the original SAMBA network have been discussed at length
by Boese [2012]. We have included in Appendix C some key noise signals that disrupt
earthquake detection. There has been, however, a significant change in data quality
at station WHAT?2, where one horizontal channel became irreparably damaged. The
site is still recording on all channels and the remaining two channels have high quality

signal.

Of the three sites installed during this PhD, only LARB has run continuously without
issue (continuity of all sites is shown in Appendix B). Data from LARB are of reasonable
quality, although, as the noise spectrum in Figure 2.2 shows, the noise levels often
vary. We think this large variation in noise levels is likely due to landslides or other
natural noise sources: LARB is situated in a steep valley, with the sensor deployed in
an apparently stable land-slide. MTBA experienced sensor failures with the initially
deployed Guralp 3-ESP-C sensor due to the vault flooding. After re-deploying with
a Marks L4 short-period sensor we experienced write-issues for over 6 months. These
write issues have since been remedied by using longer file-lengths. SOLU worked well
until struck by lightning, which resulted in 6 months of data loss. SOLU has since been
repaired. For both SOLU and MTBA the noise levels within the sensor working range
(periods <0.5s) fall within the upper and lower noise level models (Figure 2.2).
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Figure 2.2: Probabilistic power spectral densities for the three SAMBA sites installed
as a southern extension to SAMBA. Note power spectral densities do not cover the
due to different installation dates, and problems with MTBA (sensor
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single days, likely when the site suffered temporary power failures.
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2.2 Event detection

Of fundamental importance to our understanding of seismicity is our ability to detect
earthquakes of a range of magnitudes. This section will discuss the detection tech-
niques used in this thesis, compare them with each other, and discuss the limitations
and benefits of the methods used here. A single perfect detection method that can
reliably capture all of the earthquake related events in a seismic time-series has not
been developed, hence understanding the limitations inherent to the methods deployed

is key to the robust interpretation of this study’s results.

2.2.1 Earthquake detection

The use of the term earthquake in this Chapter refers to regular earthquakes. That
is, natural seismic sources with a broad frequency spectrum assumed to be the release
of energy from the brittle failure of rock. Although this syntax prescribes a difference
between LFEs and earthquakes, this is not necessarily true. Rather than LFEs and
earthquakes being truly discrete, LFEs are here thought of as a specific class of earth-
quakes with limited power above 8 Hz, and are likely the result of a slightly different
physical mechanism (the possible mechanisms are discussed in Section 1.5). The dif-
ference in frequency content, amplitudes and impulsivity between earthquakes and the

subset of LFEs requires somewhat different event detection techniques.

Energy-based

The simplest of digital detection techniques for earthquakes within continuous data
are energy detectors, based on changes in seismic amplitude [Withers et al., 1998].
This style of detector requires short increases in amplitude above the background noise
on single seismic traces to declare detections. In principle this works by calculating
the average amplitude within two moving windows; one short-term window, to repre-
sent a possible seismic signal, and one long-term window, to represent the background
amplitude. These are interpreted as a ratio of short-term average/long-term average
(STA/LTA). When this ratio reaches some threshold a trigger is declared. To run
effectively and reduce false triggers associated with near-station noise a network de-
tection system has been employed in this thesis, where final detections are declared
when there are multiple triggers within a certain moveout window across a network of

seismometers.

The main benefit of this system is its simplicity, allowing it to run faster than real-time

for most networks. It is also simple to understand and determine physically realistic
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parameters for the window lengths and trigger ratios without needing to conduct a full
inversion. Under normal conditions short-term averages should be set to the length of a
normal P-phase arrival, while the long-term average should be set to at least the period
of the dominant background noise. A demonstration of STA/LTA triggering is shown
in Figure 2.3 for an earthquake detected during DFDP real-time monitoring. This
earthquake is of interest due to the obvious second, untriggered earthquake following
the main earthquake in the record. The following sections will show how correlation

based techniques can reduce detection thresholds for this type of repeating event.

NZ.GCSZ.10.EHZ

—Trigger on
—Trigger off

. :#:_

0 “20 40 60 50 100 120 140 160 180
Time after 2014-11-24 23:27:11.7 (s)

Figure 2.3: Doublet recorded on GCSZ vertical channel during the DFDP-2 real-time
active seismic monitoring effort (see Chapter 6). Upper panel shows the data band-
passed 5-25 Hz and sampled at 100 Hz, with marked trigger on and off points for both
events. Lower panel shows a recursive STA/LTA characteristic function for the dou-
blet, with STA length 0.3 seconds and LTA length of 10 seconds. The trigger-on ratio is
set to 3.5 and the trigger-off ratio set to 1.5. These are the values used for triggering on
GCSZ during drilling, however they do not trigger on the second event (see Figures 2.4
and 2.5).

Correlation-based

Cross-correlation of known waveforms is one of the most accurate ways of detecting
signals within continuous data [Gibbons and Ringdal, 2006]. In this way signals with
amplitudes significantly below the SNR can be detected when the data matches the
template. This type of detection routine is often termed as a matched-filter routine

and is used in a range of disciplines for finding known signals within continuous data.

Initially matched-filter cross-correlation techniques in seismology were used solely to
detect repeating earthquakes, relying on high single-channel correlation values (often
cc > 0.75) to detect repeating events [e.g. Schaff and Richards, 2011]. An example
of single channel cross-correlation for detection is shown in Figure 2.4, with the same

time-series as in Figure 2.3. Here the main earthquake is used as a template with
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Figure 2.4: Doublet detection using single channel cross-correlation. In this example
the data are the same as for Figure 2.3, with the same bandpass, and sampled at
100 Hz. The inset panel shows the template used, beginning just prior to the p-phase
arrival of the first earthquake in the doublet and during the S-phase. Template length is
3.5seconds. In this method the detection threshold is set to 8 x Median Absolute Devi-
ation (MAD), which easily detects the second event with a normalized cross-correlation
value of 0.84 (and corresponding negative peak, two samples or 0.02s out of phase at

-0.83).

which to detect itself and the second large event in record. This obviously performs
better than the energy-based detector when looking for known signals, however it is
not as adaptive as the energy-based detection routine. It is also important to consider
the possibility of correlated noise, which appears to be occurring at around 140s in
Figure 2.4. Careful selection of thresholds is of great importance for all detection
methods. Here the detection threshold is based on the Median Absolute Deviation
(MAD) of the data itself, which we calculate daily.

To adapt the single-channel cross-correlation technique to allow for more varied
sources Gibbons and Ringdal [2006] showed that the matched-filter technique could be
extended across a network for the detection of nearly-repeating events using a network
cross-correlation sum. This network method is able to detect events with relatively
poor single-channel correlation values. This works by applying a delay-and-stack tech-
nique to the correlation functions, relying on the fact that although the seismic signal

itself may not be coherent, the correlations should be.

This network cross-correlation method has much proven ability in the field of seismol-
ogy, from the correlation of known explosions [Gibbons and Ringdal, 2006], detailed
analysis of seismicity patterns [Schaff and Richards, 2011] to detection of global seismic
waves [Dodge and Walter, 2015]. Recent studies of LFEs [e.g. Shelly et al., 2007] have
also demonstrated the effectiveness of a network cross-correlation method for detecting

LFEs, which are weak and emergent events often buried within noise.

An example of the network cross-correlation technique is shown in Figures 2.5 and 2.6,
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2.2 Event detection

for the same time-series as in the previous figures. This method is able to detect not
only the main shock, which is the template event, and the second large-earthquake, but
also two further earthquakes within the coda of the mainshock and below the noise level.
The first of the events is close to the detection threshold, but is still clearly an outlier
in the cross-correlation sum time-series. To estimate the confidence in this detection

it is necessary to undertake thorough testing, which is outlined in Appendix D.

In this thesis correlation methods have been used both for the detection of nearly
repeating events (LFEs and crustal earthquakes) by network cross-correlation, and
for the generation of lag-times for the computation of relative locations of detected
events. For detection the normalised cross-correlation values have been computed using
the openCV! computer vision codes, specifically the matchTemplate function. This
function is designed for 2D images with R,G,B values for each pixel, but is equally
well suited to the 1D application of seismic data where every sample (pixel) has a
single amplitude measurement. This function is highly efficient, computation of a day-
long single-channel correlation can be achieved in under 1.5s for 100 Hz data (8640000
samples) with 6s templates on normal (Intel i5 processor) systems. The algorithm

used to compute the normalized cross-correlation values in the time domain is:

E‘T/:y’ (T/(.CE,, y,) : [,(l' + .’Il, Y+ y’))
R(I‘, y) e
\/Zz/’y/ T/<£L'/’ yl)2 . Zx’7y’ I/(:L. + :C/7 y + y/>2

(2.1)

where [’ is the normalised source image, 7" is the normalised template image and R is
the result. (z,y) is a sample in the image (where (z,y) range from 0—(N(zy) — Wzy)),
with N,y equal to the length of the image in the x and y dimensions and wy, ) equal to
the length of the template in x and y dimensions. (2’,%) is the sample position within
the window being correlated. In our case the y values can be ignored simplifying

Equation 2.1 to:
2 (T - I+ 2))
Vo T 3, I+ a')?

here the normalised template and image are computed as:

R(x)

(2.2)

') =T(")—1/w->,,T(2") and
I'ez+a2)=I1xz+2")—1/w-> ., I(x+2")

with z” representing the position in the template or image being summed over for the

normalisation.

In practice, computing cross-correlations in the time-domain is slow for large datasets.

The implementation we use computes the cross-correlation in the frequency domain.

To compute the network cross-correlation sum for the day requires both the template

thttp://code.opencv.org
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2.2 Event detection

NZ. GCSZ.10.EHZ

— Trigger On

70 75 80 85
Time after 2014-10-24 23:27:00.6 (s)

Network cross-correlation

Figure 2.6: Zoom of Figure 2.5, with the template for GCSZ vertical channel superim-
posed (cyan) on the detected events for comparison. The final event in the sequence
displays clear correlation with the template event at a high level (previously identified
as a single channel normalized cross-correlation value of 0.84), with most phases of the
template matching well. The two smaller events in the decaying coda of the mainshock
are less obvious, however major phases correlate by eye well, and, although individual
station correlation values are low, the stack of these is significantly above the noise
level to be declared a detection.

waveform and the delay of the template waveform for each channel. These delays can
either be applied to the correlation vectors, or the day-long data vectors. These delays
should not be used to pad the template data with zeros as this will reduce the cross-
correlation values. For this study the data vectors are padded with zeros at the start
of the day of data according to the lag for that channel in the template. Data are
then re-cut to day-long length. The template waveforms are then cross-correlated with
their respective day of data for the same station and channel. The output correlation

vectors are then summed to give the network cross-correlation sum.

To detect correlated events within the network cross-correlation sum a threshold is set
based on the MAD value. MAD is a robust statistic to outliers in otherwise normally
distributed data. For random noise the values of the network cross-correlation sum
are normally distributed, however if there are correlated events with the same moveout
(lags) as the template then outliers to this normal distribution are introduced. By
careful selection of threshold values (see Appendix D), events below the SNRs of 1 can

be retrieved.

Template generation for earthquakes can be achieved by taking events from a pre-
formed catalogue and extracting the waveform and lag information. However for LFE
detection, without a pre-formed catalogue template generation becomes non-trivial.

The details on template generation for LFE detection are outlined in Section 2.2.3.

This thesis uses the terms template, detection and family throughout to describe the

different waveforms used and created through the matched-filter process. These terms
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are defined as follows:

e template: Short waveform (either single or multiple channels or traces of seismic
data) containing information (usually earthquake phase arrivals and coda); used

to scan for similar events in continuous data using a matched-filter methodology;

e detection or event: Single detection of a similar event to the template (when

used in terms of matched-filter detections);

e family: All detections generated from a single template, this should represent all
the detections that closely resemble the template. If used in a matched-filter sense
then we assume all detections within a family represent closely spaced events with

similar focal mechanisms (see Section 5.5 for validation in the shallow crust).

All LFE locations in this thesis have been computed for family. These family locations
are computed using phase-picks on stacked data, whereby all events within the family
are stacked together. In this thesis we use a linear stacking method. Individual events
within a family may have slightly different locations to the family as a whole, however,
we expect these differences to be small (< 500 m, Section 5.5); if these location differ-
ences were not small, we would expect significant differences in the waveforms between

the template and the event, which would result in the event not being detected.

Computational considerations

To use the above cross-correlation methodology a series of codes have been written as
part of this thesis. These were first written in Matlab before being re-written in Python
to allow more portability, scalability and further parallel workflows. These Python
codes are hosted on github? at https://github.com/calum-chamberlain/EQcorrscan
and are licensed under the LGPL v.3%. The codes are included as the latest release
prior to thesis submission in the electronic appendices. These codes have been devel-
oped, up to now, solely by me. They have been tested on OSX, Ubuntu and RedHat
operating systems, and allow scalable continuous cross-correlation on machines from
4GB RAM, single-core laptops to large cluster computers. The latest release can be

accessed via the github page, or on pypi*.

Because the computation behind cross-correlation detections does not rely on other
computations it is possible to design software in a massively parallel fashion. On a low
level, the cross-correlations of discrete time-steps can be paralleled, which is handled

in the EQcorrscan package by the openCV matchTemplate function. This can either

2github is an online software repository which uses the git protocol for version control.

3GNU Lesser General Public License, a free software license that allows for open-source distribution
and contributing - this licence was chosen as the EQcorrscan package relies on the Obspy package,
also licensed under the LGPL.

4https://pypi.python.org/pypi/EQcorrscan
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be run on threads within a multi-threaded CPU or on multiple cores within a GPU.
Further to this, templates can be run in parallel through one day of data, in EQcorrscan
this is handled by the multiprocessing module in Python, which allows multiple child
processes to be spawned on multiple CPUs. On an even higher level still, multiple days
of data can be analysed in parallel by running multiple instances of the matched-filter

routine in EQcorrscan, this is handled by overarching Python scripts.

To what extent the codes are paralleled is limited mostly by resources, meaning that
processing around 100 templates through the 6.5 year continuous SAMBA dataset pre-
sented in Chapter 4, on a desktop with a dual-core intel processor and 32 GB of RAM
would take approximately 1 month. For the same processing, but using the School of
Geography, Environment and Earth Sciences, Victoria University of Wellington (VUW)
(SGEES) cluster machine with 64 cores and 256 GB of RAM takes approximately

5days, however this is not achievable as other users require time on the cluster.

To enable the processing of large continuous datasets, with large numbers of templates
(>100), this project has leveraged time on the New Zealand eScience Infrastructure
(NeSI) high performance computer cluster, PAN. This machine is a cluster computer
with over 390 nodes. Each node has at-least 12 cores, with the majority of nodes (Intel
Sandy Bridge architecture, 236 nodes) having 16 cores (2xIntel E5-2680 CPUs), and
128 GB of RAM. This system allows computation of the full 6.5year dataset, which
corresponds to over 4,000 hours of computation time, in 2.5 hours when distributed

across 100 nodes with 100 templates.

Real-time detection

To assist the DFDP-2 project during the Phase-2 attempt to drill into the Alpine
Fault, a local borehole seismic network was deployed in early 2013. This network was
subsequently telemetered in mid 2014 to allow for real-time monitoring of seismic-
ity during the drilling of DFDP-2. Earthquake detection and automated hypocentre

determination was computed using the Rtquake software package [Utheim et al., 2014].

Rtquake downloads data in as near to real-time as is available via the Seedlink proto-
col. Data are then scanned as they arrive using a simple STA /LTA routine on single
channels to detect increased energy for short periods. These single channel detections
are then compared in time to other single channel detections, if there are more than a

set value of detections within the network moveout window then a trigger is declared.

Following this trigger a short segment of data is downloaded for each station and
channel defined in the set-up files. These are multiplexed and saved as a miniseed file
with an empty S-file associated with it (Seisan, Nordic format pick file). An automated
picker routine is then run over the data to pick both P and S phases with the S
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phases downweighted (assigned weight of 3 by default). The picker routine used is the
FilterPicker of Lomax et al. [2012].

In this picking routine a range of filters are used to generate filtered time-series. The
envelope of these filtered time-series’ is then calculated and converted to a characteristic

function following equations 2.3.

L E.(i)-<E,>(-1)
(i) = <o(B)>(i—1)

n

(2.3)

where F,, is the envelope for a given pass-band n, < E,, > (i—1) and < o(FE,) > (i—1)
are the time averages up to sample ¢ — 1 of E, and the standard deviation of FE,
respectively. Accordingly the characteristic function F¢ characterises the change in
the envelopes with respect to the previous background level. A final characteristic
function is defined by the maximum sample for each of the bandpassed characteristic
functions: FC(i) = max{FS(i);n = 0, Npgna — 1}. When this summary function
exceeds a set trigger threshold a trigger time is declared. This is only declared as a
pick if the integral of the summary characteristic function exceeds a further predefined
threshold. For further details on the method see Lomax et al. [2012]. P picks are made

on the vertical channel and the S picks made on the horizontal channels.

The FilterPicker routine has a number of parameters which should be optimized for
greatest picking accuracy. This routine was used during the DFDP drilling period
without optimized parameters (due to time and data constraints), which resulted in
mostly good P-picks, but mostly poor S-picks. Picks from the FilterPicker routine
are then written to the S-file which is then loaded by Hypo7l [Lee et al., 1972] for
location. This routine iteratively reduces residuals by removing picks with the largest
residuals one at a time until the RMS residual falls below the maximum value assigned
by the user. Seisan’s automag program is then run on the S-file (if a location has
been possible). This program generates automated amplitudes for local magnitudes
and spectral corner frequencies for moment magnitudes. Finally the Rtquake routine
sends a mail to a pre-defined alert email using the Sendmail and Mutt programs within
Linux. This mail contains as plot of the waveforms to allow the seismologist on duty
to check the picks by eye before further analysis, alongside the S-file and a location

map.

Although our implementation of the FilterPicker technique was not perfect, it did
provide a fast and simple picking routine which allowed for automated checking of
events followed by manual final picks and locations by an expert seismologist. For
further information as to the implementation within the DFDP drilling period and for

results of this work see Chapter 6.
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2.2 Event detection

2.2.2 Tremor detection

Tremor detection has been carried out in a systematic, manual fashion for the period
from 2009 to mid 2012 by Wech et al. [2012]. Manual detection was utilised as high noise
levels in the tremor frequency band, and short tremor duration relative to subduction

tremor [Wech and Creager, 2008], made automated detection un-viable.

Initial detection is done within the CORAL [Creager, 1996] toolbox extended by Aaron
Wech for tremor analysis. Waveforms are first read in, filtered between 1-6 Hz, con-
verted into envelopes, smoothed using a 20 s low pass filter and decimated to 1 Hz. The
conversion to envelopes does not detract from the ability to detect tremor, and allows
for faster loading of data for reading. Envelopes are then manually scanned for signal

of tremor characteristics determined for SAMBA®:
1. Emergent arrival;
2. Appears to correlate by eye over entire network;
3. Low frequencies dominate;
4. Not appearing on northerly control station (THZ).

The WECC method of tremor detection is based on waveform envelope cross-
correlation (Figure 2.7). In the automatic method every 5minutes of data are cor-
related to find the optimal lag times for maximal cross-correlations (in the manual
method only user selected windows are correlated). A threshold for cross-correlation
values is set by the user to include envelopes in the detection. If a robust set of cor-
relations is found a location is then generated by performing a grid-search through a

series of travel-time grids for each station for the optimal lag-times found.

The locations generated are based on the S-wave velocity of the medium and are only
ever single phase locations. Due to this (and the location of the tremor outside of the
SAMBA network), depths are poorly resolved. However this method does constrain
the epicentral location well. Wech et al. [2012] found that tremor in the Southern Alps
located in an almost linear trend vertically approximately 20 km south of the extent of
SAMBA. The smearing of depths is evident when comparing the depth extent of the
tremor locations with the depths of the LFEs reported here and in Chamberlain et al.
[2014].

2.2.3 Low-frequency earthquake Detection

LFE catalogues are generated here using a cross-correlation matched-filter routine

as described in 2.1. This method relies on the cross-correlations of template events
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Figure 2.7: Tremor detected on 2009/07/14 at 17:28 UTC. a) Tremor location as a
red star, with other bootstrap locations plotted as grey circles. b) Envelope waveforms
sorted by weight (a function of correlation), alongside the waveforms respective times,
distances and weights. ¢) Correlation functions, which show a good alignment of peaks
indicative of a good location. The location obtained for this burst of tremor is -43.55,
170.20, with an approximate depth of 61 km. Uncertainties in depth are high for tremor,
and LFEs within this tremor burst locate considerable shallower (15-30 km deep).
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2.2 Event detection

throughout continuous data. This section discusses how templates have been gener-
ated for cross-correlation, whereby a template is simply a series of channels of seismic
data containing the event we want to identify, with each channel having a specific delay.
Templates should be filtered to emphasise the signal above the noise, and contain as

little pre-event noise as possible.

Manual detection

Initial LFE identifications were made by manual inspection of tremor waveforms. These
LFEs were characterised by impulsive phase arrivals within the first few seconds of
tremor, prior to complications of superposition within the tremor wavetrain (Fig-
ure 2.8). These events were identified as likely LFEs by comparison of their frequency
spectra with regular micro-earthquakes and with the background tremor (Figure 2.9),

and their similar initial locations to the tremor they were found within.

Despite these characteristics, our model of LFEs as being the essential component of
tremor and occurring as repeating earthquakes (see Section 1.5) effectively nullifies
the need for accurate determination of templates to take through the cross-correlation
stages of the LFE detection routine providing computer time is not limited and that the
cross-correlation codes are written efficiently. If the template is shown to repeat then
these repeats can be stacked allowing for improved SNR and more accurate picking
(Figure 2.8). The locations for LFEs given are locations for the family of detections

(the stack) rather than the locations of the initial template events.

Detection of further events from this initial, sparse catalogue was undertaken using
the iterative-stacking and cross-correlation method of Shelly and Hardebeck [2010],
whereby the network cross-correlation method described in Section 2.2.1 is run through
the data multiple times, with a redefinition of the template used after each iteration
given by the stack of detected events. This method was initially coded in Matlab,
however to allow for more paralleled code and increased portability code have been

converted to Python language, and can be found at github: EQcorrscan®

A full description of the specific parameters used for LFE detection by matched-filter,

and the testing routines behind these parameters, can be found in Section 3.3.1.

Beamforming: brightness

This method of detection applies a delay-and-stack protocol to seismic data from mul-
tiple stations within an array. If a signal is coherent across the array the signal will sum

coherently while the noise (assumed to be Gaussian on each station) will stack to near

Shttps://github.com/calum-chamberlain /EQcorrscan
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Figure 2.8: S-wave window for a LFE detected on the SAMBA network and plotted
here on all three components of SAMBA station LABE. Times are relative to the start
of the window used in correlation for detection of similar events, this begins between 0.5
and 1s before the S-arrival (red line). From left to right are plotted the primary (pre-
stack) template; the same template after as a stack of approximately 1000 waveforms
(middle); and a final detection of a discrete (outside of tremor) My, 0.5 LFE (right).
Note that the primary template is padded by two seconds prior to the beginning of
the search window to highlight the change from background noise to LFE. A second
LFE with S-arrival between 5-6s is also cut from this plot but included in the primary
template. All plots are bandpassed 2-8 Hz as this frequency band contains the highest
amplitudes above background noise for our LFE detections. The red line marks the
S-phase arrival in all plots. SNR improves after stacking, allowing for more accurate
phase picks of both S and P (not shown here as P arrivals are not correlated for at
any stage in our method). Note the change in S-pick before and after stacking. This is
likely due to noise in the initial manually detected primary template (left) obscuring
the true phase arrival and highlights the importance of stacking before locating LFEs.
This figure is repeated as Figure 3.2.
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Figure 2.9: LFEs detected by matched-filter cross-correlation. Panel A shows the day-
long cross-channel correlation sum in black, with the threshold of 8xMAD (Median
Absolute Deviation) plotted as a red dashed line. This is plotted both positive and neg-
ative to allow for both strongly positively and negatively correlated detections, thereby
including the possibility of different focal mechanisms. In practice, for LFEs, positive
correlations are often preceded and followed by weaker negative peaks indicative of
the template being out of phase by half a phase. Panel B shows the spectra obtained
on SAMBA stations for LFEs (green), tremor (black) and local earthquakes (red), as
documented by Shelly et al. [2007], tremor and LFEs are deficient in high frequency en-
ergy. Panel C shows the waveforms for the first horizontal component (approximately
North oriented) for five sites used in the detection of LFEs. Red dashed lines indicate
an LFE detection for a single template.
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zero. This only works well on true seismic data (not absolute values of data) if all sites
in an array are in one focal sphere, otherwise the situation where one site may be in
a compressional quadrant and another site in a dilatational quadrant is likely. In this
situation the signal would sum incoherently and cancel itself out. Hence beamforming

is often only used for teleseismic events or regional events rather than local events.

It is also important to consider array deployment when conducting beamforming as
some of the issues around incoherent stacking can be overcome through careful ar-
ray deployment. Rost [2002] also notes that inter-station spacing is important when

considering what frequency of waves will be coherent across an array.

For SAMBA, where we have an array with large station spacing and analyse local
earthquakes, the delay-and-sum beamforming procedure has been performed on the
square of the seismic trace (proportional to seismic energy), which will always stack
coherently. This method does not reduce the Gaussian (noise) portion of the beam
unfortunately and rather relies on peaks in energy across the beam for given points in
the earth.

The sole use of beamforming here is for the determination of LFE templates according
to the method of Frank and Shapiro [2014]. As discussed above, LFE templates do
not have to be a perfect characterisation of an LFE waveform, rather they should be
the bulk energy within an LFE. In this way beamforming over the energy of the data
in our network effectively discriminates between energy coming from the LFE source
region and background noise. The seismic data from this period of elevated energy can
then be extracted as a template and run through an efficient cross-correlation routine
before stacking the detected events. The stack can then be located using normal seismic
methods (phase-picking) rather than relying on the energy source location implicit in

the beamforming generation.

Frank and Shapiro [2014] presented a simple, but effective method of generating a
continuous catalogue of templates which we have also employed here. This method
relies on an array of seismic stations and a known LFE source region in a similar
methodology to the brightness based source-scanning algorithm of Kao and Shan [2004].
Seismic data from all stations are squared and normalised to provide a proxy for seismic
energy. Data from all stations are then lagged according to a set of lag-times (moveouts)
required for a hypothetical LFE source node before being stacked. This delay-and-
stack procedure is repeated for all the possible LFE source nodes within the grid.
Careful selection of grid-space defines the possible sources, therefore by selecting only
node points beneath the seismogenic zone energy from crustal earthquakes is stacked

incoherently.

For each node this generates an energy stack. The energy stacks combined into a beam

by taking only the maximum values in the stacks for each time interval (or sample).
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The beam is termed the network response (N R) and is given by

al Si(Ta qbv )\72)2
NR(7) = maxy .. Z rns[ss (7, 6. A ) (2.4)

i

where N R(7) is the network response at time 7. ¢, A and z are geographic co-ordinates
for a source node, s;(7, @, A, s) is the seismic data at station ¢ in N stations at time 7

lagged to correspond to the moveout from node (¢, A, z).

Alongside N R, we also maintain a record of the node providing the data for the network
response at each sample (e.g., a vector of the indexes related to the maximum values
extracted for the NR). These nodes must be maintained to maintain the moveout

information required for template generation.

Peaks in the network response (Figure 2.10) represent periods of elevated energy re-
lease from a single, or multiple source locations. Data corresponding to peaks in the
network response are extracted as possible templates, with the appropriate moveout
for the hypothetical source location. False template detections are then removed by
computing the network coherence (C') of each extracted template and rejecting those

with coherences less than some threshold (Cyppesh)

O Y | RG, )
N N

C (2.5)

where R(7, j) is the cross-correlation of data from channel i with data from channel j,
and N is the total number of traces. This is effectively the sum of the strict (e.g. zeros
along the diagonal) upper triangular matrix of possible cross-correlation pairs divided

by the number of channels. This is maximised as N.

After extensive testing this method was found to be unreliable at detecting LFEs
in the central Southern Alps due to high noise levels resulting in many false initial
detections. Low inter-station coherence due to high levels of scattering (likely due to
strong foliations in the schist and many moderate scale faults in the crust) precludes the
ability to discriminate between signal and noise using the coherence threshold outlined

above.

2.3 Location methods

A critical component of any earthquake catalogue are the locations of the detected
earthquakes. These locations can provide constraints on the structural controls of
seismicity. Hypocentre location and origin time are generally modelled together either

by forward modelling from estimated source parameters, or as an inverse problem from
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information gleaned from seismograms. Here ‘earthquake location’ is a combination of
hypocentre location and origin time where hypocentre location is a three dimensional
spatial location. For local events a Cartesian co-ordinate system will often be used
in processing, but results will be quoted in global spherical co-ordinates (Latitude,
Longitude and Depth).

2.3.1 Linear methods

The following equations (2.6, 2.7 and 2.8) and explanations relate to the local problem
in Cartesian space for simplicity, but could equally be converted to the spherical co-

ordinate system.

For a simple homogeneous half-space the relation between arrival time (t) and hypocen-
tre parameters in Cartesian co-ordinates (X,Y,Z) and origin time (T) follows the equa-

tion:

=T+ X =22+ (V= T (7= ) (2.6

where ; denotes the characteristic of the i recording station and v is the velocity of

the homogeneous half-space.

Utilising equation 2.6 allows calculation of travel times for a given station by forward
modelling from a chosen hypocentre and origin time. This can be extended to calculate
the travel times at all stations for many hypocentre locations and origin times; this is
often done by griding the subsurface and calculating the traveltimes for all stations at
each grid node. From these locations and subsequent traveltimes, the best location is

chosen by minimising the residuals (r;) where each station residual is given by:

r, = ticalc o tiobs (27)

The inverse approach to the above forward problem is utilised in Geiger’s location
method for local earthquakes [Geiger, 1910] and more recently summarised and adapted
by Thurber [1985]. Geiger’s method relies on the expansion of the first order Taylor
series about a hypocentre of co-ordinates as above and solving in a least squares fashion
giving the following:

0t; ot;

5t;
= SPAX + SSAY £ S AZ + Aty (2.8)

Ty

where t is the origin time and terms preceded by A are adjustments to be made to

the model (hypocentre), and other symbols are as previously defined. The first order
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partial derivatives are expressed below:

53X~ oS (29)
5y~ 03 (2.10)
57" o9 (2.11)

where all terms are as before, with the addition of a path length term (S).

The multivariate nature of this system requires at-least four travel-time recordings
to constrain all earthquake location parameters, with the normal result that over-

determination of the system will yield increased accuracy in earthquake locations.

In real Earth situations we are rarely dealing with a constant velocity system; and
we are required to expand the relation in equation 2.6 to include a known velocity
structure. For the Southern Alps a number of three and one dimensional velocity
structures have been estimated; this study uses the one-dimensional velocity structure

of O’Keefe [2008] as used by Boese et al. [2012] for initial linear earthquake location.

In locating events by non-linear methods both the one-dimensional model, and the 3D
velocity models of the WIZARD group for DFDP events, and the national 3D model
of Eberhart-Phillips and Bannister [2002] for LFE detection and location have been
used. The inclusion of a layered structure yields a more complex time-series with a
greater range of seismic wave arrivals including: refracted and reflected arrivals, phase
conversions, and scattered energy. For a discussion of the associated complexities of
layered media see Thurber [1985].

The approach outlined above; Geiger’s method, relies on the approximation of an in-
herently non-linear system (equation 2.6) to a linear system of equations 2.8. This is
reasonable for local events in a simple medium (e.g. slowly varying seismic velocities
between source and receiver), where the problem is weakly non-linear, with all vari-
ables displaying little co-dependence. However for more complex media or for distant
hypocenters, attempting to solve in a linear fashion breaks-down. In this instance all
parameters display a large co-dependence and the linear inversion approach becomes
unstable (“a small change in the inputs of the problem produces a physically unaccept-

able large change in the outputs”: Tarantola and Valette [1982]).

In the use of the Seisan software package [Havskov and Ottemoller, 1999] locations have
been obtained using a modified version of the hypocenter program of Lienert et al.
[1986]. This software utilises an adaptive damping procedure to iteratively improve
residuals in a least-squared linear inversion style. Hypocenter allows a full range of

seismic phases to be input and generates an approximate initial location through the
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use of a starting location algorithm, using azimuth and slowness of a plane wave within
the network, before applying the iterative least-squares linear inversion method with

adaptive damping.

2.3.2 Non-linear earthquake location

To provide a more stable earthquake location for complex media or/and a disparate or
shallow source we must include the second order terms of the Taylor series presented in
equation 2.8 which take the form of second order partial differentials [Thurber, 1985],
which can be calculated analytically as in equations 2.12; 2.13 and 2.14, with similar

solutions for the remaining x and y terms.

(th 1 (Z — 21)2

7 F = o5 {1——82 } (2.12)
oYoZ vS3 (2.13)
0Xo67 053 (2.14)

Thurber [1985] notes that for the case of Z = z; the first-order partial derivative for g—;
62t
57 2

a case where the source depth is the same as the receiver depth: a shallow source. This

(2.11) vanishes whilst the second-order partial (2.12) is maximised. This represents
is exacerbated for short path lengths (such as those for shallow events whose hypocentre

lies within a small aperture array, as is often the case for microearthquakes detected
by SAMBA).

A further case for which non-linear earthquake location is useful occurs for hypocentres
lying outside of an array. The increased stability in the non-linear location method
again relies on the greater sensitivity of the second order partial derivatives at shallow

depths (Z = z;) compared to the first order terms.

In both these cases (shallow-local and shallow-disparate) Geiger’s method (undamped)
does not achieve convergence; to combat this Hypocentre in Seisan [Havskov and Ot-

temoller, 1999] fixes hypocentre depths to zero for both these cases.

Further to greater stability, this non-linear method can be extended to include a robust,
probabilistic error assessment. This error assessment can be represented by a spatial
Posterior Density Function (PDF), which takes the form of a volume in space. This
volume is often markedly disparate to the idealised error ellipse produced by linear

error estimation [Lomax et al., 2000].

For relocation the NonLinLoc [Lomax et al., 2000] software package has been used,
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which provides a more realistic estimation of error through the provision of a PDF.
This PDF can then be plotted as a cloud of possible locations around the best fitting
hypocentre.

The NonLinLoc package first generates a traveltime grid for a every source in a chosen
grid at grid-nodes defined by a grid-node spacing, to each receiver. The picks are
then compared to these grid traveltimes by non-linear inversion in a Metropolis-Gibbs
fashion [Lomax et al., 2000].

2.3.3 Relative locations

Relative locations of regular earthquakes are determined using double-difference meth-
ods (Section 5). Locations are computed using hypoDD [Waldhauser and Ellsworth,
2000], from picks generated by calculation of the optimal correlation lag-times for

events detected by network cross-correlations (Section 2.2.1).

Double-difference location

The method of double difference location requires a catalogue of earthquakes with ab-
solute travel-time measurements and/or differential travel-time measurements deter-
mined by cross-correlation. These travel times are used to generate a series of double

difference equations of the form:
) = (6 — ) — (5 — ) (2.15)

where drij is the double difference residual for a pair of earthquakes, ¢ and j. Wald-
hauser and Ellsworth [2000] note that the travel-times, ¢t are absolute travel times, but
the bracketed (¢} — ti) could be replaced with the differential travel-time generated

from cross-correlation.

This equation relies on the assumption of a constant slowness vector for both events
between the source and receiver. This breaks down for events that are not sufficiently
close together in space (and possibly time if the velocity structure is time varying).
Expansion of Equation 2.3.3 with the appropriate origin times and slowness vector

results in the following equation (from Waldhauser and Ellsworth [2000]):

ot .ot . ot . oot .ot . ot : .
Azt + ZEAy + ZEA A= TEAgT - TR Ay TR N AT = dr (2.1
ar =" +8y y+az grar or " dy L T i (2.16)

with terms as the partial derivatives of the travel-times ¢ with respect to the locations
(x,y,z) and origin times 7. Az, Ay, Az and A7 are the changes required to make

the model better fit the data. The computation of these changes is done by linear,
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least-squares inversion for all stations, and all hypocentral pairs. HypoDD solves this
problem in a series of iterations whereby different weighting schemes are applied on
each iteration, and those earthquakes deemed to be unclustered are removed at each

1teration.

The practical result of this inversion technique is to allow for variations in velocity
structure not apparent in the original velocity model. Other relative location meth-
ods often invoke station correction terms to account for differences in calculated and
observed travel-times at individual stations. HypoDD however can be extended to
the program TomoDD [Zhang and Thurber, 2006], which inverts for both earthquake

location and velocity structure using the double-difference approach.

Double-difference techniques often improve location accuracy, providing locations ac-
curate to within 1/4 wavelength according to correlation limits. This often results in a

tightening of earthquake clusters, highlighting structures on which earthquakes occur.

Lag-time determination by cross-correlation

In this study lag-times between a master event and a detected event have been gen-
erated using time-domain correlations (Figure 2.11). This method uses the cross-
correlation function in Obspy [Beyreuther et al., 2010] which computes normalised
cross-correlations for signals beyond their length (e.g. with some overlapping allowing
for two time-series of equal length to find the optimum offset without padding data).
In practice lag generation has been implemented after the detection stage, but could

be implemented while detecting events.
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Figure 2.11: Lag-generation for the detected event in Figure 2.4, for channel Z of station
GCSZ. Note that the peak in the correlation function (blue dashed) is aligned with the
start of the template rather than the true P-arrival. Peak normalised cross-correlation
value for this detection is 0.835. In this instance the window is 1.8s longer than the
template, allowing 1.8 s range in the lag-time.
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For each detected event and each channel used in the detection, a small window around
the detection time is cut. For each of these cut windows the cross-correlation func-
tion is computed with the appropriate template channel of data. The resultant cross-
correlation function will be of the length length(window) — length(template). The

peak of this correlation function is taken to be the optimal lag-time.

Lag-times can then be converted to absolute pick-times by the sum:

T =t 0w + 0t + T (2.17)
where T is the resultant absolute pick, t,indow 1S the start of the window in real-time
(e.g. UTC), ot is the lagtime generated by cross-correlation, and 7 is the delay between
the start of the template window and the known phase arrival time. This is repeated
for all channels 7. These absolute times are then saved in a Seisan s-file, while the
delays and correlation values are saved in text files. The s-files can be located in an

absolute fashion, while the lag-times and correlation values can be fed into HypoDD.

2.4 Magnitude estimation

Seismic magnitude is an important measure in any earthquake catalogue; comparing
earthquakes of different magnitudes is important when considering how seismic budget
is distributed. In this thesis local magnitudes (M) have been calculated based on the
local magnitude scale developed for SAMBA and the Southern Alps by Boese et al.
[2012]. In this magnitude scheme amplitudes of local events (within 100km of the

network centre) are converted to seismic magnitude based on the following relation:
My, =logyg A(A) + alogyg A + 0.4343vA + S (2.18)

where A is the peak amplitude measured on a simulated Wood Anderson seismograph,
A is the hypocentral distance, v is the anelastic attenuation parameter and S is the

station specific correction term.

Boese et al. [2012] found that for the Southern Alps, ~ is significantly frequency
dependent, and 7 should be represented as v = 7f where f is frequency. Boese
et al. [2012] found a frequency dependent anelastic attenuation parameter of vy =
1.89 £ 0.02x1073 s /km.

In the calculation of magnitudes we used the amplitude measured on a Wood-Anderson
simulated seismograph, on the vertical channels of seismographs. This is in contrast
to the original definition of Richter, who measured amplitudes on the horizontal com-

ponents. The practice of measuring on the vertical channel was adopted according to
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the advice in Havskov and Ottemoller [2010], who state that the vertical channel is less
susceptible to near-surface amplification affects, giving a more reliable estimate of the
true seismic magnitude. When calculating amplitudes we also adopted the practice of
using half the peak-to-trough amplitude rather than the true peak amplitude as the
zero level on our seismographs for small earthquakes was often difficult to find. In

practice this is more likely to underestimate the magnitude slightly, but consistently.

In Chapter 5 we also calculate relative moments using the singular-value decomposition
method described in Rubinstein and Ellsworth [2010]. We use this method for near
repeating seismicity to obtain precise magnitudes. This method is outlined in detail in
Section 5.4.5.

All magnitude scales used in this thesis are adjusted to be comparable with the GeoNet
national magnitude scale, which is rooted in the local magnitude scale. It is of note that
this work was undertaken prior to that of Ristau et al. [2016], which may result in a
systematic shift of the GeoNet national magnitude scale, which may render comparison

between this work and the national scale meaningless.
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3 Low-frequency earthquakes reveal punc-
tuated slow slip on the deep extent of
the Alpine Fault, New Zealand

This work was originally published as Chamberlain et al. [2014] in Geochemistry, Geo-
physics, Geosystems. This work has been modified to fit the formatting of this thesis,
and amended slightly from the published version (Section 3.7). The full catalogue is

included in the electronic appendices.

3.1 Abstract

We present the first evidence of low-frequency earthquakes (LFEs) associated with
the deep extension of the transpressional Alpine Fault beneath the central Southern
Alps of New Zealand. Our data base comprises a temporally continuous 36 month-
long catalogue of 8760 LFEs within 14 families. To generate this catalogue, we first
identify 14 primary template LFEs within known periods of seismic tremor and use
these templates to detect similar events in an iterative stacking and cross-correlation
routine. The hypocentres of 12 of the 14 LFE families lie within 10km of the in-
ferred location of the Alpine Fault at depths of approximately 20-30 km, in a zone of
high P-wave attenuation, low P-wave speeds and high seismic reflectivity. The LFE
catalogue consists of persistent, discrete events punctuated by swarm-like bursts of
activity associated with previously and newly identified tremor periods. The magni-
tudes of the LFEs range between M — 0.8 and M/, 1.8, with an average of M 0.5. We
find that the frequency—magnitude distribution of the LFE catalogue both as a whole
and within individual families is not consistent with a power law, but that individual
families” frequency—amplitude distributions approximate an exponential relationship,
suggestive of a characteristic length-scale of failure. We interpret this LFE activity
to represent quasi-continuous slip on the deep extent of the Alpine Fault, with LFEs

highlighting asperities within an otherwise steadily creeping region of the fault.
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3.2 Introduction

The original recognition of non-volcanic tremor in southwest Japan [Obara, 2002],
and subsequent studies in several locations worldwide [e.g. Rogers and Dragert, 2003,
Nadeau and Dolenc, 2005, Wech et al., 2012] have revealed seismic deformation occur-
ring under temperature and pressure (depth) conditions previously thought to preclude
seismogenesis. Tremor has previously been demonstrated to be a superposition of mul-
tiple low-frequency earthquakes (LFEs) in a swarm-like manner [Shelly et al., 2007,
Ide et al., 2007b]. The spatio-temporal persistence of LFEs and tremor [e.g. Rogers
and Dragert, 2003, Frank et al., 2013] and their response to small stresses [Peng et al.,
2009, Thomas et al., 2009, Fry et al., 2011] provide a means of examining the state of
stress at depth and mechanisms of stress transfer from the deep crustal roots of faults

to their shallow seismogenic zones [Wech and Creager, 2011].

The constituent LFEs of tremor bursts have occasionally distinct, often emergent, P
and S phases. Waveform cross-correlation techniques [e.g. Ide et al., 2007b, Shelly et al.,
2007, Brown et al., 2008, 2013] for identification of repeating LFEs provide a means of
detecting multiple similar events. These similar events can then be stacked to improve
signal to noise ratios (SNRs). Picking both P and S phases of these stacked LFEs
allows LFE families to be located more accurately than the tremor signals themselves.
Tremor is often otherwise located by cross-correlating a long (2-5 minute) waveform
packet [e.g. Wech and Creager, 2008]. Not only does locating the constituent LFEs
of tremor allow for more robust hypocentre locations, but it also allows for tremor
fronts to be tracked in high spatio-temporal definition by identifying individual LFE
family activity during tremor [e.g. Shelly, 2010]. Emergent phase arrivals of LFEs
have also been shown to provide sufficient constraints for the calculation of LFE focal
mechanisms [Ide et al., 2007b, Bostock et al., 2012, Royer and Bostock, 2013].

Tremor has been documented at both subduction and strike-slip plate boundaries,
including the transpressive Alpine Fault in South Island, New Zealand. Using data
recorded by the Southern Alps Micro-earthquake Borehole Array (SAMBA) [Boese
et al., 2012], Wech et al. [2012, 2013] documented tremor occurring south of Mt. Cook
and attributed this phenomenon to deep slow slip on the Alpine Fault. However, due
to large depth uncertainties, ambiguity remains over the relationship of the tremor
to the Alpine Fault, with the possibility that tremor occurs not only on the deep
extent of the Alpine Fault but also on the northern extent of the subducted Australian
plate [Sutherland et al., 2006, Cox and Sutherland, 2007] or on other undocumented
structures at depth. This ambiguity may be overcome using refined source locations,
made possible through accurate hypocentre locations of LFEs embedded within the

tremor.
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Figure 3.1: SAMBA network used in this study to detect LFEs with background
microseismicity of [Boese et al., 2012] plotted as black crosses. The two southernmost
SAMBA stations (MTBA and SOLU) were not active during the period analysed but
may provide future constraints on LFEs south of the current LFE family hypocentres.
Inset: Tectonic setting of South Island New Zealand, with earthquakes seen to trigger
increased LF'E generation indicated by numbered circles. Background seismicity My, >
3.0 from the Geonet catalogue for the period 26 March 2009-02 April 2012 plotted as
black crosses.

The Alpine Fault is a transpressive margin of dextral-reverse sense at the boundary of
the Australian and Pacific Plates (Figure 3.1). Geological investigations [e.g. Norris
and Cooper, 2000, Sutherland et al., 2006] find a c.23 mm/yr long-term fault-parallel
Quaternary slip rate, approximately half the contemporary fault-parallel component
of Australia-Pacific motion of 35-40 mm/yr [Beavan et al., 2002]. Uplift rates on the
Alpine Fault are greatest (5-8 mm/yr [Beavan et al., 2002, Houlié and Stern, 2012]) in
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the area of highest topographic relief surrounding the Mt. Cook massif [Little et al.,
2007].

Despite high deformation rates, seismicity rates for moderate magnitude (M, 3-5)
earthquakes are lower around Mt. Cook than on the northern extent of the Alpine Fault
or the Fiordland Seismic Zone. Seismicity in the central Southern Alps is concentrated
in areas of high resistivity gradients [Boese et al., 2012]. Boese et al. [2012] suggested
that outside the seismically active shallow regions the material is either too hot, too

fluid-saturated or too weak to produce detectable seismicity.

The well-documented quasi-periodic record of ground-breaking Alpine Fault earth-
quakes with a mean recurrence interval of c. 330 years [Berryman et al., 2012] and the
inferred year of the last great earthquake on the Alpine Fault (1717+5 C.E.) Sutherland
et al. [2007] suggest that the Alpine Fault is late in its average seismic cycle of M, 7-8
earthquakes, and as such poses substantial hazard to southern New Zealand [Suther-
land et al., 2012]. By studying LFEs we may gain some understanding of how stress

transfer on the deep extent of the Alpine Fault behaves prior to a major earthquake.

Here we provide the first documentation of LFEs occurring beneath the Southern Alps.
Using manually identified LFE templates and the match-filter detection technique em-
ployed by Shelly et al. [2007], we detect similar LEEs within known tremor periods and
throughout the 36 month seismic record of 26 March 20092 April 2012. We analyse the
inter-event times and frequency—magnitude characteristics of the resulting LFE cata-
logue and demonstrate a near-constant background rate of LFE generation punctuated
by distinct rate increases on scales of minutes to hours corresponding with tremor and

of days to weeks following large (M,, > 5.9) regional earthquakes.

3.3 Methodology

3.3.1 LFE identification and detection

In this study LFE candidates are first identified by manual inspection of tremor
waveforms detected by Wech et al. [2012]. We recognise LFEs by their distinctive
earthquake-like, near-impulsive arrivals within otherwise emergent tremor waveforms.
We require an LFE to have been recorded on at least five stations in order to undergo
further analysis. All candidates considered here have S-picks (estimates of S-wave ar-
rival times) at all stations used. The frequency content of LFE candidates is then
checked to confirm their difference from ‘typical’ earthquakes: as in other studies [e.g.
Shelly et al., 2007] our LFEs have peak SNR at frequencies of 2-8 Hz.
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We compute preliminary locations using the 1D velocity model described by Boese
et al. [2012] (modified after O’Keefe [2008]) and used subsequently by Boese et al.
[2013] to locate deep seismicity in the region. We compute hypocentre locations and
uncertainties for all candidate events using NonLinLoc [Lomax et al., 2000] and model
parameters calculated by Boese et al. [2012] for local seismicity, namely a typical model
error of 0.075 s in travel-time residuals, a correlation length of 8.0 km (equal to the aver-
age station spacing), a travel-time uncertainty of 5 % in the velocity model, a minimum
picking travel-time error of 0s and a maximum of 0.2s. We do not recalculate veloc-
ity model errors as we do not have enough hypocentres within our dataset. As noted
by [Wech et al., 2012] for the tremor signals within which these LFEs are detected,
depths are anti-correlated to both deep (c. 50-100km) [Boese et al., 2013] and shal-
low (0-12km) seismicity [Boese et al., 2012]. Due to the use of an overly simplistic 1D
velocity model, and uncertainty parameters more appropriate for shallow seismicity, we

consider the uncertainties calculated here to represent minimum uncertainty estimates.

Table 3.1: Locations of LFE families, picked on stacked waveforms. Mean M} values
for each LFE family. Overall mean My for all detected events is 0.5 over the 8760
catalogued events. Uncertainties quoted represent minimum uncertainties and do not
include uncertainties arising from velocity model errors, which are likely to result in
much larger hypocentral uncertainties. Note, table differs from that published, numbers
in brackets in the detections column are the published, erroneous numbers, with those
un-bracketed being the corrected numbers. This affects Figure 3.9.

Family ID Latitude Longitude Depth Mean M; Detections

55115 -43.67 169.91 2542 0.3 (419) 329
55200 -43.56 169.93  27+3 0.3 (258) 223
55432 -43.64 170.06  25+3 0.4 (486) 545
61100 -43.64 169.93 24 +2 0.4 (362) 476
30441 -43.68 170.14 27 +2 0.4 (426) 590
60905 -43.64 170.00  21+3 0.3 (308) 410
61044 -43.77 169.98 ~ 22+3 0.9 (1726) 1847
61220 -43.71 170.02 2073 0.5 (346) 412
37575 -43.67 170.01 23 +2 0.4 (1456) 1562
63877 -43.67 169.94 26*3 0.4 (269) 366
59966 -43.67 169.98  23+3 0.4 (372) 483
60070 -43.64 170.00 18+2 0.3 (324) 432
54905 -43.71 170.04 20*? 0.5 (509) 430
17208 -43.52 170.06 28 +2 0.4 (577) 655

Once LFE candidates are confirmed, they are then used as primary templates in the
detection of similar events by correlation. We scan with fourteen primary template
LFEs (Table 3.1) through the SAMBA waveforms recorded between 26 March 2009
and 2 April 2012. To construct templates, we use a 6 s-long window beginning approx-

imately 0.5s before the S-pick to ensure that we span both the S-phase arrival and
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its coda for each channel at each station (Figure 3.2). Templates are correlated on all
three channels at each station, yielding a minimum of 15 channels per template upon
which detection is based. We do not correlate P arrivals as these are less evident at

most stations than the S arrivals for our primary template LFEs.

Primary (pre-stack)
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Figure 3.2: S-wave window for a LFE detected on the SAMBA network and plotted
here on all three components of SAMBA station LABE. Times are relative to the start
of the window used in correlation for detection of similar events, this begins between 0.5
and 1s before the S-arrival (red line). From left to right are plotted the primary (pre-
stack) template; the same template after as a stack of approximately 1000 waveforms
(middle); and a final detection of a discrete (outside of tremor) My 0.5 LFE (right).
Note that the primary template is padded by two seconds prior to the beginning of
the search window to highlight the change from background noise to LFE. A second
LFE with S-arrival between 56 is also cut from this plot but included in the primary
template. All plots are bandpassed 2-8 Hz as this frequency band contains the highest
amplitudes above background noise for our LFE detections. The red line marks the
S-phase arrival in all plots. SNR improves after stacking, allowing for more accurate
phase picks of both S and P (not shown here as P arrivals are not correlated for at
any stage in our method). Note the change in S-pick before and after stacking. This is
likely due to noise in the initial manually detected primary template (left) obscuring
the true phase arrival and highlights the importance of stacking before locating LFEs.

In constructing the primary templates, we impose an implicit a priori constraint on LFE
hypocentre locations by incorporating station-specific delay times. Delay terms are
required to cope with large ranges in source-receiver distances throughout the network
(4-60km epicentrally), which in some cases exceed the 6s template window length.
We have found longer windows to increase the risk of correlations being dominated by
non LFE-derived noise and also increase the risk of cycle-skipping when LFEs occur

close together in time.

To detect similar events, we cross-correlate each of the primary templates through the
dataset at 0.01 s intervals. Both the template and dataset are bandpassed at 2-8 Hz. We
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detect new LFEs when the network correlation sum exceeds a threshold based on the
Median Absolute Deviation (MAD) value, a statistic that is robust to outliers expected
to arise from real event detections [Shelly et al., 2007]. We set our detection threshold
at 8 times MAD based on synthetic testing outlined in Section 3.3.3. Detections for a
single template are constrained to have an 8s gap between them to reduce the risk of

cycle-skipping.

Following an initial detection run, we then stack the best 10% of primary detections
to generate a higher-SNR secondary template (Figure 3.2) in a similar fashion to the
iterative stacking and cross-correlation routine of Shelly and Hardebeck [2010]. During
stacking, the template length is extended to 15s to include both P and S arrivals. At
this stage the stacked waveforms are retained for location analysis. After stacking, P
phases become clearer, in many cases allowing for hypocentre refinement using more
phase picks than we are able to achieve with the corresponding primary templates.
The secondary template is then re-cut to 6s surrounding the S arrival and used in a

further cross-correlation detection routine.

In general, the process of iteratively stacking and cross-correlating increases the number
of detections. We repeat this iterative routine until there is less than a 10% change
in detections (either greater or fewer detections), or until the fifth iteration. Once the
final stack has been generated, we re-evaluate the P and S picks and re-compute the
hypocentre locations (Figure 3.3). All final template stacks are located with P-picks

at two or more stations and S-picks at every station.

Some SAMBA stations have encountered problems with noise introduced by solar con-
trollers (LABE, Figure 3.4) [Boese, 2012, Boese et al., 2012]. Although the correlation
detection routine does not initially detect this noise, any spikes present within a detec-
tion will be incorporated in the following, stacked, template. This results in the next
correlation routine correlating the spike rather than the LFE. To combat, this we have
manually scanned each record and removed channels for time periods showing spiking
(< 6months data removed at each of LABE and POCR). As we require at least five
stations for a detection, weaker templates with initial picks on only five station do
exhibit fewer detections when we have data loss. De-spiking routines were not used as
they were found to reduce initial detections and introduced other noise into the stacked

templates.
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Figure 3.3: Hypocentre locations of 14 LFE
uncertainties plotted as blue cloud of probability density function.
certainties are systematically underestimated due to unquantifiable uncertainties in
velocity model, therefore these uncertainties should be considered minimum uncertain-
ties. Local seismicity [Boese et al., 2012, 2014], deep seismicity [Boese et al., 2013]
and previously identified tremor [Wech et al., 2012, 2013] are plotted as in the legend.
Cross-sections projected onto gray lines in map view. GPS modelled fault shown on
lower cross section after Lamb and Smith [2013]. Low @), region (at 30km depth in
map plot as shown by dashed line in fault perpendicular cross-section) shaded in cyan
after Eberhart-Phillips et al. [2008]. All coloured triangles indicate stations on which
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Figure 3.4: LFE detections (red) within tremor identified by Wech et al. [2012] on eight
SAMBA stations. Plot start time is 2010 August 20 04:41:40.00 UTC. Amplitudes are
normalised and data bandpassed 2-8 Hz.  Tremor is discontinuous within the plot
window, with the main tremor burst highlighted by Wech et al. [2012] between 43
and 50 minutes in this plot containing many LFE detections. Obvious spikes in time
series recorded on LABE are due to solar-controller defects, the effect of these spikes
is discussed in the text.

63



3.3 Methodology

3.3.2 Magnitude calculation

For each detected event at each station and channel we bandpass at 2-8 Hz the 6s
window in which the detection was made. We then remove the instrument response
to estimate ground velocity and find the minimum and maximum amplitudes and the
time between them to give the peak ground velocity (PGV) and frequency. The PGV
is then converted to a Wood-Anderson amplitude at the specific frequency determined.
Bandpassing and using a single PGV at a single frequency mitigates the effects of
low-frequency amplification of microseismic noise when simulating Wood-Anderson re-
sponses for an unfiltered time-series [Havskov and Ottemoller, 2010]. This amplitude
is finally converted to M, using the coefficients derived for local earthquakes by [Boese
et al., 2012] recorded with SAMBA. We found this routine to give magnitudes within
+0.2 of the published magnitudes of local seismicity [Boese et al., 2012]. For template
LFE events, the automated routine gives the same PGVs and magnitudes as manual

picking.

We remove spuriously large and small single-channel magnitudes (Mp > 2.0, M, <
—4.0), which often correspond, respectively, to detections within the coda of large
earthquakes or periods of solar controller-induced spiking [Boese et al., 2012], and
magnitudes determined on the vertical component. We are always left with more than
three magnitude estimates for each event (average 16 channels used). A final event
magnitude is given by the mean of all single-channel magnitude estimates for each
event. Single-event PGVs are given by the median of the single-channel PGV for that

event. We do not attempt to correct for source-station distance in this calculation.

3.3.3 Event verification

To determine an appropriate MAD multiplier for our detection threshold, we have
undertaken synthetic testing following the method of Rawlinson [2011]. This involves
seeding a day of random noise with copies of real LFE templates at random locations
and with random SNRs before applying the same cross-correlation algorithm used in

detection.

This testing shows that using a threshold of 8 x MAD will give between 0 and 3 false
detections per day per template (mean of 0.2 for days of high noise, such as after large
regional earthquakes, and mean of 0.01 for quiet days without large earthquakes) and
detect 70 to 90% of all actual LFEs above a SNR of 0.2, depending on the template
and noise conditions. Testing reveals that a complete (100% positive detections) cata-
logue is achieved at approximately SNR=0.8 throughout the time period analysed. By

empirically determining the daily noise levels, we determine an average magnitude of
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completeness (M.) of 0.6. This M, is strongly time varying, however, with fluctuating
noise levels (Figure 3.5) resulting in completeness values varying between —0.5-2.0.

The implications of this time varying M, are discussed later.

We do expect a higher false detection rate during the aftershock sequences of large
regional earthquakes. However, of the 1400 tests run at 8 x MAD throughout a day of
phase-randomised data containing the amplitude information from the Dusky Sound
earthquake and its aftershocks, in 1176 (84%) of tests we made 0 false detections and
196 (14%) of tests contained 1 false detection. The maximum false detections per
template per day is 3, at a threshold of 8 x MAD. This maximum false detection rate
was found in 2 (0.1%) test runs through high noise conditions. For further details of

the synthetic testing see Appendix D.

= = = 8.5 LFEs per day
—— Previously detected tremor
Large regional earthquakes
—» Newly detected tremor
= | FE detections
M.

Figure 3.5: LFE detection rates (bottom panel) and magnitudes (top panel) with time.
Magnitude of completeness variations with time (10 day running average) plotted as a
red line in the upper panel. The apparent gap in detections between September and
October 2011 is due to data corruption due to spikes as discussed in the text. Gray bars
indicate the date of certain major regional earthquakes as discussed in the text (section
3.5.2). Black arrows indicate tremor periods identified by Wech et al. [2012]. A simple
linear fit corresponds to 8.5 LFE detections per day is plotted as a red dashed line.
We identify a possible new tremor period outside of the time period analysed by Wech
et al. [2012] as a spike in LFE generation (highlighted by a red arrow); this has been
confirmed as tremor by applying standard tremor waveform envelope cross correlation
techniques and observing similar tremor locations to the LFE source region. We also
see rate increases after the regional events indicated here, suggesting LFE and tremor
triggering or modulation: tremor was active both before and after the Dusky Sound
M,, 7.8 [Beavan et al., 2010] (15 July 2009) earthquake.
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3.4 Observations

The fourteen LFE families in our catalogue occur within a cross-sectional area of c. 21 x
36 km and depth extent of 15km, taking into account the uncertainties in locations in
NonLinLoc [Lomax et al., 2000]. The hypocentres appear anti-correlated in depth with
‘typical’ seismicity, lying beneath the seismogenic zone (0-12 km, [Boese et al., 2012]).
Twelve of the fourteen families lie on or near the Alpine Fault inferred from GPS
measurements [Lamb and Smith, 2013], coincident with deep reflectors [Okaya et al.,
2007] within a zone of low seismic velocities [Smith et al., 1995, Stern et al., 2001] and
high P-wave attenuation (low Qp) [Eberhart-Phillips et al., 2008] (Figure 3.3). The
other two families appear to be separated from the main cluster of families and lie to
the south-west of the inferred Alpine Fault. LFEs also occur at markedly shallower
depths than deep subcrustal earthquakes [Boese et al., 2013], suggesting a different

process of seismogenesis.

LFEs are ubiquitous throughout the record, occurring at a relatively constant long
term rate of 8.5 per day (Figure 3.5), rather than being confined to tremor periods.
They are nevertheless clustered, with 50% of detections having inter-event times of
less than 1000s, and 11% having inter-event times less than 8s (Figure 3.6). The
clustering of inter-event times close to 0s is typical of LFE swarms coinciding with
tremor periods identified by Wech et al. [2012] and with newly identified tremor periods
verified here by eye and found to be located near the LFE source region using the

WECC method [Wech, 2010] (Figure 3.4).

Tremor periods previously identified by Wech et al. [2012] correspond to abrupt in-
creases in LFE detection rates (Figures 3.4 and 3.7). We are able to identify all but
three of the nineteen tremor bursts [Wech et al., 2012] recognised, reinforcing the idea
of tremor being composed of LFE swarms. LFEs account for roughly 12-24 % of the
previously detected tremor, depending on whether phase-delays due to traveltimes are
included or not. This estimate does not include the effects of scattering or multiples and
should be considered a minimum value. Two of the three tremor periods not identified
here were located at least 15km from our template locations and at least 10 km from
the nearest detecting station. One location for tremor not detected by LFEs however,
lies near to the region of LFE detections. For the tremor episode on 3 August 2011,
two distinct tremor locations were calculated by Wech et al. [2012] within 5 min of each
other, one within the LFE source region and one c. 15 km southwest of the LFEs. We
suggest that the tremor location within the LFE source region may be an artefact and
the second location (to the southwest) is more likely. Attempts to pick LFEs within
these three bursts of tremor have not yet proven fruitful, with fewer than five stations

showing detections. An ongoing southern extension of the SAMBA may yield greater
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Figure 3.6: Inter-event times for all detected events. Main panel shows events within
3s bins on a logarithmic scale, inset has a bin size of 1000s and uses a linear scale.
Inter-event times peak between 0 and 3's, with 27% of all detections having inter-event
times less than 100s.

template coverage for future studies.

One of the strengths of the iterative cross-correlation and stacking method is our ability
to identify LFEs within noisy time-series, and in particular within aftershock sequences
and during the mainshock coda of large regional earthquakes (Figure 3.8). Following
five large regional earthquakes during the study period (Dusky Sound 15 July 2009,
M,,7.8 [Beavan et al., 2010]; Darfield (Canterbury) 3 September 2010, M,,7.1 [Quigley
et al., 2012]; Christchurch 21 February 2011, M,,6.2 [Holden, 2011]; Christchurch 13
June 2011, M,,6.0 [Holden, 2011], and Christchurch 23 December 2011 M,,5.9 [Bannis-
ter and Gledhill, 2012], dates in UTC) we observe distinct increases in LFE rate above
the expected increase in false detections (see Section 3.3.3). After each earthquake, we
see a decay towards the background rate, but the duration of the decay after each earth-
quake is different. Reliable magnitude estimation within aftershock sequences remains
problematic, with high LFE magnitudes within the aftershock sequences assessed here

often corresponding to earthquake contamination.

Each LFE family analysed shows a slightly different temporal evolution during known
tremor periods and in response to large regional earthquakes (Figure 3.9). Neverthe-
less, the range of magnitudes and average magnitudes of each family are quite similar.
Family ID:61044 has the largest mean magnitude (M 0.9) and highest number of de-
tections (1,847; Table 3.1) suggesting that detection rate and magnitude are correlated;
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Figure 3.7: LFE detections for a representative tremor period (onset marked by black
star) previously detected by Wech et al. [2012] at UTC 2010 August 20, 04:46-05:57.
Upper plot shows LFE magnitudes with time, the middle plot shows the cumulative
detections, and the bottom plot shows the detections per hour. Tremor periods ob-
served through LFE detection display a sharp spike in LFE detections at tremor onset
(5-15 detections per 10 minutes) without major variation in magnitudes or change in
background detection rate.

however, this is not the case because, for instance, family ID:37575 has a similarly high
number of detections (1,562), but a much lower mean magnitude (M 0.4). Basic anal-
ysis shows no trend in our small dataset between family mean M and number of
detections. In general, the cumulative detections of each family is quite consistent,

with only two families containing more than 1,000 events.

The LFEs we have detected do not exhibit a simple Gutenberg-Richter power law
scaling, as plots of the logarithm of the cumulative frequency against magnitude (Fig-
ure 3.10) are not well fit by a linear gradient above the M,.. The implications of this are
discussed below. However, PGV amplitudes do approximately follow an exponential
law for individual LFE families as reported previously by Shelly and Hardebeck [2010]

for the San Andreas fault. We see evidence for two main forms of this exponential rela-
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Figure 3.8: LFEs detected after the June Christchurch earthquake (M, 6.0 [Holden,
2011], UTC 2011 June 13 02:20 origin time plotted as black asterisk). Upper plot
shows LFE magnitudes with time, the middle plot shows the normalized cumulative
detections for both LFEs (solid line) and ‘typical” M,, > 3.0 earthquakes (dashed line),
and the bottom plot shows the detections per hour. LFE detections after large re-
gional earthquakes show more gradual response with detection rates increasing to 5-15
per hour, a larger range of magnitudes, and a steady decrease in rates towards back-
ground levels. This decay towards background levels is more staccato than that seen
in ‘typical’ earthquake aftershocks (dashed line upper panel), with spikes in detection
rate associated with larger aftershocks suggesting triggering by earthquakes of lower
magnitudes than the main M, 6.0 earthquake. Earthquakes M,, > 4.0 in the GeoNet
catalogue covering the whole of South Island, highlighted by black arrows.

tion, with five families showing similar gradients to family 1D:61220 (Figure 3.10) and
the other nine families exhibit a shallower gradient similar to family ID:37575.

For the two LFE families with much higher numbers of detections than average, the
majority of events occur closely spaced in time (Figure 3.9). For family 1D:61044,
30 % of the 1,847 detections were made following the Darfield earthquake. This family
showed a muted response to the Dusky Sound earthquake in 2009 but more pronounced
responses to the Christchurch earthquakes following the Darfield earthquake. Family
ID:37575 produced nearly 20 % of its constituent LFEs within a month of the 13 June
2011 Christchurch earthquake, and shows a marked increase in activity after this earth-
quake. This family showed a decreased rate of detection after the Darfield earthquake,
in contrast to family 1D:61044.
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Figure 3.9: Normalized detections for each family with previously detected tremor
events [Wech et al., 2012] indicated by arrows and large regional earthquakes seen to
elicit an LFE response indicated by solid black vertical lines. Red arrow indicates a
newly identified tremor period defined by a spike in LFE generation. Individual families
respond differently to different tremor events and earthquakes. Notably, the family
with the most detections (Family 1D:61044, 1,847 detections) responds most strongly
to the Darfield earthquake and also shows a strong response to the two Christchurch
earthquakes. Note this figure differs from that published by slight changes in event
detections to match the full catalogue.

LFE detections made within aftershock sequences do not appear to be ‘typical’” after-
shocks. Extensive detection testing within synthetic aftershock sequences has shown
that although our false detection rate increases, this increase is unable to account for
the overall detection rate increases observed. We have also confirmed by manual as-
sessment for a day of data within the aftershocks of the Darfield earthquake that LFE
detections are not made at the same time, or crucially, with the same station-delays
as aftershocks. Furthermore LFE decay patterns after triggering events do not fol-
low the same aftershock decay pattern as the typical earthquake aftershocks of these
events: rather, we observe spikes in LFE detections concurrent with the mainshock

and subsequent large events with periods of relative quiescence between (Figure 3.8).
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Figure 3.10: Cumulative frequency-magnitude (upper) and frequency—amplitude
(PGV) (lower) relations for all LFEs (solid line and crosses), family ID:37575 (dot-
ted line and stars) and family 1D:61220 (dashed line and circles). Red line in upper
panel show the frequency-magnitude relation for the complete part of the catalogue
(LFEs with My > M, for days with M, < 0.6) which follows a similar relationship to
the full catalogue (black). PGV amplitudes scale approximately linearly with the log-
arithm of frequency, with each family having a different scaling parameter. Individual
family scaling parameters have two dominant forms exemplified by families ID:37575
and ID:61220. The sum of these two forms is evident as a spike in occurance at low
PGV amplitudes in the plot of all LFE detections due to the amplitude relation of
families similar to family 1D:37575, followed by a change in gradient due to families
more similar to family 61220.
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3.5 Discussion

3.5.1 LFE family locations

Tremor and LFEs detected at plate boundaries have been interpreted to be the seismic
manifestation of slow shear slip [e.g. Ide et al., 2007b, Wech and Creager, 2007, Shelly,
2010, Rubin and Armbruster, 2013]. In this case, the consistency in the locations
of LFEs with the location of the deep extent of the Alpine Fault inferred by other
means (GPS inversion [Lamb and Smith, 2013], seismic reflection [Okaya et al., 2007]
and velocity models [Stern et al., 2001, Smith et al., 1995]), and the contemporaneous
detection of tremor and LFEs suggest that the LFEs represent slow shear slip on the
deep extent of the Alpine Fault. However, without reliable focal mechanisms, and
given the small number of LFE families detected to date, we cannot yet unequivocally
relate the LFEs detected in this study to shear slip. We are hopeful that the improved
azimuthal coverage provided by the recent southern SAMBA extension (stations SOLU
and MTBA in Figure 3.1) will enable focal mechanism parameters to be evaluated
in the future. We note also that the locations presented here have under-estimated
uncertainties due to insufficient information to constrain velocity model uncertainties;

therefore these uncertainties should be considered minimum uncertainties.

We hypothesise that these LFEs are generated on asperities within an otherwise aseis-
mic, creeping region of the Alpine Fault, following the model of Ide [2008]. Due to low
SNR values of the LFEs, and corresponding low single-channel correlations (average
0.5), we have not yet been able to reliably relocate the LFEs within individual families.
However, because we do not detect the same event with more than one template, we
infer that the scatter of hypocentres within an individual LFE family is smaller than

the average distance between different families.

Twelve of the fourteen LFE locations in this region are clustered in space, near the
inferred change in dip from a steep (45-60°) stably sliding fault updip of the LFE
generation region, to a shallower-dip (15-20°) partially locked zone [Lamb and Smith,
2013]. We hypothesise that this transition allows for near-constant slip while having
enough asperities to generate LFEs. The remaining two locations may be indicative
of a more steeply dipping strand of the Alpine Fault as discussed by Norris and Toy

[2014], but further events are required to substantiate this.

Some tremor depths estimated by Wech et al. [2012] exceed those of the LFEs reported
here. It is possible our analysis misses deep tremor due to low SNR values, but during
all deep tremor periods identified by Wech et al. [2012] we see active LFE generation at
shallower levels. We thus suggest that the discrepancies in estimates of depths reflect

the large uncertainties due to tremor-source geometry and network limitations Wech
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et al. [2012] pointed out.

Tremor and LFEs are often interpreted to be associated with fluids, either in relation
to fluid migration or high fluid pressure resulting in reduced normal stress and allowing
for shear slip [e.g. Shelly et al., 2006, Thomas et al., 2009, Bostock et al., 2012, Wech
et al., 2012]. If the LFEs documented here do indicate deep slip on the Alpine fault as
we hypothesise, then the low (), and low seismic velocity that characterise the source
region (Figure 3.3) may in some manner be associated with fault weakening. Eberhart-
Phillips et al. [2008] interpreted the region of low @), here to be the down-dip extension
of the Alpine Fault beneath South Island, and the high attenuation itself to mark the
presence of metamorphic fluids. This is compatible with the interpretation of Stern
et al. [2001] who concluded that the low seismic velocities correspond to increased fluid

pressures and associated fault weakness.

The fourteen LFE templates and their subsequent detections are unlikely to represent
all of the tremor on the Alpine Fault in this region; instead they represent the strongest
LFE signals detected with a sub-optimal seismic network. The recent extension of
SAMBA southwards should allow future studies of LFEs and tremor to be made with

lower magnitudes of completeness and greater spatial coverage.

As noted by other authors [e.g. Boese et al., 2012, Wech et al., 2012, Boese et al.,
2013] there is a distinct change in the pattern of seismicity along strike on the Alpine
Fault. Of particular relevance to this study is the lack of LFE detections north-east
of Mt. Cook. This change is coincident with the abrupt change in shallow seismicity
noted by Boese et al. [2012] and in deep seismicity [Boese et al., 2013] (Figure 3.3).
However, as we have only looked for LFE templates within known tremor periods, also
seen to locate south-west of Mt. Cook, the lack of LFE locations away from tremor
locations is unsurprising. We therefore cannot rule out LFE generation north-east of
the current LFE source region, but suggest that if LFEs are generated to the north-east
they do not generate tremor as demonstrated by Wech et al. [2012].

Seismic [e.g. Okaya et al., 2007] and geological [e.g. Little et al., 2005] evidence suggests
that the geometry of the Alpine Fault changes in the region beneath Mt. Cook from a
listric fault south of Mt. Cook to a near-vertical structure in the north. This change
in geometry may be associated with the termination of a partially subducted remnant
passive margin attached to the Australian plate and extending south-westward beneath
the plate boundary [Sutherland et al., 2000]. [Boese et al., 2012] considered that the
partially subducted remnant passive margin may explain the transition in deep seismic-
ity beneath South Island. The similarity in termination points for deep earthquakes,
tremor generating LFEs and the proposed remnant passive margin suggests a common

control.
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3.5.2 Inter-event timing and magnitudes

We observe tremor beneath the central Southern Alps to be a superposition of multiple
LFEs occurring with small inter-event times in a swarm-like manner, as demonstrated
by Shelly et al. [2007]. However, a large portion of the catalogue presented here ex-
hibits discrete behaviour, with large inter-event times that are not tremor-like. As our
catalogue is largely composed of events near or at the limit of our detection and outside
our network (Figure 3.3) we cannot be certain that those discrete events within the

catalogue are not related to smaller events, or events outside our detection region.

Our observations of near-constant LFE generation rate suggest that LFEs represent
quasi-continuous punctuated creep on the deep extent of the Alpine Fault, and provide
the first evidence of such slip on the deep extent of the Alpine Fault. With magnitudes
apparently at or near our detection threshold (M, 0.6) and deep hypocentres, the lack of
geodetically detectable slow slip is unsurprising. Detection of slow slip is also hindered
by the constancy of LFE generation and hence slow slip, with brief swarms (tremor
events) lasting 5-120 mins suggesting similarly brief slip rate increases. Abrupt LFE
detection rate increases coincident with large regional earthquakes may be indicative of
triggering by transient or static stress shifts [Boese et al., 2014]. A full investigation of
LFE triggering characteristics in the Southern Alps is the subject of ongoing research
and beyond the scope of this paper. However, initial analysis of the apparently triggered
LFE rate increases shows that LFE decay rates following regional earthquakes do not
follow the same decay pattern as ‘typical’ aftershocks generated in the brittle crust by

the same events.

We are not aware of LFE catalogue completeness being computed before. Shelly and
Hardebeck [2010] provided some indication of completeness by demonstrating the level
at which LFE size stops following an exponential law, but this approach requires the as-
sumption that LFEs follow an exponential law. Rather than imposing this condition (or
indeed assuming a G-R law), we have estimated the completeness empirically based on
the SNR values required for 100% detections in synthetic testing (Section 3.3.3). Anal-
ysis of the magnitude-frequency characteristics above this level shows no relationship
between magnitude and recurrence interval. This is again likely to be a characteristic

of our swarm-dominated catalogue.

The fact that M, varies from day to day does not preclude analysis of the frequency-
magnitude characteristics of the LFE dataset as a whole. Events of M > 0.6 occurring
on the subset of days for days on which M. < 0.6 exhibit the same frequency-magnitude
characteristics as the full catalogue (Figure 3.10). If LFEs scaled in a similar fashion
to ‘typical’ repeating earthquakes, we might expect a linear relationship between the

logarithm of cumulative frequency and magnitude, but this is not the case. Rather,
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individual families are well fit by an exponential model above M, and below a maximum
magnitude value. This maximum magnitude may be an indication of the limit of fault

(asperity) size as identified on a global scale for ‘typical” earthquakes by Kagan [2002].

The approximately exponential distribution of LFE amplitudes seen here is consistent
with the San Andreas LFE amplitude distributions shown by Shelly and Hardebeck
[2010], albeit here at much higher amplitudes, and with the observations of Watanabe
et al. [2007] of amplitude-duration distributions in non-volcanic tremor. This exponen-
tial distribution is also consistent with tremor amplitude-duration characteristics in
volcanic settings [e.g. Benoit et al., 2003]. Such an exponential relationship in tremor
implies that the source has a characteristic scale. In volcanic settings this can be
attributed to constraints imparted by the magmatic plumbing system [e.g. Aki and
Koyanagi, 1981, Benoit et al., 2003]. Watanabe et al. [2007] argued that a charac-
teristic length scale for the non-volcanic tremor source process, possibly the length of
fluid-filled cracks, is required to describe the exponential relationship found in tremor

properties in southwest Japan.

The source process for non-volcanic tremor and LFEs remains poorly understood. The
exponential frequency-magnitude relationships seen here may be related to a character-
istic length scale for individual LFE families. This characteristic length-scale is likely
to be related to the asperity size, the limit of which may be inferred from the cut-off
magnitude. If this is the case then LFE magnitude could be used to directly monitor
the amount of slip at the deep extent of faults. However, the frequency-magnitude
characteristics could also be related to some process required to slow earthquake rup-
ture in the generation of these ‘slow’ earthquakes [Kaproth and Marone, 2013], related
to the damping term described by Ide [2008].

3.6 Conclusions

We have presented the first evidence of LFEs associated with the Alpine Fault in New
Zealand’s South Island. Our results demonstrate that tremor occurring on or near the
Alpine Fault is composed of LFE swarms, but that LFEs also occur quasi-continuously
without generating extended-duration tremor. LFEs in our catalogue exhibit a range of
inter-event times dominated by short inter-event times coincident with swarms (tremor)
while also containing many temporally isolated events. We interpret that these discrete
events indicate that the deep extent of the Alpine Fault is undergoing quasi-continuous

creep punctuated by rate increases manifesting as tremor.

We have located fourteen LFE families and found that twelve of these fourteen families

lie within c¢. 10km of the Alpine Fault inferred from GPS measurements [Lamb and
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Smith, 2013], within an area of high seismic reflectivity [Okaya et al., 2007], anti-
correlated in depth with both shallow [Boese et al., 2012] and deep [Boese et al., 2013]
seismicity in the region. We conclude that LFEs (and therefore tremor) in the Southern
Alps are the manifestation of slow shear slip on the plate interface. Furthermore, twelve
of fourteen LFE families lie within a zone of low (), which we interpret to be a sign
of fluid-weakened rock, thereby allowing for ongoing slow slip on an otherwise locked
region of the Alpine Fault. We suggest that these fluids may be generated as the
products of metamorphism of a partially subducted passive margin which terminates
beneath Mt. Cook. This also may explain the lack of LFEs and tremor north-east along

strike from our LFE families.

The LFE magnitudes we compute do not scale according to a power law, but instead
appear to scale according to an exponential law suggestive of a characteristic length
scale in LFE source generation. We interpret this to be indicative of constant slip patch
sizes for individual LFE families associated with the size of asperities upon which LFEs

nucleate in an otherwise stably sliding region of the Alpine Fault.

Further study using data from the forthcoming SAMBA extension south of the current
LFE source region will further constrain the extent of LFE generation and lead to a

more representative view of slip occurring at depth on the Alpine Fault.

3.7 Amendum

In the published version of this chapter the number of detections in Table 3.1 was erro-
neous, this affected Figure 3.9 and is corrected here. This occurred as numbers where
taken from the previous iteration in the iterative stacking routine. This error does not
affect the conclusions made here, or the discussion points. Numbers of detections in the
text quoted from Table 3.1 have been corrected also. We have also added statements
in the text and in captions to highlight the under-estimated uncertainties that arise
from velocity model uncertainties. These uncertainties are not quantifiable with such

a small location set.
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4 FEarthquake detection using synthetic
templates: developing a continuous cat-
alogue of low-frequency earthquake tem-
plates for New Zealand’s central South-

ern Alps

4.1 Abstract

We develop a method of detecting earthquakes employing simple synthetic waveforms
as templates in a large-scale, network-based matched-filter routine. To enable us to
compute these detections efficiently we have also developed an open-source, multi-
parallel Python package. We first demonstrate that the synthetic templates are ca-
pable of detecting both discrete and swarm-like shallow seismicity, and subcrustal
earthquakes. By constructing synthetic S-phase waveforms to represent possible low-
frequency earthquake sources, we are able to detect a continuous (6.5 year-long) suite
of events, which we then stack to generate real low-frequency earthquake templates.
We use only the S-phase for low-frequency earthquake templates as we do not know the
focal-mechanism a-priori. Using only the S-phase results in more false detections than
using the P and S phases. We overcome false detections when generating real template
waveforms by stacking, for which only the true detections stack coherently. In this
manner we generate a spatially and temporally continuous catalogue comprising 600
LFE templates. The preliminary hypocentres of these low-frequency earthquakes are
poorly constrained in depth due to a lack of P-phases in most template stacks caused
by false detections in the initial synthetic detection stage, which reduce the coherency
of the stack outside of the S-phase. This approach yields an objective catalogue of real

templates for use in further low-frequency earthquake detection routines.
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4.2 Introduction

4.2 Introduction

Detection of low-frequency earthquakes (LFEs) is often undertaken using matched-filter
techniques [e.g. Shelly et al., 2007]. A major weakness of these methods is their reliance
on a-priori information (a template). In noisy environments such as the Southern Alps,
or when signals are of low-amplitude or sparse, finding useful LFE templates manually
is both time-consuming and unreliable due to inherent subjectivity. In our previous
work [Chamberlain et al., 2014] we were able to detect only fourteen LFE families,
in contrast, Frank et al. [2014] were able to detect and analyse 1,120 LFE families
in Guerrero, Mexico using a systematic template detection method. The results of
this catalogue have exemplified the importance of continuous LFE catalogues, Their
catalogue has allowed for the detection of small slow-slip events [Frank et al., 2015a],
analysis of temporal variations in LFE rates and studies of how these LFEs relate
to physical models of the slow-slip region [Frank et al., 2015b]. These studies would
not have been possible without a continuous catalogue of low-frequency earthquakes.
To develop a similar catalogue in the central Southern Alps, while making use of the
matched-filter technique to extract weak signals, we require a method of objectively

identifying appropriate templates.

A number of methods are available for template detection, including auto-
correlation [Brown et al., 2008], cross-station correlation [Rubin and Armbruster, 2013,
Thomas and Bostock, 2015], linkage methods [Aguiar and Beroza, 2014] and bright-
ness [Frank and Shapiro, 2014]. All these techniques have peculiarities which either
preclude their usage, or reduce their effectiveness in the central Southern Alps. After
extensive testing of a brightness approach [Frank and Shapiro, 2014], we found that
we could not usefully discriminate between noise and signal; signal amplitudes are low
and noise is often detected rather than signal. Cross-station coherences are also often
lower for known signals than they are for noise, due to complex scattering and strong
wind noise field [Petersen et al., 2011]. The poor cross-station coherence in the 2-8 Hz
tremor band means that the cross-station correlation technique is also poorly suited to
the current network configuration. The autocorrelation technique, while useful when
analysing discrete tremor events, is so computationally expensive [Frank et al., 2014]
that attempting to use this technique to develop a continuous set of LFE templates
would be unreasonably slow: autocorrelation scales non-linearly with catalogue dura-

tion. Further comparison of the methods is given in Section 4.5.

To develop a suitable computationally viable method of detecting LFEs in the cen-
tral Southern Alps we suggest using synthetic waveforms as preliminary templates in
a large-scale cross-correlation detector. These detections can then be clustered and

stacked to generate a uniform set of real template events. The term ‘real’ is used to re-
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LFE template construction using synthetic waveforms

Spikes

Spikes * decaying sine

Filtered 2-20 Hz

Filtered 2-8 Hz

Time (s)

Figure 4.1: Generation of a synthetic template. Top to bottom: A time-series of spikes
is constructed, which is then convolved with a 50 Hz decaying sine wave. This synthetic
can then be filtered to better approximate real waveforms. Here the synthetic template
is constructed with an S—P time of 1.5s sampled at 100 Hz and with an S/P amplitude
ratio of 1.5.

fer to recorded data, and ‘synthetic’ to refer to manually and automatically constructed

waveforms.

In principle, a seismogram can be simulated by convolving known source properties
with an appropriate Greens function [Aki and Richards, 2002]. In practice, however,
accurate simulation of earthquake body waves is made difficult by the dominant high-
frequencies and strong scattering resulting from path effects [Carrington et al., 2008].
These factors mean that estimating Green’s functions for all possible ray-paths is often
not viable. Nevertheless, as we show below, dominant periods of 0.05-0.5s features of

real earthquake waveforms can be reasonably matched with simple approximations.

4.3 Methods

4.3.1 Template simulation

We represent the seismic waveform initially as a single spike representing the P arrival,
and a series of spikes of diminishing amplitudes and alternating polarities to represent

the S arrival and coda (Figure 4.1). The S—P time is set using a pre-determined
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Figure 4.2: Synthetic (red) and real (black) P-waves for a crustal earthquakes located
by Boese et al. [2014] as part of a swarm. The vertical channel seismograms for station
COVA are shown (c. 15km hypocentral distance, directly above the LFE source region
identified by Chamberlain et al. [2014]). The P coda is not well matched by the
synthetic, and the two waveforms diverge after the first cycle. Nevertheless the clear
correlation of the early part of the waveform is strong enough to distinguish this from
noise.

3D velocity model (Section 4.3.3). The difference in representations between P and S
arrivals is chosen to simulate the typically more complicated coda of the S-phase. The
spiked time-series is then convolved with a 50 Hz decaying sine wave, chosen as this is
the Nyquist frequency of the lowest sampling-rate site used here. We generate a high-
frequency signal rather than restricting waveforms solely to the 2-8 Hz band (where
LFE signals are dominant in the central Southern Alps [Chamberlain et al., 2014])
to generalize the approach; filtering the waveform later allows a specific dominant

frequency to be generated.

Single channel synthetic templates aligned with seismic phases correlate with real earth-
quakes between a 0.0-0.8 level (normalised cross-correlation computed within a 1s,
100 sample window, Figure 4.2). Correlations for S and P phases are similar, meaning
that the synthetics do not match P phases better than S or vice-versa. The most im-
portant characteristic of the templates is the lack of similarity between the synthetic
and the background noise. This appears to be key: rather than trying extensively to
match the signal, we seek to not match the noise. This method can be extended to
generate a multi-component template for use in a network cross-correlation detection

routine.

4.3.2 Comparison with known waveforms

To test our methodology we first compare the synthetic templates with real earth-

quakes, and then examine the detections made by real and synthetic templates. We
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undertake the following four tests:
1. Comparison with shallow micro-earthquakes;
2. Comparison with a subcrustal earthquake beneath the LFE source region;
3. Shallow earthquake swarm detection and;
4. Comparison with a raw LFE template.

The first, second and fourth tests compare discrete real waveforms with synthetic wave-
forms, whereas in the third test we generate a grid of synthetic templates and attempt

to detect a known swarm of shallow earthquakes in the central Southern Alps.

To compare with previously picked events synthetic templates are generated with ar-
rivals at the time of the manually picked real P and S arrivals. For the regular earth-
quake tests, we filter between 2-10 Hz and use a 100 Hz sampling rate, whereas for the
LFE test we use a 2-8 Hz filter and 20 Hz sampling rate to more closely represent the
parameters used in large-scale cross-correlation (Section 4.3.4). Following this step, we
cross-correlate the real template (generated by filtering the real seismic waveforms in
the same frequency band as the synthetic, and cutting 0.1s prior to the manual phase
pick and 0.9s after the pick) with the synthetic template to determine the absolute
maximum of the cross-correlation and corresponding lag. We allow lags of as much
as +20samples or 0.2s to allow for differences between the manual phase-pick and
the theoretical arrival in the synthetic template. If the cross-correlation measured is
negative we reverse the polarity of the synthetic. The synthetic template is shifted to
achieve the optimum alignment with the real event (Figure 4.3). We also compare the
synthetic template and real earthquake spectra (Figure 4.4), with obvious discrepancies

in the timing of the arrival, which we correct for when aligning the templates.

For the first two tests, we use both the real waveforms and the synthetic waveforms
as templates in a network cross-correlation detection scheme for the day of the real
earthquake. For both the shallow and deep earthquakes, we are able to detect the
target earthquake in the continuous data using the synthetic template (Figure 4.5).
No other events are detected during the days analysed using the synthetics, nor using
the real waveforms. For both cases the synthetic has a lower network cross-correlation
sum than the real template by approximately a half. The synthetic network cross-
correlation sum however is still greater than the 8xMAD threshold used for that day
of data. The shallow earthquake synthetic detection has a cross-correlation sum of
12.8xMAD, and the deep equivalent has a cross-correlation sum of 15.3xMAD. In
both cases the MAD level for the synthetic template is lower than for the real template,
indicating that our synthetic templates do not match the background (noise) as well

as the real templates.
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Subcrustal earthquake:
2012/02/18, -43.62, 169.87, 59km
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RPZ.HZ cc=0.15
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Figure 4.3: Real (black) and synthetic (red), 1s-long templates for the shallow and
subcrustal earthquakes examined. Waveforms are sampled at 100 Hz, bandpassed 2—
10Hz and aligned 0.1s before the manual phase-pick. Channels are only plotted if a
phase-pick (either P or S) was made on that channel. P-phase templates are displayed
on the vertical (Z) channels and S-phase on the horizontal (1,2,N,E) channels. We
obtain some high correlation values (0.8 for the P-wave of the shallow earthquake on
station MTFO), with occasional near-zero correlations (0.0-0.1 for three of 13 channels
used for the shallow event, and for three channels of the 21 used for the subcrustal

event).
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Figure 4.4: Spectra for synthetic (top) and two real earthquakes described in the text.
Seismograms are filtered between 2—-10 Hz before their spectra are calculated. All plots
show the vertical channel of station FRAN. The poor alignment between energy peaks
is likely indicative of pick uncertainties as all seismograms are extracted with a 0.1s
pad prior to the P-phase (note, these plots are made prior to alignment to illustrate this
effect). The simplicity of the subcrustal earthquake spectrogram highlights the ease
of correlation. The shallow earthquake has a more complicated spectrogram due to
multiple phases being present in the window, which are not modelled in the synthetic
waveform.
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To determine whether we can detect near-repeating earthquakes, we attempt to detect
a background (un-triggered) swarm. Of the background swarms catalogued by Boese
et al. [2014], we focus on the only swarm that occurred before the My, 7.8 Dusky Sound
earthquake. This swarm occurred on 24 May 2009, and comprised 19 events. We use
the same approach that we applied to the detection of discrete earthquakes, whereby
a synthetic is generated that best matched one earthquake within the swarm and used

this synthetic and the real earthquake as templates for that day.

Of the 19 earthquakes documented by Boese et al. [2014], the real template detected
13. Two of the missed events had smaller inter-event times than the 6 s minimum we
allowed (Figure 4.6). The real template also detected a further nine previously uncat-
alogued events. Under inspection, eight of these additional events are unambiguously

earthquakes, while the final event has a clear S-wave, but the P-phase is not visible.

The synthetic template detected ten of the 19 earthquakes previously catalogued, and
as with the real template, two earthquakes were missed due to the 6 s minimum inter-
event time. The synthetic template made two additional detections compared to the
real template which both had negative cross-correlation sums. These events were not
associated with catalogued events. One of these additional detections is a real earth-
quake with low signal-to-noise ratio that had not been detected previously. The final
additional detection is not associated with any visible events and we classify it as a

false detection.

We then generate a grid of templates representing a finite source volume to further test
our ability to detect the swarm using synthetic templates without a-priori knowledge of
the source. Using a coarse grid of 210 synthetic template sources and inter-node spacing
of 2km we obtain no detections at 8x MAD. In light of the previous test this suggests
that our grid spacing is too coarse for this swarm, with no node sources matching the
swarm source location. Lowering the detection threshold results in an increase in false
detections with little to no increase in real detections indicating that this issue cannot

be solved by changing the threshold.

The last result indicates that synthetic templates in the near surface are source-specific,
which is likely due to the impulsive nature of the waveforms from shallow earthquakes
in the central Southern Alps. This is in contrast to the more emergent LFE waveforms
found in the central Southern Alps. We have attempted using only P-phases, only
S-phases and both body phases together with the same result. Of importance here
is the lack of false detections: if we have the correct template source location we can
detect these events, and if we have the wrong source location we neither detect the

events, nor make any false detections.

We also compare our synthetic templates to previously identified LFE templates. We

compare with the raw, un-stacked templates rather than those generated by stacking
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Figure 4.5: Day-long network cross-correlation sums for the day of the shallow event
tested, for both the synthetic template (upper) and real template (lower). Note, we
do not show the subcrustal earthquake as this was on a different day. Red bars mark
both the positive and negative 8xMAD threshold levels. Threshold exceedances are
highlighted by green circles. Only one sample in both time-series’ exceeds the positive
threshold, while only the real template has a negative peak greater than the threshold,
which likely corresponds to the template one period out of phase (cycle-skipping).
Note: maximum network cross-correlation sums are clipped to better show peaks near

the threshold.
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Figure 4.6: Detections made during one day of swarm activity (24 May 2009) using
synthetic and real templates. Red backgrounds to traces indicate detections made only
by the synthetic, which also correspond to negative cross-correlation sums. The final
event appears to be a false detection. Green backgrounds indicate shared detections
between the real and synthetic templates. Detections with white backgrounds were
only detected by the real template. The synthetic template detects fewer events and
makes one false detection for this day. Events are ordered by time, with their detection
times given in the top right of every trace. Amplitudes are not equal between traces.
Note that the red-shaded event at 05:58:31 is obviously an earthquake, but shifted half
a cycle out of phase, resulting in the negative network cross-correlation sum.
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multiple detections as this is more representative of the initial detection phase applied
to the continuous data. Our original templates were constructed using S-phases only as
this is the most dominant energy in the tremor waveforms [Chamberlain et al., 2014].
We obtain single channel cross-correlation values of between 0.3 and 0.6. The cross-
correlation sum of the LFE event plotted (Figure 4.7) at 3.19 would be close to the
threshold for the swarm period (8 x MAD=3.54) However, this threshold is significantly
higher than the threshold expected for the LFE due to the use of more channels: we
used ten channels for the synthetic swarm detections, whereas the LFE template has
only seven channels, ee might therefore expect the MAD level to be lower, 70% of the
swarm threshold is 2.5; at this level the LFE would trigger a detection.

Comparison of the spectrograms of the real and synthetic events shows clear differences
(Figure 4.8), although the peaks in energy occur in similar spectral bounds. The
synthetic template shows the interference in the coda of the S-phase with multiple
low-frequency energy peaks following the main arrival. This is due to the alternating
spikes used in the synthetic template generation procedure. These multiple phases are
also observed in the real LFE spectrogram, however it is unclear whether these are

subsequent LFEs in the tremor wavelet or multiple phases.

4.3.3 A grid of templates

To detect earthquakes with different source locations we require a suite of templates. To
achieve this either all possible moveouts and all possible S—P times can be modelled, or
templates can be generated for a set of known sources (e.g. within a region of interest).
By specifying a grid the computational load can be reduced (by undersampling the grid-
space and selecting specific boundaries) while simultaneously ignoring detections for
events we are not interested in (e.g teleseisms, or regional earthquakes). In the case of
LFEs in the central Southern Alps, the source region is relatively well defined as being
anti-correlated in depth with shallow seismicity [Wech et al., 2012, Chamberlain et al.,
2014]. This grid selection is similar to that used by Frank and Shapiro [2014] for work
in Mexico. Alongside reducing computational load, using a set of pre-defined sources

has the potential to constrain the location in tandem with detection.

Here we use a grid extending between depths of 15-40km with corners as shown in
Figure 4.9 and a coarse node spacing of 2km. Our initial grid has been chosen to be
deeper than regular seismicity, while epicentrally encompassing some standard seismic-
ity, to test whether we can distinguish between LFEs and regular seismicity. It has also
been set to encompass the LFE and tremor source region. For each node in the grid
we calculate travel-times to all stations using a 3D velocity model [Eberhart-Phillips

et al., 2008], and the ray-tracing algorithm in NonLinLoc [Lomax et al., 2000].
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Raw LFE template compared to S-wave template
Cross-channel correlation sum = 3.19
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Figure 4.7: Synthetic S-phase template (red) overlaid on the real, un-stacked LFE
template (37575, Table 3.1) at the maximum, positive cross-correlation within the first
two seconds. We designed the initial (real) templates to begin approximately 0.5s
before the preliminary S-pick and thus only look for the maximum cross-correlation
early in the trace. We can obtain higher single-channel cross-correlation values by
scanning the entire six second window, but this would likely correspond to later arrivals
of other LFEs. The cross-correlation sum is given in the title. We only show the north
horizontal channel here as this is what we use for the large-scale cross-correlation
detection routine. Individual single-channel cross-correlation values are given after the
station and channel name label.
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Figure 4.8: Comparison between synthetic (top) and real (bottom) S-phases for LFE
templates. Seismograms are filtered 2-8 Hz prior to calculation of spectrograms. The
multiple energy peaks are roughly met by the synthetic.

When generating templates for continuous detection of LFEs, we use only the S-phases
of our synthetic templates. We do this in an attempt to cope with unknown focal
mechanisms; reversed P-wave polarities at some sites due to different positions on the
focal sphere would result in negative cross-correlations for P-wave arrivals if we did
not model this. As we do not know the focal mechanisms for our LFEs yet, we cannot
account for this without modelling many other sources. Despite S-phase polarities being
dependent on take-off angle and focal mechanism, this does not detract overly from our
detection ability, possibly due to inherent cycle-skipping that can occur when using a
grid of only single phase templates. All the S-phase templates generated have positive
first-motions and are generated and correlated with the north horizontal component

only.

As eluded to above, using only S-phase templates reduces our location accuracy signif-
icantly. For example, our S-phase template may correlate well with the first arrival of
the LFE S-phase at one site, but correlate better one or more periods later at another

site. This results in a detection for an incorrectly located template event.

4.3.4 Large-scale multi-parallel cross-correlation optimisation

Our problem of 6.5 years of data (<2terabytes) is small compared to the scale of so-
called ‘Big Data’ datasets currently being analysed in computer science [Snijders et al.,
2013]. Nevertheless, earthquake detection can be thought of as a data-mining problem
(methods encompassing pattern extraction from large (‘Big Data’) datasets) whereby
we search for specific features within the dataset. We can therefore make use of some
of the algorithms and computational architectures designed for this type of problem:

for example Aguiar and Beroza [2014] applied the Google PageRank algorithm to the
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Figure 4.9: Target LFE source region in the central Southern Alps, with grid outline
(red) used in this study. Seismicity is from Boese et al. [2012]. We select our grid to
be deeper than most of the documented microseismicity in the region. Note that map
is rotated anticlockwise from north.
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problem of earthquake detection. Here we make use of the possibility to deploy the
matched-filter routine in a multi-parallel architecture. The matched-filter routine we
use is written in Python as part of the open-source EQcorrscan package!. This sec-
tion outlines how this routine is optimised for large-scale, multi-parallel earthquake

detection.

For a single day of seismic data and for each template, every correlation at every
time-step can be computed in parallel. EQcorrscan uses a normalised cross-correlation
routine from the openCV? image processing library, which handles multi-threading of
correlations at a CPU (Central Processing Unit) level. At the level above this, daily
cross-correlations for individual templates are computed in parallel, which are paral-
leled using multiple CPUs accessing seismic data in shared memory. At our top-level
of parallel processing, each day is computed separately. To exploit this, we separate
the 6.5 year dataset into chunks of days and compute the detections for this sub-set
of days on individual computers or nodes in a High Performance Computing cluster

architecture.

Given enough compute resources, we could in principle generate detections for as many
templates as we have CPUs in the same time that it takes to compute the detections
for a single template in a non-parallel architecture. We can simultaneously compute
detections for as many days as we have nodes: this is simple to achieve in EQcorrscan.
In practice, however, compute resources are often limited. In this study we make use
of the NeSI? infrastructure and the PAN cluster computer. This cluster has 393 nodes,
each node having between 12 and 40 CPUs. Some nodes have access to GPUs (Graphics
Processing Units) which could, in the future, be used for this problem. Using a normal
availability of resources (20-25 nodes), we are able to complete correlation of more
than 600 templates with the full 6.5 year dataset in less than 48 hours clock-time.

The main limitation in this methodology is memory consumption, and steps have been
taken to reduce the size of arrays stored in memory. In particular, data are down-
sampled to 20 Hz. This resampling reduces computational load, while still capturing
the information in the 2-8 Hz tremor band we are interested in. Seismic data are forced
to be of integer type; for the Steim2 compressed miniseed data used in this study which

is stored as 32-bit integers this has no effect.

Filtering the input integer data yields floating-point outputs. These are then amplified
to the limits of 32-bit integer expression before being converted back to integers. Data
are amplified to reduce the loss of fidelity when converting from floating point numbers

to integers. This step also normalises across the channels. When we compute day-long

Thttps://github.com/calum-chamberlain/EQcorrscan, version 0.0.9 as used in this work, is included
in the electronic appendices

2http://opencv.org/

3New Zealand eScience Infrastructure: https://www.nesi.org.nz/
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cross-correlation vectors, we convert these from 32-bit floating-point numbers to 16-bit
floating-point numbers. As 16-bit floating-point numbers are not a native C-type this
conversion has some compute overhead, but effectively reduces memory consumption
by half. Using 16-bit floating-point numbers also has implications for detections near

the threshold due to rounding errors.

The 128 GB memory limit of PAN nodes means that we are limited to approximately
100 templates running in parallel on a single node. This is because we compute detec-
tions for each day only after we have completed the parallel run through all templates.
That is, we compute cross-correlations for templates in parallel for each channel indi-
vidually, and sum each channels correlation array; the result of this is that we store
multiple single-channel cross-correlation vectors in memory. EQcorrscan is written
to allow these arrays to be stored on disk, which is especially useful for low-memory
computers, however the extra read and write time is significantly more than the time

penalty for limiting the number of simultaneously processed templates to 100.

4.4 Results

In our initial run using 638 synthetic templates we made 347,111 detections at 8xMAD.
Of the 638 templates, 38 did not detect any events during the 6.5 year period, leaving
us with 600 families (groups of detections associated with a single template) consisting
of between 388 and 862 individual detections. We remove detections associated with
data gaps in the GeoNet national data (where day-long files are partially filled), which
reduces the number of detections to 331,489. We make considerably more detections in
September and October of 2011 than at any other point in the 6.5 year timespan. This
corresponds to a reduction in the number of functioning stations. If we increase the
minimum number of stations used for detection we remove this period of increased de-
tection while maintaining other trends. We see a similar but lesser, effect by increasing
the detection threshold to 10xMAD. To remove this artefact we only use detections
with at least nine stations. This leaves us with 233,853 detections in 600 families.
For each of these detections we extract a short (90second) waveform for all channels
and stations available at the time of detection from the continuous data. We group
these waveforms into families by template and stack them. All stacked waveforms are

included in the electronic appendices.

Initial analysis of two days of detections reveals several types of detected event, rather
than just tremor and LFEs. Our use of S-phase templates only results in a significant
number of false detections (usually detections of unwanted earthquakes), including lo-

cal microseismic events and the surface waves of large earthquakes. The duration of
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Figure 4.11: Example waveforms and spectrograms at the time of a single LFE de-
tection. Waveforms are resampled to 100 Hz (from either 200, or left at 100 Hz), and
filtered between 2 and 49 Hz to remove long-period noise on the broad-band sites,
while retaining signals outside the tremor band to demonstrate the consistent dom-
inant power in the 2-8 Hz band. There are clear spectral peaks between 2 (lowcut
bound) and 10Hz. The waveform is clearly emergent, and does not correlate with
any earthquakes either globally above magnitude 5.0 (USGS catalogue), or within New
Zealand above magnitude 2.0 (GeoNet catalogue). This waveform is interpreted to
represent a short burst of tremor.
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our dataset allows us to mitigate against the effect of false detections during stacking,
providing we are detecting mostly real events, which is confirmed by visual inspection
of a subset of days. We find that we are able to detect events within tremor (Fig-
ure 4.11), and that we have detection rate increases coincident with known tremor
events. Therefore, when detections are stacked, positive detections stack coherently
and false detections do not. This coherency is exemplified in the stacks which have
clear S-phases and occasional P-phases (Figure 4.12), which allow for phase picks to
be made and and hypocentre estimates generated. These distinct phases are the topic

of on-going research to generate focal mechanisms.

Comparison of the stacked waveforms generated by different templates shows low simi-
larity between stacks, suggesting that each stack represents a distinct family of events.
When computing the similarity between stacks we extract a short 20s waveform from
the 90s stack beginning 5s before the detection time (which should be the first S-
arrival). This 5s pre-pad is designed to include any P-arrivals present above the noise.
The 15s after the first S-arrival is used to include later arrivals on other channels. We
do not apply a moveout to different channels to allow comparison of channels from
different stacks (families) and therefore moveouts. We compute cross-correlations be-
tween all stacks and generate a channel average cross-correlation value. No stack pairs

have average single-channel correlations above 0.4.

We automatically pick all 600 stacks using a simple STA /LTA routine, tuned for pick-
ing the emergent arrivals in the waveforms. We independently pick and compare 75
events of the 600, and find that the automatic picker makes slightly fewer picks than
our analyst picks, but the picks it does make are usually good (within analyst pick
uncertainty, which is often high for these emergent waveforms). Most stacks (579)
have only S-picks due to the higher signal-to-noise ratio of this phase, which leads to
large depth uncertainties in locations. This uncertainty in depth is demonstrated when
P-picks are added (which are available for only 21 stacks), which reduces the depth
estimates from 40-60 km to 14-30km (Figure 4.13). We note that if we locate the 21
events for which P and S-phase picks are available using only the S-phase information,
then only seven stacks locate shallow compared to the deeper events. We think this
indicates the importance of P and S-phase information, especially in this case with an
uncertain velocity model. We therefore only present the locations for families which
have both and P and S-phase picks in Figure 4.13, all other families locate in a broad
cloud at depth due to their high uncertainty.

Template locations are very uncertain (more than their Gaussian estimates of +5km
suggest) and require further iterative detection and stacking to enhance signal-to-noise
ratios to ensure that spurious noise phases are not incorrectly picked within the stack,

and to enhance weak P-phases. These locations should not be treated as LFE fam-
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Figure 4.12: Initial linear stack of 549 detections from node 170.149, -43.5293, 18 km.
The synthetic template for this node made the most detections of all synthetics. For
many stations there are clear S arrivals, with some also showing P-phases enabling
hypocentres to be determined. For sites not operational throughout the whole period
(notably SOLU and GCSZ), fewer detections have been stacked resulting in poorer-
quality waveforms. Waveforms are downsampled to 20 Hz and bandpassed 2-8 Hz prior
to stacking.
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ily locations, and rather are a validation that our detected events do not co-locate
with regular seismicity, and that we are able to achieve sufficient signal-to-noise ratios

through stacking to develop seismic phase arrivals.

4.5 Discussion and conclusions

We have presented a new method for detecting earthquakes using simple synthetic
templates in a matched-filter routine, and have proven the method’s effectiveness for
detecting both shallow and deep earthquakes in New Zealand’s central Southern Alps.
We have also demonstrated that this method can detect low-frequency earthquakes
and used it to develop a spatially and temporally continuous catalogue of 600 LFE

templates spanning 6.5 years beneath New Zealand’s central Southern Alps.

The synthetic template detection method presented here works well for detecting LFEs
within New Zealand’s central Southern Alps, however, detection rates for the synthetic
templates are notably lower than for a stack of real waveforms: we obtain between
251 and 549 detections per template in a 6.5 year dataset, whereas the previous study
(Chapter 3) found between 223 and 1847 detections per template in a 3 year period. Of
these detections, the synthetic templates make a significant number of false detections
(due to only using the synthetic S-phase, which also correlates well with shallow seis-
micity and surface waves). However, stacking the detections produces useful waveforms
for further matched-filter detection by coherently stacking real detections to produce
higher quality, real waveforms. As such this method should be used to complement
standard matched-filter methods, and may be thought of as a template construction

methodology.

Compared to other template construction/detection methodologies, this method works
better for the central Southern Alps dataset due to a number of key features. Firstly,
to exploit the duration of the dataset, a method needs to be computationally efficient.
This fact alone excludes ‘many-to-many’ type methods such as autocorrelation [Brown
et al., 2008]. For the example of autocorrelation using all the data available rather
than only analysing periods of known tremor, we would effectively be cross-correlating
approximately 4 x 10° templates, rather than 600. This increase in correlations would
yield a 6 x 10° increase in computational time, given the same resources. For the
case presented here, with 638 templates and using 20-25, nodes with 16 CPUs each,
takes less than 48 hours. For the autocorrelation method we predict that we would
require 37,000 years. This would however be a more exhaustive search for possible

LFE templates, in contrast to our bounded method.

The second feature of the central Southern Alps seismic dataset that precludes the use
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Figure 4.13: Initial locations of LFE templates computed using hypocentre and the
same 1D velocity model used by Chamberlain et al. [2014]. Most events are poorly con-
strained by only S-picks (marked by diamonds), however, those with P-picks (marked as
circles) tend to locate shallower than those without. LFE stack locations are coloured
by number of detections used to build the stack for that template. Note that locations
should not be considered final LFE family locations, but indicate the importance of
using both P and S-phases for location in this uncertain velocity structure. Out of the
21 stacks for which P and S-phase picks are available, if we locate these events using
only the S-picks, 7 of them locate shallower than the large cloud of stacks for which
only S-phase picks are available.
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of other methods, such as the cross-station [Rubin and Armbruster, 2013, Thomas and
Bostock, 2015] and the brightness methods [Frank and Shapiro, 2014], is the low signal-
to-noise ratio, and complex signal characteristics. The low signal-to-noise ratios result
in noise stacking to greater amplitudes than signal in the brightness method. Frank
and Shapiro [2014] suggest the use of an inter-station coherence threshold to remove
false detections generated by noise. However, the complex LFE signals observed in
the central Southern Alps result in very low inter-station coherences, often lower than
the inter-station coherence of noise signals. This lack of inter-station coherence also
precludes the use of the cross-station method, which looks for sources that provide the
highest inter-station coherency between three sites. In testing we have found that the
noise signal has higher inter-station coherence than LFE signals. We think this low
inter-station coherency is due to the short duration of tremor in the central Southern
Alps, the strong noise field [Petersen et al., 2011}, and the complex scattering apparent
due to highly foliated rocks.

The templates generated by this method currently have poor depth constraints due
to a lack of P-phases in most waveforms. The S-phase only synthetic templates also
make many false detections, which precludes an analysis of events detected by the
synthetic templates. The stacks generated using this method should therefore be used
in further, possibly iterative, matched-filter and stacking routines until the number of
detections, and template, stabilises. This should reduce the number of false detections,
which would enhance the stack, possibly allowing for more P-picks to be made: as we
have demonstrated, with the inclusion of P-picks, depths are more well constrained
(Figure 4.13).

Currently, rather than the phase picks presented here being able to give robust loca-
tions, they should be used to generate further templates around the phase picks for a
second stage of matched-filter detection. The detections from this run could be stacked
to enhance signal-to-noise ratio which would allow for more robust phase picks, includ-
ing P-picks on some channels for more templates. This would provide more robust
locations, as well as reducing the number of false detections to provide a detailed,

continuous catalogue of LFEs.

4.5.1 Methodological extensions

By extending this method with subspace detection methods, we may be able to use
both P and S phases for a range of unknown focal mechanisms. However, it is not
possible to generate a single subspace template that captures all possible P amplitudes
due to the reversed polarity at focal-planes. Detecting a range of focal mechanisms and

separating these into discrete families remains an ongoing problem in matched-filter
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methodologies. Currently low signal-to-noise ratios preclude a standard clustering of
detections by cross-correlation: for individual detections the noise dominates inter-

detection cross-correlations.

When including P-phases initial detection location accuracy is increased, resulting in a
need for more densely sampled template grids. This is simply limited by computation
time: increasing the density of the grid from 2km to 0.5km increases the number of
templates, and hence the computational duration, by a factor of 16. This is still a
computationally viable option on cluster computers. Including P-phases also reduces
the number of false detections (of other unwanted earthquakes), which would yield
a better stack, and a catalogue that could be analysed without a need for further
stacking and detection routines. However, as eluded to above, we have yet to overcome
the difficulties inherent in unknown focal-mechanisms when using P-phases. This may
be overcome by exploration of the minimum number of stations required to give reliable
detections, and generating P-wave (and S-wave) synthetic templates for these stations
with negative and positive polarities. For example, rather than having just a positive
P-wave at three stations, each station would have both a positive (compressional)
and negative (dilatational) P-wave template. For three stations this would result in
8 templates for a single source location: the number of templates for each template

source scales as 2™ where n is the number of stations.

The method presented here is an efficient way of detecting unknown signals in con-
tinuous data, and could be well suited to other noisy environments such as drill-sites,
geothermal areas or waste-water injection areas. In these settings a small volume of
crust could be targeted with a high density grid of templates and a range of focal
mechanisms; small earthquakes could then be detected in real-time, with each detec-
tion having a specific location attached to it according to the template used. This is

discussed further in Section 7.2.2.
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5 High-precision detection and relocation
of highly correlated micro-earthquakes

adjacent to the central Alpine Fault

5.1 Abstract

We detect microseismicity adjacent to New Zealand’s central Alpine Fault in a region
of low seismicity, based on cross-correlation of pre-determined template events, for
the period 2012/08/17-2014/12/31. A suite of 300 earthquakes and 195 explosions
are detected, from which high-precision relocations for 157 earthquakes are generated.
Relocations are generated by double-difference relocation using automatic, correlation
derived picks, with relative pick precision of less than 0.01s. We find clustered seis-
micity dominated by events near the site of the DFDP-1 borehole in Gaunt Creek. We
extract a subset of 106 highly correlated events and calculate high-precision magnitudes
by singular-value decomposition. These magnitudes range from —0.5< M <1.6; other
events are excluded from this calculation due to low signal-to-noise ratios likely due to
very small magnitudes. We generate probabilistic focal mechanisms for 24 earthquakes
in the catalogue using manual picks. These exhibit predominantly strike-slip faulting,
with subordinate normal and reverse components. We interpret our catalogue to rep-
resent short-duration earthquake sequences on small asperities adjacent to the Alpine

Fault, rather than repetitive failure on the through-going Alpine Fault.

5.2 Introduction

Deformation in New Zealand’s South Island is dominated by oblique convergence be-
tween the Australian and Pacific plates which is accommodated by the ~800 km-long
Alpine Fault. Between 5-10 mm/yr reverse motion has been estimated on the central
Alpine Fault [Norris and Cooper, 2000, Sutherland et al., 2006, Barnes, 2009, Beavan
et al., 2010] corresponding to up to 100% of interplate compression, and strike-slip

motion of 23-27mm/yr equivalent to ~75% of interplate dextral motion [Norris and
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Cooper, 2000]. The remaining deformation is thought to be taken up by distributed
deformation on other structures such as the faults of the main divide fault zone [Cox
and Findlay, 1995]. Despite these high deformation rates there is little documented
on-fault seismicity on the central section of the Alpine Fault, with what on-fault seis-
micity there is being confined to low magnitudes (mostly M, < 5) [Boese et al., 2012,
Leitner et al., 2001, Bourguignon et al., 2015, O’Keefe, 2008].

The Alpine Fault is thought to fail in major (M 7-8) earthquakes with paleoseis-
mic records indicating a likely recurrence timescale for the southern Alpine Fault of
329468 years [Berryman et al., 2012]. The last Alpine Fault earthquake occurred be-
fore written records in New Zealand, but is dated at c.1717TAD [Wells et al., 1999].
This gives a probability of a large ground-rupturing Alpine Fault earthquake in the
next 50 years of ~27% [Biasi et al., 2015]. Recent evidence from the central section of
the Alpine Fault suggests that four of the five most recent Alpine Fault earthquakes
ruptured large portions of the central section of the fault, with the 1717AD earthquake
thought to rupture throughout the central section [Howarth et al., 2014]. Howarth
et al. [2014] computed a recurrence interval of 271+£73 years for the central section of
the Alpine Fault, within uncertainty for the longer record presented by Berryman et al.
[2012] for the southern Alpine Fault, but notably shorter. If this recurrence interval is

correct, this would increase the probability of rupture in the next 50 years.

The region bounded by Franz Josef Glacier and the Wanganui river displays low rates
of off-fault seismicity (15-30 km southeast from the surface trace) as documented by
a number of authors [Boese et al., 2012, Leitner et al., 2001, Bourguignon et al.,
2015, O’Keefe, 2008, Evison, 1971]. This region, hereafter termed the ‘seismic gap’, is
bounded to the northeast by a zone of higher rates of moderate magnitude (M 3-5) seis-
micity. On the southwestern edge of the gap, Boese et al. [2012] reported magnitudes

on average one unit lower than at the northeastern edge.

This zone of low-seismicity is characterised by fewer mapped faults [Cox and Barrell,
2007] and low attenuation in the shallow crust (<5km) [Eberhart-Phillips et al., 2008].
Boese et al. [2012] proposed this implies that the seismic gap region is a strong, un-
fractured block. Despite this paucity in off-fault seismicity, Boese et al. [2012] report
no significant difference in seismicity within 10km of the fault (near and on-fault).
Rather, this region adjacent to the fault has low magnitude seismicity consistent with
similarly near-fault areas both north-east and south-west along strike. Bourguignon
et al. [2015] recently interpreted that the low seismicity zone was predominantly con-
trolled by temperature, with low thermochronometric ages between the Hokitika and

Karangarua rivers [Little et al., 2005].

Leitner et al. [2001] interpreted the region of low seismicity as being the initial transition

of deformation from the Alpine Fault to the southern extent of the, more favourably
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Figure 5.1: Background seismicity in the central Southern Alps as documented by
several groups. Note that the catalogues do not span the same time-periods, nor do
they have the same magnitude of completeness. The GeoNet catalogue has the longest
duration (plotted between 29/07/1990-28/07/2015). The sites labelled were all active
for at least part of the period analysed here, although only those sites with clear phases
were used for template generation and subsequent detection. The cyan box shows the
study region illustrated in later figures.
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Figure 5.2: Data continuity of the stations used for matched-filter detection. In the
upper panel site up-times are shown by black lines, the lower panel shows the overall
number of stations available. Not all sites were used for all templates, as such single
station outages can adversely affect different templates. Sites in the WIZARD network
were removed in January 2014, resulting in a large reduction of possible stations for use
in detection. Due to difficult high Alpine conditions some stations suffer data-loss due
to lightning strikes (SOLU), extreme temperatures resulting in data corruption during
writing (LABE, MTFO) and power failures (GOVA, COSA).

oriented (for strike-slip) faults of the Marlborough Fault Zone. The southwest extension

of the Porters Pass fault marks the southwestern edge of the seismic gap [Leitner et al.,

2001].

The Deep Fault Drilling Project (DFDP) addresses the in-situ conditions of the Alpine
Fault using a range of techniques [Townend et al., 2009]. The first stage of the project,
DFDP-1 [Sutherland et al., 2012] was undertaken in 2011 at Gaunt Creek (Figure 5.1).
The results of this study provided detailed information on the geological [Toy et al.,
2015], petrophysical [Townend et al., 2013], frictional [Boulton et al., 2014, Ikari et al.,
2015b, Schleicher et al., 2015] and hydraulic [Sutherland et al., 2012, Carpenter et al.,
2014] conditions in the near-surface (150 m depth). Notably this study showed that
the Alpine Fault forms a hydrological barrier between the hanging and foot-walls of
the Alpine Fault.

In 2014 a second phase of drilling, DFDP-2, was undertaken with the aim of intersecting
the fault at a depth of 1-1.3km, deep enough that stress conditions and pore-fluid
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temperatures could be measured without the effect of topography. The Whataroa
Valley was chosen to be the most suitable site along the central Alpine Fault for the
DFDP-2 borehole. This decision was in part informed by the lack of seismicity in the

region, with a well known background seismic pattern.

To enable a more precise understanding of the seismic conditions surrounding the
borehole, and to monitor seismicity around the drill-site during drilling (Chapter 6)
a small aperture array of four borehole seismometers was installed in February 2012
(Table 6.1) to supplement the SAMBA [Boese et al., 2012] and WIZARD [Thurber
et al., 2012, Feenstra et al., In Review| networks in place at the time. Here we apply
a matched-filter detection method using earthquakes detected between 2009 and late-

2013 as templates to generate a more complete catalogue of seismicity in the region.

The application of cross-correlation methods to seismic data has proven to be one of the
most effective methods of extracting known signals from continuous seismic data [e.g.
Gibbons and Ringdal, 2006, Shelly et al., 2007, Schaff and Richards, 2011]. The exten-
sion of single-channel cross-correlation detections to detections based on multi-channel
cross-correlation beams has allowed for many small signals to be uncovered from back-
ground seismic noise, with more variability than would be allowed by single-channel
cross-correlation detections. Network based cross-correlation methods have recently
been used to detect low-frequency earthquakes (LFEs) [Shelly et al., 2007], earth-
quakes buried in the coda of mainshocks [e.g. Peng et al., 2009], and within earthquake
swarms [e.g. Shelly et al., 2013]. Using single-channel cross-correlation of respective
template and detected events we compute high-precision relative pick times to quantify
minor differences in source location between events within a family (the selection of

events detected by a single template).

Notably cross-correlation methods have been used to study repeating earthquakes [e.g.
Nadeau and McEvilly, 2004, Uchida et al., 2003]. Repeating earthquakes on faults
are often modelled as asperities within otherwise creeping segments of faults [Zechar
and Nadeau, 2012]. These asperities may be thought of as having different frictional
properties to the surrounding fault, possibly they are more rate-weakening than the sur-
rounds, which would result in more likelihood of frictional instability (e.g. earthquake
nucleation). These asperities are usually constant in time, resulting in the repeating

nature of these earthquakes.
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Figure 5.3: Locations of templates used in this study. Circles mark earthquakes,
coloured by depth and stars mark explosion locations. Explosions occur regularly at
the Whataroa quarry (next to site WQSZ), and depths are fixed to zero. Locations are
often poorly constrained for explosions.

5.3 Data

In this study, we use data from three temporary passive seismic deployments alongside
data obtained from the GeoNet national network! (Figure 5.1). The SAMBA net-
work has been running almost continuously since late 2008 [Boese et al., 2012, 2014],
notwithstanding intermittent data losses (Figure 5.2). All sites of the SAMBA network
are short-period 2 or 4.5 Hz sensors recording at sample rates of 200 Hz. The WIZARD
network [Thurber et al., 2012] was active between January 2012 and January 2014,
with a combination of high alpine sites deployed with short-period sensors, and lower

altitude sites with broadband sensors, both recording at 100 Hz.

In February 2013, a further four shallow borehole seismograph sites were deployed

around the proposed DFDP-2 drill-site. These sites are short-period (4.5 Hz) sensors

Thttp://info.geonet.org.nz/display /appdata/Applications+and+Data
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deployed in 28 m-deep holes. These sites recorded at 250 Hz initially, but since March
2014 have been recording at 200 Hz to reduce data volumes for real-time telemetry
during drilling. All sites record in continuous format and are digitized on-site with
timing information obtained from GPS receivers. GPS issues rendered data from one
DFDP site and occasionally from discrete SAMBA sites unreliable for cross-correlation
as we require highly accurate timing to compute network cross-correlations at specific

lag-times relative to all other stations.

When computing cross-correlations, we downsample all the channels used to a consis-
tent 100 Hz sample frequency to match the sampling frequency of the GeoNet sites. A
key site in this study has been the GeoNet site GCSZ, deployed as part of the DFDP-1
observatory in Gaunt Creek. This sensor is deployed in the fault-zone of the Alpine
Fault and has been used to detect fault-zone guided waves [Eccles et al., 2015]; it

provides some of the highest quality waveforms for the events studied here.

5.4 Methods

5.4.1 Detection

We first conduct standard earthquake detection using an energy-based STA /LTA (ra-
tio of short-term average to long-term average) detector applied to the continuous
data collected between the installation of the DFDP-2 borehole sites (February 2013)
and October 2013, in order to detect a suite of template events. We specifically target
events within a radius of c¢. 20 km of the Whataroa Valley (Figure 5.3). Detected events
are then picked manually to obtain accurate body-wave first-arrival picks at as many
stations as possible. These picks are used to compute initial locations using hypocen-
tre [Lienert et al., 1986]. In this way we extract 69 possible template events (Figure 5.3)
to carry forward to the match-filter detection stages. In addition to these newly de-
tected events we also include eight high-quality earthquakes catalogued by Boese et al.
[2012]. Templates from earlier periods were not included due to changes in station
distribution, and a lack of earthquakes within the region. We include 14 explosions in
our study from the nearby Whataroa quarry to test our detection method, but these

explosions are not included in our final relocation.

We subsequently use the catalogued and verified earthquake waveforms as templates
for a further network cross-correlation detection routine between 17 August 2012 to 31
December 2014. Template events are extracted from continuous waveform data, where
the data have been bandpass filtered between 5-15Hz. We use this frequency band

because, despite dominant frequencies of these events extending to above 40 Hz, this
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Figure 5.4: Waveforms extracted for use as a single template event from an earthquake
detected on 2013/04/17 at 13:36 UTC. Red waveforms mark the 1s template plotted
within the background (black) waveform. Waveforms are plotted with a 5-15 Hz band-
pass applied, as used in the detection routine.
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lower-frequency band is more coherent and allows for more detections, while retaining
sufficient individual event information. Template windows for each channel are 1s long
and begin 0.1s before the manual pick for that channel (Figure 5.4). We construct
P-phase templates on the vertical channels, and S-phase templates on the horizontal

channels.

The network cross-correlation detection routine is similar to that developed for use in
the central South Island with low-frequency earthquakes by Chamberlain et al. [2014],
and on the matched-filter routine of Shelly et al. [2007]. In these methods an initial
template event is correlated with continuous (day-long) waveforms. High correlation

values indicate likely repeats or near-repeats of the signal.

When detecting new events, we use all channels of data represented in the template,
correlated with the day-long data from the same station and channel, bandpassed
at 5—15Hz. Continuous data were lagged according to the appropriate delay (chan-
nel pick time—first pick-time) for that station-channel pair. The normalised cross-
correlation values for each day of data are summed across the channels to give a net-
work cross-correlation sum time-series. Events are then detected from this network
cross-correlation sum when it exceeds a threshold value of 10xMedian Absolute De-
viation (MAD), a statistic robust to outliers in noisy data [Shelly et al., 2007]. We
choose to use a high threshold (10xMAD gives a theoretical rate of 1 false detection
per 100days across all 77 templates) as we aimed to obtain relocations for as many
events as possible. With the approach taken here, this requires high single-channel

normalised cross-correlation values.

5.4.2 Correlation pick-determination

Precise pick-times for individual channels of individual detected events are calculated
by extracting a window of 1.5s around the detection time (start of window is 0.25s be-
fore the detection time) and cross-correlating this with the original template event. The
corrected pick-time is assigned to the time of the maximum (positive) cross-correlation
value within the calculated 0.5s correlation function. The absolute times of these picks
are then stored in Seisan S-files and located initially using hypocenter [Lienert et al.,

1986] to generate origin times for events.

Post-processing of the detected events prior to final relocation is undertaken to reg-
ularise the location results by only including events with medium to high correlation
values. In this way we remove events from the catalogue if their average single-channel
correlation value is below 0.5, or if they have picks from fewer than five sites (P or
S). We also remove picks with correlation values below 0.2 as these low correlation

values within otherwise strong detections have been found to be associated with data
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artefacts (gaps padded with ‘nan’ values, or electrical noise).

Our final step in post-processing is to remove duplicate events, defined by a detected
event with the same origin time (4+0.5s) as another event detected by a different
template. We define this based on origin time rather than pick time due to the range
of data qualities within the templates (e.g. the first pick is often not made on the same
site for multiple templates), and the small geographic region examined. In the case
of multiple detections with similar origin times, we only retain the detection with the

highest average cross-correlation value.

5.4.3 Event location

We compute double-difference relocations for all detected events using a 1D velocity
model. We solve the double difference equations by least-squares in hypoDD [Wald-
hauser and Ellsworth, 2000], using the cross-correlation-derived picks as catalogue pick
times, with individual absolute pick-times weighted with the same values as the manu-
ally assigned template weights for that detection-template pairing. We use a secondary
correlation routine in Seisan [Havskov and Ottemoller, 1999] to compute relative cross-
correlation-derived pick adjustments for all detected events relative to all others. We
only use cross-correlation values exceeding 0.5, and weight the cross-correlation cor-
rections by the correlation value. We restrict our corrections to be within +0.1s of
the pick-time, on the assumption that we already have very good picks from our cross-

correlation determined absolute picks.

Due to the cross-correlations taking into account all of the waveform information,
rather than purely the first arrival, locations are centroid rather than hypocentre loca-
tions. However, for the small events we detect here, differences between centroid and
hypocentre should be small due to small rupture areas. We also note that due to likely
large velocity changes between the hangingwall (schist) and footwall (granite overlain
with gravels in this valley), which are not included in our 1D velocity model, events
may be clustered incorrectly by hypoDD if they are hypocentrally close, but on oppo-
site sides of the Alpine Fault. This would lead to significant variation in ray-paths for
earthquakes located on opposite sides of the fault; given that a key assumption of the
double difference method is that clustered events follow the same raypath, this would

lead to higher uncertainty in relocations.

5.4.4 Repeater analysis

Following detection and pick-correction we extract a subset of repeating earthquakes

from our catalogue defined by high cross-correlation values. Our threshold for repeating
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events is based on that used by Rubinstein and Ellsworth [2010], and we required cross-
correlations values of at least 0.95 on 5 or more stations. These cross-correlations are
computed using 1.28 s of 5-40 Hz bandpassed, 100 Hz sampled seismic data beginning
0.28s before the pick time. We only compare events within families, as part of the
declustering routine compares cross-correlation values for events at similar times and

assigns events to the most similar family.

5.4.5 SVD magnitude estimation

Due to high levels of similarity between events within families we are able to calculate
magnitudes for a subset of the most similar events using singular value decomposi-
tion (SVD). We attempted to compute automated magnitudes for all events using a
simple automated amplitude picker, but found the uncertainties in these magnitudes
to be very high. In contrast, magnitudes derived by SVD have been shown to have
lower uncertainties than catalogue magnitudes [Rubinstein and Ellsworth, 2010] when

considering highly correlated events.

Before computing magnitudes for events, we select events with high single channel
cross-correlations, relative to the template, and pre-process them. We use only the
vertical channels of seismographs to reduce the computational requirements. We do not
remove the instrument responses as the SVD method computes relative amplitudes at a
single site. We then compare these relative amplitudes across the network, rather than
comparing the true amplitudes. None of the sites used to compute SVD magnitudes had
any known changes in response during the study period (e.g. the sensor was constant

and the digitizer type was constant).

When selecting traces to use for SVD analysis, we require highly similar waveforms that
can be adequately represented by the first singular vector. As we have already aligned
our traces in the cross-correlation picking stage (relative to the template) we should
not need to re-align them; however, we found that a further re-alignment by cross-
correlation relative to the stack of the waveforms increased the similarity of waveforms.
These cross-correlations were computed using 5.0 s-long windowed waveforms beginning
1s before the cross-correlation derived P-pick, resampled to 100 Hz and bandpassed
between 2-10 Hz. Calculated shifts were on the order of 1 sample (0.01s), and likely

arise due to the higher signal-to-noise ratio of the stack compared to the raw template.

We then extract a smaller, 4.0s, window for SVD analysis, beginning 0.5s before the
re-aligned P-phase. Of these re-aligned traces we only use those with a correlation-
coefficient greater than 0.85 relative to the stack. We compare with the stack as this
is similar to the first singular vector [Barrett and Beroza, 2014], and therefore should

provide an estimate of how well the first basis vector describes the waveforms. We also
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require at least three events per channel for that channel to be included in the SVD

analysis.

The SVD method is used to compute the basis-vectors of a set of horizontal vectors

(in this case seismograms) M, by solving the equation:
M = USV (5.1)

where U is the set of input basis-vectors, 3 is the array of singular values, and V is
the matrix of output basis-vectors. The output basis-vectors describe the input matrix
of seismograms, with the first basis-vector (V1) having the most power, and those
with higher order having lower descriptive power. The relative descriptive power of a
single output basis-vector is given by the appropriate singular value (e.g. Vj has the

descriptive power of ;).

The relative moments of the output basis-vectors are given by their complementary
input basis-vectors (U). We use the relative amplitudes given by the first input basis-

vector to describe the relative moments of events within a family, for a single channel.
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We assume that higher-order basis-vectors describe mostly small-scale variations in

either noise, or seismogram mis-alignment (Figure 5.5).

To combine relative moments from single channels to a total event relative moment we
follow the method of Rubinstein and Ellsworth [2010]. As not all stations record every
event, a mean across sites may unfairly bias events with few readings. To circumvent
this we pose the calculation as an inverse problem with the input as a series of randomly
paired relative moments, and the model as the actual relative moments. This is posed
such that the weighted sum of paired relative moments equals zero. For example,
as Rubinstein and Ellsworth [2010] explain, if a first event was half the size of a second

event the following would arise:

where m are the event relative moments. In all cases the relative moments are nor-

malised by the smaller of the two relative moments.

Incorporating more events for a single station generates an increasingly large square
matrix in which each row has only two non-zero elements. To incorporate more sta-
tions into the system further matrices are vertically concatenated. Any empty rows
(corresponding to a station not being used for an event) are removed. The width of
the resulting matrix corresponds to the total number of events and the length is the

sum of the number of events recorded at each station. This results in the system:
KM=D (5.3)

where K is the matrix describing the relative amplitudes of all events, M is the unknown
vertical vector of relative event moments, and D is a column of zeros. Following the
convention of Rubinstein and Ellsworth [2010] we append a final row to K, whose
elements are given by 1/N, with N as the number of events, to normalise the relative
moments M to 1. We weight this final row by the number of events, and solve by least

squares.

To enable comparison of events between different families we convert from relative
moment to local magnitude, using the local magnitude of the template to normalise
all the moments. This template magnitude is converted to moment magnitude using

the relationship obtained by Ristau [2009] for shallow earthquakes in New Zealand;
M, = 0.88Myy + 0.73 (5.4)

where M, is the local magnitude and My, is the moment magnitude. This scale

has been derived for earthquakes of larger magnitudes than we are studying here,
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however, we are using this as an interim step, and remove this callibration later. Our
template events (and therefore our final magnitudes) are callibrated to approximate
the local magnitude scale of Boese et al. [2012], without using the frequency dependent

attenuation term found by these authors.

This moment magnitude is then converted to seismic moment using the standard rela-
tion [Hanks and Kanamori, 1979

We then normalise by multiplying all relative moments by the ratio of the converted
template moment and the calculated template relative moment. For this to work we
must have calculated the relative moment of the template by the previous SVD anal-
ysis. We then convert all the moments back to local magnitude using the previous
relationships. We have not compared our final magnitudes to other event magnitudes,
and therefore do not present magnitudes that can be directly compared to other mag-

nitude scales (such as the local magnitude scale of [Boese et al., 2012])

5.4.6 Focal mechanism inversion

For the subset of events with clear, impulsive, first-motions (24 earthquakes), we cal-
culate focal mechanisms using the Bayesian method of Walsh et al. [2009]. With this
approach, earthquakes are first located probabilisticaly using the NonLinLoc [Lomax
et al., 2000] location program. This generates a posterior density function of prob-
able earthquake locations and take-off-angles for each station. These take-off angles
and polarity picks are used to constrain a least-squares inversion for focal mechanism
strike, dip and rake. We allow the inversion to span all strikes, dips and rakes. We
compared our results to those from a constrained inversion for only positive rakes [c.f.

Walsh et al., 2009], but found that some solutions were less robust.

5.5 Results

We detect 495 events in the search region, of which 195 are quarry blasts (Figure 5.6, full
catalogue included in the electronic appendices). In the same time period the national
seismic network recorded two earthquakes in the study area. Earthquake detections
are concentrated close to their template event in time; 54% occur within 10 days of
their template event (Figure 5.7). In contrast, 11% of explosions detected occur within

10 days of their respective templates. This temporal relationship is also evidences at
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other levels: 90% of earthquake detections occur within 53 days of their template, and
50% occur within 9days, whereas explosions detections are more distributed in time
(90% at 376 days and 50% at 171 days).

Of the 63 earthquake templates used, 42 detected events other than themselves. The
numbers of events detected per family varied from one to thirty (discounting self-
detections). In contrast, of the 14 explosion templates, nine detected events other than

themselves, with up to 49 explosions detected by one template.

Of the 300 earthquakes recorded, 11 events within 5 families have similarities exceeding
our threshold for repeating earthquakes. These highly similar events have S-P time
differences of less than 1 sample (1 sample=0.01s at the 100 Hz sampling frequency
used) when aligned on the dominant phase. This would put their separation at less
than 100m assuming a constant P/S ratio and P-wave velocity of 4.7km/s (upper
layer velocity used in our 1D velocity model). Of these repeaters, 4 of the 5 families
have only two events (one repeat), while the other has three events (two repeats). One
family has an inter-event time of less than 1hour (13.5 minutes). Within families not

all detected events are classified as repeaters, due to larger differences in waveforms.

We are able to obtain relocations for 157 of our 300 earthquakes (Figure 5.8). Events
cluster around the template used to detect them, rarely deviating more than 500 m
from the template source. Our earthquakes do not appear to define a single fault-
plane, rather they are distributed through the crust close to where we expect the

Alpine Fault to be, with apparent dips of between 45-60°.

Despite low signal-to-noise ratios, we are able to obtain focal-mechanisms for 24 events
in our catalogue (Figure 5.10). These events nevertheless have poorly constrained
focal mechanisms due to a paucity of available picks resulting from low signal-to-noise
ratios (Figure 5.9). They are dominated by strike-slip solutions with one focal plane
close to alignment with the Alpine Fault. We also see some normal motion (e.g. event
five in Figure 5.9) which may be due to mis-location; the scatter from the 1D non-
linear locations is wrapped around both sides of the focal-sphere. This uncertainty is

illustrated by the poorly constrained P and T axes in Figure 5.9.

We obtain high-precision SVD-derived magnitudes for 106 earthquakes (Figure 5.11)
ranging between My —0.46-1.60. The magnitude-frequency relationship of these earth-
quakes above a completeness value of My = 0.6 are fit by a power-law relation with
a high b-value of 1.44 indicating a large quantity of small magnitude events. We are
unable to generate magnitudes for the majority of events due to low signal-to-noise
ratios. These low signal-to-noise ratios result in low cross-correlation values which ex-
clude them from our SVD magnitude calculation. They also result in unreliable manual
and automatic amplitude picks, precluding the use of standard local magnitude calcu-

lations.
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5.6 Discussion

Figure 5.7: Previous page: a) Cross-correlation sums (upper) and averaged single-
channel cross-correlation values for individual detections plotted against the time dif-
ference between the detection and its respective template. Negative time indicates a
detection before the template event, while positive time represents a detection after
the template. Detections at time=0 are self detections and have the strongest cross-
correlation values. Earthquakes are plotted as black circles and explosions from the
Whataroa quarry are plotted as red circles. Explosions tend to have more detections at
larger relative times than earthquakes. There is no obvious decay in cross-correlation
values with time: in fact, the lowest average cross-correlation values are found close
to time=0. Two outliers at large positive times are the sole two detections in January
2014, made by a template from June 2009. b) Zoom of 79days around time=0 to
highlight the majority of earthquake detections. c¢) Histogram of detections per day
(self-detections removed) relative to the template time (same time scale as panel b). In
the five to ten days prior to template times, there are more detections than in the same
days after the template, and the detections increase with proximity to the template.

5.6 Discussion

5.6.1 Temporal evolution

Our earthquake detections are predominantly limited to the period directly surrounding
the template events, despite continuous high-quality data spanning the study-period.
After October 2013, we obtain only 13 earthquake detections from 9 families (Fig-
ure 5.6). In 2014 there was a reduction in station number (Figure 5.2), but this change
in network does not correspond to a change in detection rates. In general, the number

of stations used to detect earthquakes correlates poorly to detection rate.

Using a set of 14 explosion templates, we are able to detect 195 explosions which,
despite being clustered in time during periods of quarry work (although we have been
unable to validate the explosion times, or shot-sizes with the quarry owners), can have
large inter-event times for individual templates (Figure 5.7). This is illustrated by
individual templates generating detections during multiple periods of activity, rather
than just being capable of detections close to the template time. Of note is that this
is despite the explosions being a destructive source, therefore the source properties
must be different between separate explosions (different shot-size, coupling, location

and rock-mass).

Correlation values for both earthquake and explosion templates do not deteriorate
with time (Figure 5.7). From this, and the more long-lived detection capability of our
explosion templates, we infer that the paucity of earthquake detections after October
2013 is real. This likely represents a reduction in activity for our discrete templates,

rather than a reduction of seismicity rates at a larger scale. We infer that our families
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Figure 5.8: Earthquake relocations as obtained for 157 of the detected events. Events
cluster around template locations, with variations of less than 500 m. Left panel shows
a cross-section plotted along the line A—A’. Dashed line on cross-section is plotted at
a representative dip of 45°.
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Figure 5.9: Focal mechanisms for all earthquakes that we are able to constrain. FEach
earthquake is plotted twice, once with picks and shaded best fit focal mechanism (left)
and once with pressure (orange)-tension (green) axes with their respective uncertainty
contours. On the left plots, stations are shown with their uncertainty scatter obtained
from non-linear location of the earthquakes. Red stations indicate a downward first
motion of the waveform at that site, while blue indicates upward. Due to the low
magnitudes of events studied here, we were unable to obtain accurate picks for most
sites, which results in poor coverage of the focal sphere and thus poorly constrained
mechanisms. Nevertheless, of the 24 mechanisms obtained there is a propensity for
strike-slip mechanisms, with one plane subparallel to the Alpine Fault, and giving the
expected dextral faulting. Numbers on the right of beach-balls indicate the number
of polarities used to constrain the mechanism, while the number on the left is the
earthquake id-number ordered by date.
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Figure 5.10: Focal mechanisms computed using the Bayesian routine of Walsh et al.
[2009]. The locations plotted differ from those in Figure 5.8 due to the different location
methods. Red focal mechanism indicates an expected oblique dextral-reverse Alpine
Fault earthquake, with strike 057°, dip 45°and rake of 160°.
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Figure 5.11: Magnitude histogram for the 106 earthquakes similar enough to calcu-
late high-precision singular-value decomposition-derived magnitudes. Magnitudes are
computed relative to manually-determined template local magnitudes (using the scale
of [Boese, 2012]). We fit the cumulative density function with a power-law above a
completeness of Mc =0.6, and below M, 1.4.
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therefore represent local, usually non-repetitive, failure of small patches or asperities.
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Figure 5.12: Near-repeats for template event 2013-03-02-45331 at site GCSZ, verti-
cal channel, for correlation values above 0.8. Left panel shows the 5-50 Hz filtered
seismograms, with high correlation values, right panel shows the 5-15 Hz filtered seis-
mograms. Correlation values are denoted by ‘cc=" and the number in the box of each
axis shows the maximum amplitude in that plot in counts. Blue dashed lines indicate
approximate arrivals of body phases. The red trace shows a clear delay in P arrival.
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5.6.2 Locations

Rather than the earthquakes detected here having hypocenters delineating some struc-
ture (e.g. the Alpine Fault), they are distributed in a damage zone throughout the
crust, near the Alpine Fault (Figure 5.8). The lack of seismicity on the fault would
suggest that the fault is either locked and not able to fail in small earthquakes at this
point in the seismic cycle (prior to an expected large magnitude earthquake), or is de-
forming aseismically. As there is no observed creep at the surface the second scenario
seems unlikely, and the Alpine Fault is likely locked in this region and accumulating

strain.

We observe earthquakes near the Alpine Fault, as also seen by Boese et al. [2012],
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Figure 5.13: Vertical channel seismograms from events detected within one family on
site GCSZ. Phase arrivals are marked by red dashed lines, with red shading showing
P-delays for three earthquakes. All earthquakes occurred within a month of each other
(plot start time is given in the top left corner). Maximum amplitudes in counts are
given in the bottom right corner, and span the range 69-11994 (the largest ampli-
tude is approximately 174 times bigger than the smallest), suggesting a difference in
magnitudes of c.2.2. The deviation in S—P times of up to 0.04s indicates either loca-
tion differences between events of up to 500 m, or small velocity changes. We observe
multiple phases for many event documented here (tertiary phase marked by the third
red-dashed line)
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O’Keefe [2008], with less seismicity away from the fault (34 earthquakes are located
more than 5km from the fault, and 106 earthquakes locate within the first 5km of
the hanging-wall). Other authors have suggested that the low-seismicity zone between
Franz Josef and the Wanganui river represents a strong, unfractured block [e.g. Boese
et al., 2012]. While we can say little about the presence of seismicity away from the
fault, near the fault, seismicity is dominated by low-magnitude events, likely on multiple
small asperities, rather than on one large structure. These earthquakes likely represent
failure at the margins of the presumed strong block, with strike-slip focal mechanisms

consistent with the background patterns of seismicity in the central Southern Alps.

We are unable to compute robust uncertainty estimates by solving the double-difference
equations by singular-value decomposition due to the size of the problem. Instead, we
estimate uncertainties by comparison of our double-difference relocations with the lo-
cations obtained by non-linear probabilistic locations for the subset of events for which
we generate focal mechanisms. These are shown in Figures 5.8 and 5.10. Epicentral
changes in location are on the order of 2km, whereas depth uncertainties are smaller,

on the order of 1km.

5.6.3 Repeating earthquakes

A small number of events within our catalogue have high enough similarity on enough
stations to be considered as repeating earthquakes [Rubinstein and Ellsworth, 2010].
However on the highest signal to noise ratio site, GCSZ, we observe consistently high
similarities for earthquakes within given families (Figure 5.12), indicative of small lo-
cation changes and only minor changes in focal mechanisms. We consider that the
scarcity of events with high enough correlation values to be termed repeating may
be due to the low signal-to-noise ratios found for these small magnitude events. To
better assess the possibility of repeating earthquakes on and near the Alpine Fault,
more high-quality seismic sites are required. This would likely require more borehole
sites (in bedrock, the sites deployed for the Deep-Fault Drilling Project have lower

signal-to-noise due to their emplacement in sediments) close to the fault.

5.6.4 Secondary phases

For multiple events in multiple families we observe a further seismic phase following the
S-phase, and occasionally a phase arrival following the P-phase (Figure 5.13). We first
observed these phases on the borehole site GCSZ, however on further inspection, we
also found these secondary phases other sites near the fault, dominantly also appearing

on WTSZ (Figure 5.14). This may mean that the phase is not a fault-zone guided wave,
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-43.351, 170.308 5.7km,
at 2013/06/08 12:34:28

Figure 5.14: Single event aligned
on the P-phase at six stations.
Station names are given in the top
left of every plot window, with
hypocentral distance in the bot-
tom left. Vertical channels for
24km]l . . . . | these stations are plotted which,
for nearby stations, have clear S-
phase energy. Waveforms are fil-
tered between 5-15Hz. At both
GCSZ and WTSZ there are clearly
two phases following the P-arrival.
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as they have previously only been documented on the on-fault seismometer at GCSZ.
However, it could be that either the damage zone (the wave-guide) encompasses more
distant sites, or that the trapped wave interacts with the free-surface at the Earth’s
surface, allowing it to travel to other near-fault sites. We also note that the phase is

occasionally, but not always dispersive (Figure 5.15).

Another explanation for the secondary phase may be anisotropy. The appearance of
these secondary phases varies with source location, but does not appear to vary consis-
tently with either back azimuth relative to GCSZ, nor distance (Figure 5.16). Delays
between the main S-phase and the secondary phase of ¢.0.3s at 7km hypocentral dis-
tance, Figure 5.14 implies Vp/Vs ratios of 1.48 and 1.68 for a fixed Vp of 4.7kms™?, or
changes of c¢. 12%. Bourguignon et al. [2015] observed a similar secondary phase to the
north of out study region which they interpreted to be due to anisotropy, with changes

in Vp/Vs ratio of 9% using an assumed Vp of 4.5 kms™!.

Due to the proximity of GCSZ to the fault-zone it seems unlikely that this phase
would be a converted phase resulting from waves passing through, or reflecting from,
the Alpine Fault, however this phase could be a conversion or reflection from some other

structure. The secondary phases documented here appear similar to both the secondary
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Figure 5.15: Unfiltered seismograms overlain on spectragrams for the vertical channel
of GCSZ showing tertiary phases after the S-phase. Spectral colours are normalised,
with red indicating high power and blue indicating low. All events were detected by
the same template. Detection times are given in the top left of every sub-plot, and the
maximum amplitude within the waveforms are given in the bottom left. The tertiary
phase has the most power in these plots, with peak power around 12 Hz. In some cases
the tertiary phase appears dispersive, but this is not pervasive across all plotted events.
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Figure 5.16: 78 detected events from 24 different families between June and October
2013 of above M0.7 plotted on all three channels of GCSZ. Waveforms are band-
passed between 5-15Hz, coloured by family and aligned on the P-phase. Numbers on
the left show hypocentral distance and back-azimuth from GCSZ to the initial location
(computed using Hypocenter of the event detected. Events are sorted by hypocen-
tral distance. On multiple events less than 8 km away there are clearly two arrivals
around the 1s relative time: on more distant events, this pair of phases becomes less
pronounced, with events often showing only one of the two arrivals.
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S-phases observed by Bourguignon et al. [2015], and the fault-zone guided wave doc-
umented by Eccles et al. [2015]. The changes in Vp/Vs required for the anisotropy
interpretation fall well below laboratory measurements of S-wave anisotropy for the
Alpine Schist [Christensen and Okaya, 2007] of up to 26%. However the dispersive
nature of some of the secondary phases (Figure 5.15) is suggestive of trapped waves.

Further examination of these phases is required.

5.7 Conclusions

We have documented 300 earthquakes of small magnitude (—0.5 < My, < 1.6) adjacent
to the Alpine Fault in a seismically quiet zone. Our detection method, and the scarcity
of repeating events, means that our catalogue is limited mostly to periods surrounding
template events. We therefore think that rather than our catalogue being composed of
repeating events in the classical sense, we have captured small-scale repeating earth-
quakes on small, localised asperities at the edge of a strong block in the hanging-wall
of the Alpine Fault.

Our catalogue is dominated by small earthquakes (b-value=1.44), which likely indicates
a scale-limit for the asperities in this region - rather than the events occurring on large-
scale faults capable of accommodating large earthquakes (either large slip, or large

slip-patches), these events are constrained to small fractures in the crust.

Although this is a seismically quiet region, by applying the matched-filter methodology,
we are able to extract a detailed catalogue of near-fault microseismicity. This method
could be extended along strike to provide comparisons between this region and more
active region. Particularly, the high b-value obtained here is in contrast to that ob-
tained for the central Southern Alps as a whole by Boese et al. [2012] of 0.86. Whether
b-values are consistently higher near the Alpine Fault, or if this section is unique could

indicate stress concentrations near the fault [Nakaya, 2006].
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6 Real-time seismic monitoring at the
Deep Fault Drilling Project, Alpine
Fault, New Zealand

This work is written to be submitted to Seismological Research Letters. This work
has been modified to fit the formatting of this thesis only. This chapter is written by
me, with assistance and editorial input from co-authors. The work was conducted as
a team effort during the period of real-time monitoring, however prior to monitoring I
set up the real-time network alongside Carolin Boese, Adrian Benson and the GeoNet
telemetry team. I also set up the procedures and software, led training sessions, acted
as one of the senior seismologists and conducted most of the post-drilling analysis that

is contained in this chapter.

6.1 Abstract

The Deep Fault Drilling Project (DFDP) is a multinational scientific drilling effort to
study the evolution, structure, and seismogenesis of the Alpine Fault, New Zealand, via
in-situ measurements of fault-rock properties. The second phase of drilling (DFDP-
2), undertaken in the Whataroa Valley in late 2014, was intended to intersect the
Alpine Fault at a depth of 1km. In conjunction with the drilling and on-site science
activities, a real-time seismic monitoring scheme and “traffic-light” response protocol
were established to detect, locate and if necessary respond to seismicity within 30 km
of the drill-site. This network was operated around the clock between late August
2014 and early January 2015 and detected and located 494 earthquakes of M 0.6
4.2. None of these earthquakes occurred within 3km of the drill-site, nor did any of
the seismicity detected require changes to drilling operations. The monitoring was
undertaken using free-to-research software operated by an international team of 16
seismologists (including eight postgraduate students) working in seven institutions and

three countries to provide rapid on- and off-site manual checking and relocating of
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events. Our standard response time between detection and final location was less
than 30 minutes under normal background seismicity conditions and up to 1 hr during
swarm activity and for low-priority, distant (> 30km epicentrally from the drill-site)

earthquakes.

6.2 Introduction

The Deep Fault Drilling Project (DFDP) is a scientific drilling project aiming to sample
and monitor the in-situ conditions of New Zealand’s Alpine Fault prior to an expected
major (M 7-8) earthquake [Townend et al., 2009, Berryman et al., 2012, Sutherland
et al., 2012]. The Alpine Fault is New Zealand’s major on-land plate boundary struc-
ture, undergoing transpressional deformation due to the oblique convergence of the
Australian and Pacific plates. The Alpine Fault accommodates ~75% of the dextral
strike-slip inter-plate motion, and up to 100% of the compressional motion [Norris and
Cooper, 2000] in the central section of its 650 km length. Slip rates range from 23—
27mm/yr dextral [Norris and Cooper, 2000, Sutherland et al., 2006, Barnes, 2009] and
6-10 mm/yr reverse motion [Norris and Cooper, 2000], with the highest uplift corre-
sponding to the highest topography around Mt. Cook in the central Southern Alps.

The Alpine Fault separates the east-dipping Fiordland subduction zone to the south-
west from the west-dipping Hikurangi subduction zone to the northeast. In northern
South Island, crustal deformation is accommodated on a distributed network of faults
(Marlborough Fault Zone) as deformation is transferred from the Hikurangi subduc-
tion zone to the transpressional Alpine Fault [Berryman et al., 1992]. The faults of the
Marlborough Fault Zone converge to the main Alpine Fault structure around 100 km
north of the Whataroa Valley, the site of the DFDP-2 drill-hole. In the central portion
of the Alpine Fault, the fault appears to be a singular structure, however at the surface
there is segmentation into individual strands of oblique-reverse and dextral sense [Nor-
ris and Cooper, 1995, Barth et al., 2012]. South of Haast, on the southern section of
the fault, reverse motion decreases as compression is taken up by offshore thrust faults
and the Fiordland subduction zone [Sutherland and Norris, 1995, Barth et al., 2013].

Seismic [Scherwath et al., 2003, Stern et al., 2007, Okaya et al., 2007, Wech et al., 2012,
Chamberlain et al., 2014, Bourguignon et al., 2015], magnetotelluric [Wannamaker
et al., 2002], geodetic [Lamb and Smith, 2013] and geological [Little et al., 2007, Herman
et al., 2009] observations of the Alpine Fault indicate that the central part of the fault
has a listric geometry, with its dip increasing from approximately 60° at the surface,
to less than 15° at 30 km depth [Scherwath et al., 2003, Stern et al., 2007]. These

observations do not rule out a second steeply dipping structure at depth as modelled
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by Koons et al. [2003], who show that a mechanical model with strain partitioned onto
two structures, one listric, dominantly reverse structure, and the other near-vertical
with mostly strike-slip motion, could explain the strain histories recorded geologically.
In the near-surface thrust segments of the central Alpine Fault often appear to have
shallow dips which has been attributed to near-surface topographic effects [Norris and
Cooper, 1995].

The central portion of the Alpine Fault is thought, on paleoseismological grounds to
have last ruptured c¢. 1717 AD, in a M~8 earthquake [Wells et al., 1999, Sutherland
et al., 2007], prior to written records in New Zealand. Paleoseismic work by Berryman
et al. [2012] on the southern section of the Alpine Fault has generated a record of
probable Alpine Fault ruptures from the last 8000 years, with these ruptures occurring
regularly with a recurrence time of 329£68 years. The maximum likelihood probability
of a large earthquake occurring in the next 50 years on the southern Alpine Fault has
been calculated to be 27% [Biasi et al., 2015]. This implies that the Alpine Fault is
late in its typical seismic cycle. The Alpine Fault therefore provides the opportunity
to study the conditions of a continental boundary fault prior to a major rupture, and
the opportunity to deploy observatories to record the processes leading up to a major

earthquake.

6.2.1 Deep-Fault Drilling Project

Much of our current understanding of the Alpine Fault and the processes controlling
its seismogenesis is derived from surface geological observations and inherently non-
unique and often low resolution geophysical observations. Although these observations
have provided valuable large-scale models describing the Alpine Fault and the pro-
cesses occurring at depth, these models require real observations of the frictional and
rheological properties, stress state and permeability within the fault zone to test their
suitability and improve on them. To this end DFDP aims to drill into the Alpine Fault
to determine the temperature, fluid pressure and chemistry, rock properties and the
prevailing stress state through direct observations of the fault zone at depth [Townend

et al., 2009].

The first phase of the project, DFDP-1, was completed in early 2011 at Gaunt Creek
(Figure 6.1). Two shallow boreholes were drilled through the hanging wall of the Alpine
Fault and into the footwall at depths of 128 m and 98 m [Toy et al., 2015]. The fault core
was observed to be of low permeability, effectively forming a barrier to fluids across the
fault [Sutherland et al., 2012, Carpenter et al., 2014] and to exhibit distinctive electrical
properties related to the presence of phyllosilicate alteration products [Townend et al.,

2013].
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Examination of the fault rocks revealed that smectite clays only formed in the narrow
band of fault gouge zones [Schleicher et al., 2015]. These smectitic clays contribute to
lower coefficients of friction (u) at low sliding velocities (u =0.49-0.74, increasing with
increasing P-T conditions) for the smectite bearing gouge relative to the chlorite/white
mica-bearing gouge material (@ =0.61-0.76) also found at DFDP-1 [Boulton et al.,
2014]. Ikari et al. [2015b] also found high coefficients of friction for gouge from DFDP-
1, with p for gouge at P-T conditions appropriate for seismogenic depths of around
0.67; high compared to those found at other active fault drilling projects, e.g. p <0.4
at the Nankai Trough [Saffer et al., 2012] and ©=0.1-0.15 at Parkfield [Lockner et al.,
2011).

A second stage of drilling, DFDP-2; was undertaken in 2014 in the Whataroa Valley
(Figure 6.1) approximately 7km east of the DFDP-1 drill-site. This phase of drilling
was intended to characterize temperature, pressure, stress and structure of the hanging-
and footwalls of the Alpine Fault, and to intersect the principle slip zone at a depth of
~1km. Due to the perceived risk of triggering earthquakes by drilling into the Alpine
Fault, a formal safety review was undertaken in March 2014, involving an international
panel of experts in earthquake seismology, fault mechanics, New Zealand geology, and
drilling engineering. The panel was chaired by Dr. William Ellsworth (USGS), to assess

the drilling plan. The aims of this safety review were to:

1. Determine if the drilling plan would have a significant effect on Alpine Fault

seismic hazard;

2. Decide if the geophysical data to be collected, and responses to these data were

appropriate;

3. Modify the operational procedures to reduce the impact of drilling on the hazard

of the Alpine Fault if deemed necessary.

The safety review concluded that drilling as planned would have no significant effect
on the seismic hazard of the Alpine Fault. Nevertheless, given the planned depth and
scope of the drilling activities, and especially the unknown conditions that would be
encountered below the principal slip zone, the science team implemented procedures
for monitoring seismicity near the borehole throughout DFDP-2 operations and for
responding to any observed seismicity in a prudent and effective manner. The response
plan was set out using a traffic-light system (Figure 6.2, [e.g. Zoback, 2012, Walters
et al., 2015]) that had been discussed at length during the review panel’s meeting and
subsequently revised based on available infrastructure, personnel, and drilling plans.
The real-time seismic monitoring was planned to allow the DFDP-2 team to effectively
and proactively communicate the locations of nearby seismicity with high precision
to the general public, while also monitoring the seismicity around the borehole and

providing operational advice based on this.
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Technical operations proceed

Infrequent background seismicity {N=0,1; 1<M<3} within 12 hour period and within 3 km of site}
Low ground velocities {PGV < 0.5 cm/s, Intensity II, not usually felt}

Continue normal operations.

Duty seismologist determines location and magnitude within 30 min of a detection

Operational response

Anomalous small local earthquakes {N>1; 1<M<3 within 12 hour period and 3 km of site}.

Moderate ground velocities {PGV > 0.6 cm/s, Intensity lll, felt events}

Pls are informed by duty seismologist; Pls consult and consider modifying current operations.

Contingency measures on alert: ensure appropriate material are on site; and drillers are briefed on contingency
measures required if transition to red occurs.

Duty seismologist and senior seismologist monitor and analyse earthquake activity and determine locations and
magnitudes within 15 min of a detection

Steps taken to maintain borehole stability and safely abandon components of experiment
Moderate or large local earthquakes {N>1; M>3 within 3 km of site}.

Immediate operational response.

Aim to reduce induced seismicity by reducing fluid pressure in zone of earthquakes.

Stop injection of fluids; reduce mud weight; mitigate loss zones through LCM, cement, or casing; consider a fluid
production strategy.

Pls, drilling engineer and drilling manager are informed by duty seismologist; Pis, drilling engineer and drilling
manager consult and make decisions based on a written Operational Contingency Plan.

Duty seismologist and senior seismologist continuously monitor and analyse earthquake activity and report locations
and magnitudes to Pls within 10 min of a detection.

Figure 6.2: Traffic light scheme adopted during real-time seismic monitoring of the
DFDP-2 drilling project.

6.2.2 Seismicity around Whataroa

Despite high deformation rates, the seismicity on and surrounding the central part of
the Alpine Fault is sparse, with a notable seismic gap extending between the Whataroa
and Wanganui Valleys as documented by Leitner et al. [2001], O'Keefe [2008], Boese
et al. [2012] and Bourguignon et al. [2015] (Figure 6.1). Boese et al. [2012] presented
the most recent detailed earthquake catalogue of 1791 earthquakes between Novem-
ber 2008 and December 2009 in the central Alpine Fault region, using data from the
SAMBA, DFDP-10 and GeoNet networks. They found that earthquakes tend to occur
in clusters along and to the east of the Main Divide Fault Zone, and are distributed
throughout the crust rather than confined to mapped faults. They found seismogenic
depths near the Alpine Fault trace of 1042 km, shallowing to 8+2km within 20 km of
the Fault trace, before deepening to 15+2km. Boese et al. [2012] related the geometry
of the seismogenic zone to the shape of an underlying zone of low resistivity [Wan-
namaker et al., 2002], with highly clustered seismicity occurring in areas of strong
resistivity gradients. These areas are interpreted to be associated with extensive frac-
turing allowing for fluid transport. In general, Boese et al. [2012] found little seismicity

in the upper 2km of the crust.

Work is currently underway to document seismicity patterns and velocity structures in

the low seismicity region between the Whataroa and Wanganui rivers using the WIZ-
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ARD seismic network [Thurber et al., 2012] which was operated from January 2012
to January 2014, and reoccupied many of the DFDP-10 sites. To the north of this
region, Bourguignon et al. [2015] conducted a microseismicity and seismic tomography
study between 2008 and 2010 using the ALFAO8 and ALFAQ9 seismic networks. They
again confirmed reduced seismicity between the Whataroa and Wanganui valleys. Ec-
cles et al. [2015] showed that, despite this low seismicity, there is seismicity capable of

generating fault-zone guided waves near or on the Alpine Fault near Gaunt Creek.

Ahead of DFDP-2 drilling we conducted a preliminary study using the borehole sta-
tions used during real-time monitoring, SAMBA sites and GeoNet sites to produce a
catalogue of seismicity in the region around the DFDP-2 drill-site between January
and October 2013 (Figure 6.1). This targeted analysis revealed low rates of seismicity
and in general only low-magnitude (M < 3.0) seismicity in the region. Further, this
analysis allowed us to test triggering parameters and observe the distribution of back-
ground seismicity before any drilling operations had started, using a similar network.
A cluster of earthquakes near the site of the DFDP-1 borehole c.7km west of the
DFDP-2 drill-site was found to be active as part of the background seismicity near the

drill-site. We discuss the results of this analysis in more detail in the following section.

6.3 Data and personnel

To obtain a representative catalogue of seismicity before and during drilling we in-
stalled four shallow (28 m) borehole seismometers in the Whataroa Valley to com-
plement the SAMBA [Boese et al., 2012], WIZARD and GeoNet (info.geonet.org.nz)
networks. The installation of these four seismometers enabled the detection of small
magnitude (M >-0.8) earthquakes near the Whataroa Valley. These four sites, along
with one SAMBA site (WQSZ, previously known as WHAT2) and one broadband sur-
face seismometer (WRSZ) were telemetered in addition to the three GeoNet stations
in the vicinity of the drillsite (Figure 6.1). The resulting real-time network is outlined
in Table 6.1.

Data were telemetered via cellular 3G wireless modem to the GeoNet national data
centre where they were then archived. Data were pulled from the GeoNet data centre
via seedlink protocol in real-time using the Rtquake software [Utheim et al., 2014]. The
Rtquake software package was used throughout the detection process to collect data,
compute triggers, generate automated picks and send alerts to the duty seismologists.
This software package enabled us to use SEISAN [Havskov and Ottemoller, 1999] for
post-processing the detected events and for database management. The standard data

flows and processing steps are outlined in Figure 6.3.
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To manually check detections and compute final hypocentre locations and magnitudes,
a team of 16 seismologists worked both on- and off-site. Of these, nine seismologists
covered the on-site monitoring in 2-4 week rotations. On-site, there was always at
least one-of-five senior seismologists partnered with a junior seismologist or/and off-
site seismologists. Prior to the drilling we trained six students to work with the system,
in total our team included eight students. Our off-site seismologists were located in
New Zealand, USA and Japan across six institutions. To train our seismologists and
provide a reference manual we complied documentation and reviewed this document as
part of our training preparation to ensure that all members of the seismic monitoring

team understood and complied with our observatory practices (Appendix E).

6.4 Methods

6.4.1 Earthquake detection

Detections were computed in near real-time using a simple STA/LTA filter routine
within Rtquake. We used differing short-term and long term window lengths and
triggering parameters for different stations, optimized for the individual station signal
and noise conditions. Short-term windows ranged from 0.3 to 1.0seconds, and long-
term windows from 6.0 to 10.0seconds. Sites closer to the drill-site had higher trigger
thresholds (STA/LTA > 4.5) determined due to high sensitivity to events local to the
drill-site (and therefore of interest to this study), and high noise levels during drilling,
whereas quieter sites had trigger-on thresholds of 3.0-3.5. Detections were raised when
at least four sites were triggered. We did not incorporate data from sites WMSZ and
WPSZ in this triggering routine to avoid detections becoming too reliant on the four

sites closest to the drill-pad, and to avoid false detections associated with drilling noise.

Initial picks were made automatically using the FilterPicker routine [Lomax et al.,
2012] built into Rtquake. The default parameters for the FilterPicker routine [Vassallo
et al., 2012, their Table 3] (Table 6.2) worked well for P-phases, but we were unable to
optimize the parameters for S-picks in time for drilling. As a result, S-picks were sys-
tematically downweighted in the automatic locations, resulting in reasonable epicentral

locations, but large depth uncertainties.

Automatic locations were computed using Rtquake’s inbuilt automatic location pro-
gram, which runs SEISAN’s modified version of Hypocenter [Lienert et al., 1986] itera-
tively. At each iteration picks with high time residuals are removed until either too few
stations remain, or the RMS time residual is below a set threshold. For all locations we
used a 1D velocity model (Table 6.3, based on that used by Boese et al. [2012], with an
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Table 6.2: Parameters used for the FilterPicker routine during real-time monitoring.
Parameters used are the suggested default values, where AT is the sample interval,
which was 0.01s for all sites.

Parameter Description Value
T'itter Longest period to consider picking 300AT = 3s
Tiong Time averaging scale 500AT = 55

Sy Trigger threshold for detection 10s
S Pick declaration threshold within 75, 10s
Tup Time window for pick validation 20AT = 0.2s

Table 6.3: 1D velocity model used in this study, depths are to to top of the velocity
layer.

Depth (km) Velocity (km/s)

—2.0 4.721
1.0 5.670
8.0 5.790
18.0 6.280
43.0 7.350
48.0 8.000

upper layer accounting for sediment velocities derived from averaging previous velocity
models [O’Keefe, 2008, Feenstra et al., In Review|]. Final checked locations were also

generated using Hypocenter.

The automatic locations, combined with waveform plots were sent by email to a central
mailing address accessed by the monitoring team. These emails provided detection
alerts alongside useful information allowing on-duty seismologists to prioritize events.
As these emails could be pushed to seismologists smartphones it allowed seismologists

to continue other duties while maintaining response times.

6.4.2 Response to earthquakes

All events detected by Rtquake were checked by the on-site duty seismologist. This
check had two tasks. The first of these was an initial check of the emailed information
containing an initial location, pick-file in Nordic format, and a PNG image of the
waveforms, with automatic picks in place, and hypocentre and magnitude estimation
for relevant events. As we were operating a local network with a focus on earthquakes
within a small region (main focus on earthquakes within 30km of the drill-site), we
did not conduct further checks on earthquakes with large (>3s) S—P times. Due to
unreliable automatic S-picks, S—P times were checked by eye on the waveform images

emailed.

If the on-duty seismologist deemed the earthquake detected to be of relevance to the
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6.4 Methods

drilling operations (small S—P time at stations close to the drill-site, <3s, or phases
first arriving on sites close to the drill-site), or of general interest to the duty seismol-
ogist, e.g. part of an earthquake sequence, or a subcrustal earthquake), then a second
task was undertaken. Although in general our catalogue contains mostly earthquakes
within our region of interest, some earthquakes outside of this region were picked based

on subjective qualities, which affects the overall catalogue completeness.

The second stage of checking by the duty seismologist involved obtaining the waveform
and pick-file data, either from the central server, or locally if the duty seismologist was
running a local copy of the Rtquake software, then re-picking the event in SEISAN. The
first step in the picking process was to correct S-picks to better constrain the depth.
P-picks were often good, and needed little to no adjustment. The on-duty seismologist
undertook normal observation practices [Havskov and Ottemoller, 2010] when picking

the event before computing the hypocentral location and magnitude using Hypocenter
in SEISAN.

This second stage (hypocentre and magnitude estimation) was usually conducted by
the on-site duty seismologist, but during times of above-average seismicity (e.g. during
the Malcolm Peak earthquake sequence, Section 6.5.1) we outsourced some of this re-
picking to off-site seismologists in different time zones to enable our 24 hour monitoring
operation to continue with little disruption. During normal background seismicity, this
re-picking stage was completed within 15 minutes of detection. Earthquakes were then
uploaded to the central server, and recorded in a simple text database containing time,
magnitude and seismologist notes. This text record was available to all members of

the drilling project.

6.4.3 Magnitude calculation

During the drilling preliminary local magnitudes (My,) were calculated automatically
in SEISAN using an average station correction term. These magnitudes followed the
relation:

M =logyg A+ alogyA+cA+S (6.1)

where A is half the measured peak-to-peak amplitude for a given site at distance
A from the hypocentre. a, ¢ and S are constants, with a the geometrical spreading
factor, ¢ the anelastic attenuation parameter, and S the station correction term. Initial
magnitudes were calculated using a=1.0, ¢=0.0041 and a station correction term of
-1.68. This provided a good estimate of magnitude without taking into account the
frequency dependent anelastic attenuation and station-specific site correction terms
inverted for by Boese et al. [2012].

After drilling, re-calculated magnitude estimates for events recorded by at-least three

140



DFDP real-time seismic monitoring

sites within 100km of the epicentre site were made. In this case we use the site
dependent site-correction terms derived by comparison with earthquakes also recorded
by GeoNet. We use the frequency dependent anelastic attenuation parameter for the

central Southern Alps found by Boese et al. [2012], giving the relation below:
My, =logyy A + logyg A + 0.00189fA + S (6.2)

where ¢ has been replaced by the frequency dependent term and f as the frequency in
Hz.

6.4.4 Planned response to large or close earthquakes

As part of the seismic monitoring, and in accordance with the safety review, a response
plan was put in place for earthquakes deemed to necessitate changes to drilling oper-
ations. This planned response employed a traffic light scheme tailored to the range of
background seismicity encountered prior to drilling. The traffic light scheme is out-
lined in Figure 6.2 and was developed for the Whataroa region taking into account the

previously recorded background seismicity near the drill-site (Figure 6.1).

The originally proposed traffic light scheme was based solely on number of events within
a certain magnitude range. An earthquake of M 2.9 occurred one month prior to drilling
and real-time monitoring, at c. 8.5 km epicentral distance from the drill-site. This event
provided a test for our traffic light scheme due to its larger than average magnitude
in this region and relative proximity to the drill site. Only 4 events of comparable or
larger magnitude have occurred since installation of the three permanent GeoNet sites
in the low seismicity area surrounding the drill site. This event was considered part
of background seismicity, and of little risk to the drilling operations (having a peak
ground velocity (PGV) value <0.01cm/s at the drill-site). However, it showed that
additional traffic light criteria were needed, that specify thresholds on distance ranges,
event rates and PGV values for nearby earthquakes. We implemented criteria based
on felt intensities and peak ground motions from traffic light schemes developed in
response to induced seismicity (for examples see Fig. 6 of Van Eck et al. [2006], Fig. 10
of Majer et al. [2007], and Fig. 8 of Griinthal [2014]).

6.5 Results

During the active monitoring we detected 1,121 events, of which we manually picked
and located 493 events of interest. A further event was later picked as part of the

Malcolm Peak earthquake sequence, approximately 30km east of the drill-site: this
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Figure 6.4: Earthquakes detected and located during real-time seismic monitoring.
Total events located number 494. Red dashed circle on the main map shows a 30 km
radius around the drill-site. The orange ellipse marks the southern cluster described in
the text. Earthquakes plotted without colour are deeper than 25km. Inset: enlarged
view around drill-site with drill-site shown as a red pentagon. Dashed red circle is
radius 3km around the drill-site as described in the traffic-light scheme. Red stars
denote explosions at the nearby Whataroa Quarry. Green triangles mark seismic sites
used in this study. Magnitudes plotted are those derived during the real-time monitor-
ing, without frequency dependent attenuation or site-specific station correction terms.
These magnitudes are systematically over-estimated.
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Figure 6.5: Histogram of magnitude distribution observed during real-time monitoring
for earthquakes within 40 km of the drill-site (n=88). Magnitudes plotted are recalcu-
lated after drilling to correspond to the magnitude scale of Boese et al. [2012], using
a frequency dependent attenuation model and individually determined station correc-
tion terms. The GR fit for this dataset is not robust due to a lack of variation in
magnitudes, however this small range appears to fit a b-value of 0.83 with an M¢ of
1.65.

event had been missed during real-time monitoring. Of these 494 picked events we
generated local magnitudes for 140 events which had at least three seismic stations
recording the event within 100km. We report magnitudes of between M 0.6 and
4.2, the frequency distribution of the magnitudes of earthquakes within 40 km (n=88)
appears to follow a Gutenburg-Richter law with a high magnitude of completeness
(Mc=1.65) and b-value of 0.83 (Figure 6.5). However this fit is derived over less than
a unit of magnitude, so is likely unreliable. The high M is likely due to a real lack of
seismicity within 30 km of the drill-site during the monitoring period combined with a
skew towards the detection of larger events and incomplete reporting further from the
network (most of the events considered in the M¢ calculation occur between 30-40 km
from the drill-site). Thus the reported M is unlikely to reflect the networks ability to
detect small magnitude earthquakes close to the drill site (see Section 6.5.2). The full

catalogue and magnitudes is included in the electronic appendices.

The closest earthquake to the drill-site, with My 1.4 (M before recalculation=1.8),
occurred on the 3rd of September 2014, approximately 5.3 km south-southwest of the
drill-site at a depth of 6.4km. Three further events occurred at similar distance to
the drill-site, with magnitudes of My 0.5, 0.7 and 1.4. All of these earthquakes were
outside of the actionable range defined in the traffic light scheme (Figure 6.2). Therefore
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throughout the drilling period no actions were taken due to seismicity outside of the

standard operational plan.

During monitoring we also recorded five local quarry blasts near site WQSZ (Whataroa
Quarry). The locations obtained for these blasts are plotted as stars in Figure 6.4.
Locations for these events are automatically fixed at Okm (rather than the surface at
-0.096 km in our model) depth and have larger uncertainties due to high travel-time
residuals at nearby stations. These high residuals are the result of poorly constrained
shallow velocities in our velocity model, especially around the quarry where footwall

granite outcrops rather than the slower fill beneath most of our sites.

We detected more earthquakes within 30km of the drill-site than GeoNet detected,
with our catalogue including all the GeoNet events up a a radius of 40 km from the
drill-site after 05/09/2014 (when all sites went online, prior to this date only WT'SZ was
telemetered in addition to GeoNet sites Figure 6.6). Of those events within 30 km of the
drill-site, GeoNet were able to detect and locate three events, occurring in December
2014. We were able to detect and locate 19 events within 30 km of the drill-site.

During real-time monitoring we detected a subcrustal earthquake on 11/10/2014, at
a depth of 64km and My, 2.6. This earthquake locates on the north-east side of the
surface trace of the Alpine Fault, co-located with a cluster of four subcrustal depth
(5565 km) earthquakes documented by Boese et al. [2013].

6.5.1 Malcolm Peak earthquake 22/10/2014

During the active-monitoring period we detected an earthquake sequence of 26 events
between 22/10/2014 04:17-23/10/2014 21:12 UTC. With magnitudes ranging from
M7y, 1.0 to 4.2. Two earthquakes of M, 1.9 occurred 13 and 6 minutes before the largest
(M}, 4.2) earthquake in the sequence. Immediately (20 seconds) prior to the mainshock,
a My 3.8 earthquake in approximately the same location as the My 4.2 mainshock oc-
curred. This event was missed during real-time monitoring due to its proximity in time
to the larger mainshock, and as such is not included in the relocations (Figure 6.7). Due
to our incomplete catalogue we cannot determine whether this sequence is a swarm, or
a mainshock-aftershock sequence with foreshocks. The sequence took place approxi-
mately 30 km due East of the drill-site and produced a PGV of < 0.2cms™ ! and PGA
of 0.13% g at the strong motion site WHF'S.

The region around the here-named Malcolm Peak sequence was one of the most seis-
mically active regions studied during the real-time monitoring. This cluster of earth-
quakes locate ~20km epicentrally east-northeast from the Alpine Fault surface trace
and likely occurs on faults associated with the main divide fault-zone. Precise double-

difference relocations computed on-site using TomoDD [Zhang and Thurber, 2006]
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Figure 6.7: Malcolm Peak earthquakes relocated using the velocity model of Feenstra
et al. [In Review]. Main map includes a lower hemisphere projection of focal mech-
anism obtained from GeoNets moment tensor inversion of the largest event in the
sequence (http://info.geonet.org.nz/display /appdata/Earthquake+Catalogue). Cross-
section runs from A-A’; a line perpendicular to the strike (246°) of one of the nodal
planes of the focal mechanism. Fitting a line to these aftershocks gives an approxi-
mate dip of 79°NW, similar to the 84°NW obtained from the moment tensor solution
(66° strike, -170° rake). These plots do not include the earthquake 20s before the
largest earthquake in sequence as this was not relocated.

indicate a steeply dipping (~80°) structure striking 246°(Figure 6.7), with antithetic
dip to the Alpine Fault. This is likely a back-thrust within the main-divide Fault
Zone [Cox and Findlay, 1995]. The focal mechanism obtained from moment ten-
sor inversion [Ristau, 2008] of the largest event in the sequence is that of a steeply-
dipping dextral strike-slip event striking sub-parallel to the plate convergence (obtained
from http://info.geonet.org.nz/display /appdata/Earthquake+Catalogue, last accessed
19 October 2015), consistent with the hypocentre relocations.

6.5.2 Drilling noise detected seismically

On 24 October 2014, a winch cable on the drill rig failed as the bottom hole assembly
(BHA) was being assembled in preparation for renewed drilling after a wireline log-
ging run. This resulted in the BHA falling approximately 70m to the bottom of the
hole at this time. This impact was recorded on the nearest stations (WTSZ, WMSZ,
WPSZ and WDSZ, located 1.2, 1.6, 1.0 and 0.2km from the drill-site respectively)

with dominant frequencies in the 2-10 Hz range (Figure 6.8). By picking similar re-
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Figure 6.8: Waveforms (unfiltered) and spectra showing the seismic signal resulting
from dropping the ~8 T bottom hole assembly ~70m to the bottom of the hole. There
is a clear peak in the seismic amplitudes on the four closest sites (marked in red),
which indicate a moveout of ~ 2.1kms~!. The dashed red lines on WQSZ and GCSZ
indicate when the seismic energy is expected to arrive at these sites given this moveout.
Seismograms are plotted overlaying the spectrograms for that site. Note the difference
in frequency scale for the 100 Hz sampled GCSZ. On nearby sites a subtle peak in power
can be seen in the 2-10 Hz frequency band, which cannot be seen on more distant sites.

gions on the waveforms (there are no distinctive phase arrivals) we obtain a moveout of
~ 2.0kms™!. We are only able to see this signal on the stations closest to the borehole,

with no discernible signal observed on the next nearest site, WQSZ (4.1km).

Using the dry weight of the BHA prior to cable failure (8560 kg), we obtain a gravita-
tional potential energy of 587 kJ, which, if all this energy was released in this impact
with the base of the borehole, would equate to a moment magnitude (My,) of —1.5.
This is a maximum bound on the moment magnitude, as drag forces of a piston-like
BHA entering a partially fluid-filled hole of a similar diameter to the BHA would be
significant. Also some energy was likely lost as the BHA bounced on the walls of the
hole during descent; these bounces appear to be manifest seismically as smaller arrivals
prior to the main arrival on Figure 6.8. Notably, we did not detect this signal with our
real-time detection scheme as we required STA/LTA triggers on four sites, exclusive
of WMSZ and WPSZ. Therefore this BHA drop shows that we would be unable to
detect very small events (M, < —1.5) using this triggering arrangement. However, if
triggers from drilling noise could be excluded in another way, the network is capable

of recording events to this level close to the drill-site.
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6.5.3 Overall performance

Throughout the monitoring period the network performed well, allowing us to sys-
tematically and efficiently check and relocate earthquakes of a range of magnitudes.
We suffered two telemetry failures during monitoring at site WRSZ, where birds had
damaged cables attaching the modem and antenna. We were able to fix these issues
quickly (within a week), and did not suffer a noticeable deterioration in detections due
to the loss of a single site. We also suffered a modem failure at WQSZ for two days

due to high rainfall looding the modem.

During the monitoring we suffered a server failure at the main Victoria University of
Wellington server used for Rtquake and database storage. This was due to a failed
concurrent real-time system designed to detect earthquakes by cross-correlation which
wrote a large (>2TB) log-file of errors. During the down-time of the server (20 hours)
we reverted to using the on-site workstation as our main Rtquake system and mailserve
machine. During this period we also stored detections and picked waveforms on this
system and in a shared Dropbox folder before uploading them to the server once this

was back online.

During the monitoring we relied heavily on reliable internet connections, both to the
servers and for the 3G cellular telemetry of the seismic sites. We had a plan and Python
scripts in place to enable continued monitoring in the event of a failure of the 3G cellular
network. This involved the on-site seismologist driving to key sites every two hours and
downloading data before running these data through automatic detection scripts and
the FilterPicker routine. The key sites determined were WQSZ and WMSZ, chosen for
their proximity to the drill-site (therefore good signal to noise for events close to the
drill-site) and ease of access. These stations would be analysed alongside the GeoNet
sites FOZ, WVZ and RPZ which have back-up radio-link telemetry. We did not operate
this system at any point during our monitoring, but did undertake tests of the codes

during drilling.

After the drilling, security issues were raised with our method of external access to
the Victoria University network. These security concerns have resulted in the closure
of this access method. To allow us to operate in a similar fashion in future we would

either need to use a more secure method of access, or a different, external server.

6.6 Conclusions

Complications during drilling led to the premature cessation of drilling at a depth of

893 m, prior to intersecting the principal slip zone. Nevertheless, throughout the drilling
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process, and for two months before and one month after, we successfully operated a
low-cost system of real-time seismic monitoring, focused on the local area around the
drill-site. We detected few earthquakes (n=4) within 10 km of the drill-site, with three
of these earthquakes located c.5km away near the site of the DFDP-1 borehole at
Gaunt Creek.

Prior to drilling we undertook testing to determine what level of seismicity we could
detect with our real-time network, and used this to tailor our traffic-light scheme
to the background seismicity. During real-time monitoring we observed no obvious
deviations from the background seismicity either during periods of drilling, or when
we were not drilling, nor did we detect any seismicity within 3km of the drill-site.
This was as expected since drilling did not reach the principal slip-zone, nor should
drilling as planned have induced seismicity at any point. No seismicity occurred during
drilling that required a change to operational procedures, with all events meeting the

parameters of the green/go traffic-light level.

We documented sparse seismicity in the previously noted seismic gap between
Whataroa and Wanganui valleys, but found strongly clustered seismicity on the mar-
gins of this region, highlighted by the Malcolm Peak earthquake sequence. We also
recorded one subcrustal earthquake of My, 2.9 at a depth of 64 km within 7km epicen-
trally of the Alpine Fault surface trace. This intermediate depth earthquake occurred
in a similar location to a cluster of four events at intermediate depths (55-65km)
documented by Boese et al. [2013].

6.6.1 Improvements

Overall, the DFDP-2 seismic monitoring program highlights the feasibility of near-real-
time earthquake surveillance in conjunction with drilling or other scientific activities.
Using cost-effective technical components and open-source software, a team working in
seven locations in three time zones was able to deliver continuous monitoring coverage

for more than three months.

Nevertheless, several improvements could be made to the real-time monitoring in case
of continued drilling operations in the Whataroa Valley. These include tuning of the
parameters used for: STA/LTA detection, automatic picking and magnitude deter-
mination. With the acquired and manually checked dataset, we can now train the
FilterPicker routine for reliable S-picks following the method of Vassallo et al. [2012].
This should allow for better initial hypocentre locations, especially regarding depths,
reducing the manual labour of the duty seismologist. We would still require the duty
seismologist to check and confirm locations and magnitudes at all times, especially for

those events close to the drill-site.
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The real-time magnitude calculation was based on station correction terms derived
after 1.5 months of real-time monitoring and were overestimating event size compared
with GeoNet magnitude estimates. Given the amount of intermediate size events that
were recorded simultaneously by the real-time monitoring and the GeoNet network, and
can be used for magnitude calibration, we can now tune magnitude station correction

terms.

In preparation for higher event numbers in the direct vicinity of the drill site, as may
be the case when intersecting the principal slip zone of the Alpine Fault, the traffic
light system needs clearly specified conditions that allow the return to a lower level

once precautionary measures have been taken.

Lastly, the number of on-site duty seismologists needs to be increased for drilling
periods exceeding four months. The majority of New-Zealand based seismologists were
on site for 14-42 days. Therefore, longer monitoring periods would require international

collaborators to be involved in on-site operations.
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7 Discussion

This thesis is underpinned by the development and analysis of multiple earthquake
catalogues derived from continuous seismic data in New Zealand’s central Southern
Alps. These catalogues represent the seismic manifestation of deformation occurring
on and near to the Alpine Fault, one of the world’s major strike-slip plate boundary
faults and thought to have a high probability of rupture in a M 7-8 earthquake in the
next 50 years [Biasi et al., 2015].

7.1 Summary

We have compiled and examined four complementary earthquake catalogues, each with
specific characteristics. In Chapter 3 we described the first low-frequency earthquake
(LFE) catalogue for the central Southern Alps. In Chapter 4 we developed a new, ob-
jective, method of LFE template construction based on synthetic templates, leading to
a more spatially and temporally continuous catalogue of LFE templates, which can be
used to build a detailed, continuous catalogue of LFEs on the Alpine Fault. The meth-
ods employed and expertise gained in analysing LF'Es have also been used to compile a
detailed catalogue of shallow microseismicity adjacent to the Alpine Fault (Chapter 5).
This catalogue highlights some of the limitations of the matched-filter methodology,
while demonstrating a lack of classical repeating earthquakes on or near the Alpine
Fault beneath Whataroa. We also conducted real-time monitoring of seismicity in the
vicinity of the DFDP-2 drill-site during the second stage of the Deep Fault Drilling
Project (Chapter 6), and we provide detailed documentation of the procedures and
practices in this thesis and in the appendices which will be of use for further drilling

operations.
The main findings and contributions of this thesis are as follows:
Chapter 3:

e Low-Frequency Earthquakes (LFEs) occur on and/or near the deep extent of New
Zealand’s Alpine Fault;

e These LFEs respond to stresses imposed by large (My, > 5.7 observed) regional
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earthquakes;

e The magnitudes of catalogued LFEs scale according to an exponential law, sug-
gesting an underlying scale-bound process: in other words, the source has a char-
acteristic length-scale, possibly corresponding to the length of asperities that fail
as LFEs.

Chapter 4:

e BEarthquakes and LFEs can be detected using simple synthetic templates with a
network-based matched-filter detection methodology;

e To efficiently scan through 6.5 years of continuous seismic data, we have developed
a multi-paralleled, scalable, portable and open-source Python package for the
detection and analysis of repeating and near-repeating seismicity which includes

this methodology;

e Using this method, we have extended the catalogue of LFE templates to include
600 possible templates;

e Events in this catalogue are poorly constrained in depth due to a lack of P-
phases in the stacked waveforms (resulting from high noise), but when P-picks
are available the LFEs’ hypocentres are close to those of the much smaller set of

events described in Chapter 3.
Chapter 5:

e We have used the matched-filter network-based cross-correlation technique to
detect non-repeating, shallow microseismicity within a seismically quiet region

adjacent to the Alpine Fault near Whataroa;
e The earthquakes detected exhibit clustering into temporally discrete sequences;

e In the study region, where the Alpine Fault is currently locked near the sur-
face and has not generated moderate magnitude earthquakes during the SAMBA

deployment, earthquakes cluster on small-scale asperities;

e Asperities near the Alpine Fault in Whataroa generate small earthquake se-

quences that are then not re-activated within 1 year.
Chapter 6:

e We applied open-source real-time earthquake detection software, operated by a
multi-national team of scientists, for around-the-clock monitoring of seismicity

during an active fault drilling project (DFDP-2);

e As previously documented, seismicity around the Whataroa Valley is found to

be scarce (four earthquakes within 10 km of the DFDP-2 drill-site, of magnitudes

152



Discussion

(Mp) between 0.5 and 1.4);

e As anticipated following the pre-drilling safety review, DFDP-2 drilling did not

produce detectable changes in seismicity.

Below we expand and discuss some of the implications of these points, separated
into low-frequency earthquakes and slow deformation (Chapters 3 and 4), and micro-
earthquake studies (Chapters 5 and 6). These results would not have been possible
without the extensive data from the seismic networks maintained and extended as part
of this PhD work. These networks (SAMBA, DFDP-2 boreholes and WIZARD) are all
deployed in challenging Alpine environments, often requiring helicopter access. Main-
tenance of these networks has been a large component of this PhD study, to ensure

they continue to provide high quality data which yield such interesting results.

7.1.1 Low-frequency earthquakes and slow deformation

Our initial LFE catalogue (Chapter 3) extended the work of Wech et al. [2012] who doc-
umented sparse tremor beneath the central Southern Alps. By employing a network-
based matched-filter methodology with manually determined templates, we were able
to construct a 3 year-long continuous catalogue encompassing 14 LFE families, which
we infer to be located on or near to the deep extent of the Alpine Fault. By extracting
LFEs with discrete seismic phases we were able to reduce the depth uncertainty com-
pared to previous tremor locations, with the resulting LFE locations clustering within
a zone of high attenuation, in the vicinity of other structures imaged and modelled to
be the deep extent of the Alpine Fault (Figure 7.1). This LFE catalogue is the first

documentation of such events in the central Southern Alps.

Our continuous record of LFE detections show a quasi-continuous rate of seismicity,
with increased rates associated with previously reported tremor and following large
regional earthquakes (My > 5.7). Increased LFE detection rates are likely to be
coincident with increased deformation rates, which have implications for the state of
stress on the deep extent of the Alpine Fault. If slip on the deep extent of the fault can
be triggered by small stress changes, then we would expect that the fault is in a state

near to failure, either as a weak fault, or critically stressed [cf. Beeler et al., 2013].

If slip on the deep extent of the Alpine Fault directly loads the seismogenic portion,
then we might expect to see an increase in LFE generation prior to a large Alpine Fault
earthquake as observed prior to large subduction earthquakes [Kato et al., 2012, Tto
et al., 2015, Ruiz et al., 2014] (see Section 1.5 for further discussion). If this is the case,
then studying how LFEs are generated, and how their rate, location and magnitude
change in time through active monitoring may provide insight into how the seismogenic

zone of the Alpine Fault is loaded.
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Figure 7.1: Low-frequency earthquakes documented here are associated with a num-
ber of other indicators of the Alpine Fault at depth. We interpret the low-frequency
earthquakes to be associated with slow-slip on the deep extent of the Alpine Fault,
which is complemented by the GPS model of Lamb and Smith [2013] who inferred the
presence of a slipping region adjacent to the low-frequency earthquakes. Two different
groups of LFE family are plotted here: those marked by stars are from Chapter 3, and
those marked by ovals are the templates with P-picks from Chapter 4. As plotted,
the region of shallow seismicity is taken from the locations of Boese et al. [2012], the
tremor locations are from Wech et al. [2012], zone of high reflectivity, reflectors and ve-
locity model from Stern et al. [2007], zone of high conductivity from Wannamaker et al.
[2002], regions of low Qp from Eberhart-Phillips et al. [2008], GPS fault from Lamb
and Smith [2013]. The listric fault foundering at 30-40 km depth is imaged well by the
active source seismic studies [Stern et al., 2007].
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In Chapter 3 we also provided the first catalogue magnitudes for LFEs. LFE local mag-
nitudes follow an exponential magnitude-frequency relationship which we interpret to
indicate an intrinsic scale-bound process in the generation of LFEs in the central South-
ern Alps. Two other groups have since produced LFE catalogue magnitudes. Sweet
et al. [2014] found a similar exponential relationship, using a methodology similar to
that employed here. In contrast, Bostock et al. [2015] observed a power-law relationship
using a different methodology where they directly computed moment magnitudes. Bo-
stock et al. [2015] nevertheless interpreted the high b-values obtained, and the invariant
signal-duration, to be indicative of a scale-bound process. It seems, therefore, that mo-
ment magnitudes and local magnitudes, despite giving different results, both show that
LFE generation is scale-bound. This scale-bound process may allow for simple con-
version between magnitude and slip, which could allow for the quantification of slip
rates on the deep extent of faults: if asperity rupture size if fixed in some way, then

magnitudes recorded seismically could be directly related to slip length.

To provide a thorough quantification of slip on the deep extent of the Alpine Fault
requires a more objective and complete catalogue of LFEs. We developed a new method
of LFE template detection to address some shortcomings of other methods in this
region (Chapter 4). Using this approach we developed 600 possible LFE templates
beneath the central Southern Alps. We intend these templates to be used to generate a
complete 6.5 year catalogue of LFEs. We have also deployed and made use of additional
seismometers which extend the SAMBA network southwards, to surround the tremor-
generating zone found by Wech et al. [2012]. Using these new templates with the longer
dataset and the objective template set, we aim to obtain further, additional and more

accurate LFE locations.

LFE locations may have implications for the structure of the Alpine Fault at depth.
For example, our initial locations in Chapter 3 showed clustering near an inferred
listric Alpine Fault, but two families were located west of this, possibly on a secondary,
subvertical strand of the fault as modelled by Koons et al. [2003]. LFE locations
also have implications for the rupture extent of Alpine Fault earthquakes. Laboratory
studies show that at moderate sliding velocities that would be achieved or exceeded
during coseismic slip, fault gouge materials can transition from velocity strengthening
to velocity weakening [Ito et al., 2015]. In other words, during an earthquake, coseismic

slip can penetrate into slow-slip zones.

Coseismic rupture through a slow-slip region was physically observed for the My, 9 To-
hoku earthquake, which ruptured through a shallow slow-slip zone [Ikari et al., 2015a].
The geometry proposed by other authors of a listric Alpine Fault [e.g. Koons et al.,
2003, Herman et al., 2009, Stern et al., 2007, Lamb and Smith, 2013, Lamb et al., 2015],
and highlighted here by the locations of LFEs (Figure 7.1) therefore has implications
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for seismic hazard east of the Southern Alps. If the Alpine Fault is listric at depth
and coseismic rupture can continue through the LFE region then shaking intensities
south-east of the Alpine Fault have likely been underestimated. The hazard due to this
has to date not been considered in models of coseismic shaking in New Zealand: for
instance, Stirling et al. [2012] considered an Alpine Fault source extending to a depth
of 12km.

7.1.2 Micro-earthquake studies

In Chapter 5 we showed that near-fault seismicity near Whataroa is dominated by small
earthquake sequences, which we interpret as non-repetitive failure of small asperities
close to the fault. These small earthquakes may be redistributing strain near the main
strand of the Alpine Fault. The near-fault seismicity we document is notably depleted
in earthquakes larger than My, 3.0 and has many small earthquakes. This is evident in
the high b-value found for near-repeating seismicity near Whataroa. We interpret this
high b-value (b=1.44) to be due to a lack of large faults available for slip other than
the Alpine Fault in this region.

The b-value we document is higher than that found for the central Southern Alps region
in general (b=0.86 [Boese, 2012]). However, without detailed catalogues of near-fault
seismicity along-strike of the Alpine Fault it is difficult to understand the significance
of this high b-value. To understand how seismicity changes along-strike of the Alpine
Fault, further detailed studies of this type would be beneficial.

In Chapter 6 we outlined and made use of real-time earthquake detection methods dur-
ing the DFDP-2 drilling, with the seismic monitoring focussed on the region analysed
in Chapter 5. We observed limited seismicity within 10 km of the drill-site, and did not
detect any changes in seismicity during drilling outside of background seismicity. We
have provided documentation and advice for further monitoring (Appendix E), which

should be useful for future Alpine Fault drilling projects.

7.2 Opportunities for further investigation

7.2.1 Low-frequency earthquakes and slow deformation

To take full advantage of LFE catalogues and other seismological observations in the
central Southern Alps we need a greater understanding of the state of stress on both
the shallow and deep portions of the Alpine Fault. There are a number of properties

that detailed studies of the LFE catalogues generated in this thesis could elucidate.
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Figure 7.2: Low-frequency earthquake detection rates increase directly following a large
(Myw 6) earthquake in Christchurch marked by the star, likely indicating triggering. By
quantifying of the stresses exerted by earthquakes that appear to trigger LFEs on the
deep extent of the Alpine Fault, we may be able to quantify the strength of the Fault
at depth. Arrows indicate the occurrence of earthquakes of My, > 4 in the GeoNet,
nationwide catalogue.

Temporal variations

How the deep extent of the Alpine Fault responds to large regional earthquakes might be
well quantified by variations in LFE detection rate (Figure 7.2). To study the triggering
relationship between regional earthquakes and LFEs, the dynamic and static stresses
experienced due to these regional earthquakes could be calculated, and the methods of
either Hill et al. [2013] or Beeler et al. [2013] applied to estimate the state of stress on
the Alpine Fault at depth. This information could be useful for relating LFE stress-
drops to rupture scales, making use of the scale-invariance inferred herein and by other
authors [Sweet et al., 2014, Bostock et al., 2015]. Of note is the apparent lack of
triggering by teleseismic events in the LFE catalogue. We have studied the wavetrain
of the Tohoku M9 earthquake and found no evidence of triggered tremor or LFEs on
the Alpine Fault.

Understanding the difference between background (ambient) and triggered tremor or
LFE swarms, and the patterns inherent in both, could be key to differentiating between

tremor that will not trigger an earthquake, and tremor that may trigger an earthquake.
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This might be achieved by modelling both ambient and triggered tremor to understand
the mechanism that stops slow-slip from propagating into the seismogenic region on
the Alpine Fault.

Of note is that we have not observed a characteristic return period of LFEs and tremor
in the central Southern Alps, unlike Cascadia [e.g. Rogers and Dragert, 2003] or other
subduction zones. Whether this is real or due to the limited catalogue in Chapter 3
is unclear. By extending the catalogue through the full 6.5year dataset using the
templates generated in Chapter 4 we may be able to determine whether there is an

episodic nature to tremor and LFEs in the central Southern Alps.

Magnitudes

Magnitude distributions of LFEs may elucidate certain properties of the asperities that
fail during LFEs, specifically rupture length and rupture area. By understanding these
properties, and the stress drops associated with LFEs, we may be able to quantify the
amount of coseismic slip associated with LFEs and tremor events. These estimates
would likely be significantly less than any geodetically measurable slip as LFEs likely
do not represent the whole of the region slipping [Aguiar et al., 2009].

Focal mechanisms

High quality stacked LFE waveforms offer the opportunity to constrain LFE focal
mechanisms, either by inversion of first motions and body wave amplitude ratios, or by
modelling waveforms produces by possible focal mechanisms and comparing these with
the recorded waveforms (e.g. in a moment tensor inversion methodology [cf. Ide and
Yabe, 2014]). LFE focal mechanisms would provide constraints on the slip-direction
and stress orientations at depth on the Alpine Fault. These stress orientations coupled
with the highly detailed catalogues generated here would be useful in generating and
improving realistic models of the Alpine Fault. Slip styles (likely either reverse or strike-
slip or oblique) would also be key for determining if and how strain is partitioned on
structures beneath the central Southern Alps, particularly testing if there is a single
listric fault at depth, or multiple structures similar to the model of Koons et al. [2003].
Work is currently underway as part of Laura-May Baratin’s PhD work at Victoria

University of Wellington to calculate focal mechanisms of LFE families.

Crustal anisotropy

High quality LFE stacks have also been used to investigate crustal anisotropy resulting

in delayed S-phases on orthogonal components [e.g. Matharu et al., 2014]. In our initial
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template stacks in Chapter 4 we are beginning to see S-phase delays between north
and east components of some stations. Measurements of crustal anisotropy from LFEs

would provide useful extra ray-paths for analysis of splitting directions in the crust.

Scattered phases and improved locations

Further analysis of phases other than the main P and S-phases in high quality LFE
stacks (scattered and reflected phases) is being used in Cascadia for more precise loca-
tion of LFE families, and for analysis of the low-velocity zone that the LFEs in Cascadia
lie within [Bostock, 2015]. Bostock [2015] suggested that these scattered phases repre-
sented phase conversions and reflections at the boundary of the low-velocity (and low
Vp/Vs) zone. LFEs under the central Southern Alps also locate near a zone imaged
to have low seismic velocities [Smith et al., 1995, Stern et al., 2001] and low Vp/Vs
(low Qp) [Eberhart-Phillips et al., 2008], and we observe scattered phases within high-
quality family stacks. We may, therefore, be able to analyse the scattered phases to
provide greater spatial resolution of both the LFEs and the low-velocity zone. As yet it
is unclear whether LFEs occur on a discrete structure, or throughout the crust adjacent
to the Alpine Fault.

Geodetic observations

Frank et al. [2015a] demonstrated how GPS time-series from different tremor periods
can be stacked together to increase the signal-to-noise ratio of the geodetic data and
extract the motion associated with slow-slip. As there is a GPS transect running across
the Southern Alps, above the region documented to generate tremor and LFEs, it may
be possible to implement this method here. However, the GPS data are not all of high
quality, which may result in low quality stacks (Hreinsdottir 2015, pers. comm.). This
is the topic of further research led by Laura-May Baratin at Victoria University of

Wellington.

Catalogue extension

Alongside detailed studies based on the catalogues generated here, it would be logical
and methodologically simple to extend the LFE catalogue north-east along-strike using
data collected on the WIZARD network. We have, however, attempted to look for
tremor using a short (one month) period of the WIZARD data using the WECC
methodology [Wech and Creager, 2008|, and have been unable to identify tremor. This
shouldn’t preclude a more thorough LFE search using the methodology outlined here:
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as we have demonstrated, tremor in the central Southern Alps is of short duration and

low energy, making it difficult to detect with most methods.

By telemetering key sites of the SAMBA network, and by implementing a real-time
or near real-time matched-filter detector we could use the LFE templates generated
here to construct real-time LFE catalogues. The knowledge gained from studying the
properties of LFEs in the central Southern Alps could be applied to these real-time
catalogues to forecast LFE rates, and the stresses imposed on the seismogenic zone of
the Alpine Fault by them.

EQcorrscan development

We have developed an extensible, portable and scalable Python package (EQcorrscan)
based on Obspy [Beyreuther et al., 2010] for the detection of LFEs, earthquakes and
explosions. Because EQcorrscan is based on Obspy, there is scope to extend the codes
to incorporate real-time data using Obspy’s real-time module. Work by Chet Hopp
of Victoria University of Wellington is currently underway to implement standardised
data handling within EQcorrscan which would be necessary to make use of real-time
functionality. This data handling will be completed using Seishub!. Later we hope to
integrate the Adaptable Seismic Data Format?, which is currently in development. The
Adaptable Seismic Data Format will allow more reproducible handling and processing
of data (through improved provenance handling), while also implementing parallel in-
put/output operations, which would provide significant speed-ups to EQcorrscan. The
Adaptable Seismic Data Format project also includes ties to SpecFEM3DGlobe?, which
models earthquake waveforms in a 3D finite element mesh from realistic earthquake
sources. This could provide more realistic synthetic templates for use in the synthetic

template matched-filter detection methodology presented here.

Modelling

Ideally any LFE catalogue would feed into a model of the Alpine Fault that uses phys-
ically realistic fault properties to probabilistically model LFE generation. Properties

that could be included in such a model include, but are not limited to:
e strength of the LFE region gained from studies of triggering;

e fault geometry from a range of studies including precise LFE hypocentre loca-

tions;

Thttps://github.com/barsch/seishub.core
2http://seismic-data.org
3https://geodynamics.org/cig/software/specfem3d_globe
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e frictional strength of the seismogenic portion of the Alpine Fault gained from
laboratory studies of fault gouge [e.g. Boulton et al., 2014, Tkari et al., 2015b,
Schleicher et al., 2015].

Modelling software available to do this include, but are not limited to,
RSQSim [Richards-Dinger and Dieterich, 2012] (a rate-and-state based model which
has been applied to both earthquakes and slow-slip [Colella et al., 2012]) and PyLith*

(which models quasi-static and dynamic deformation).

7.2.2 Micro-earthquake studies

Synthetic templates for earthquake detection

The synthetic template matching method is well-suited to detecting microseismicity in
the central Southern Alps. However, we have shown that to detect such earthquakes
templates need to be precisely co-located with the seismicity. This is also true for real
earthquake templates (real, detected waveforms rather than synthetic waveforms). In
Chapter 5 we showed that our earthquake templates were only appropriate over a short
time-scale, and that detected earthquakes were close to the template used to detect
them (<500m). From this it seems that to detect a spatially complete earthquake
catalogue using either synthetic or real templates we would need a finely spaced grid of
templates. If using a finely spaced grid of templates with known locations, earthquakes
could be detected and located in tandem, with fine relocations possible using relative

picks as described in Chapter 5.

In Chapter 4 we suggested extending the synthetic matched-filter methodology with a
subspace detector [Harris, 2006, Barrett and Beroza, 2014]. This may allow for earth-
quakes of a range of focal mechanisms to be detected with one (subspace) template.
This could also be designed to allow greater variation in location for detections made

by one (subspace) template.

Along-strike variation in near-fault seismicity

If these methodological extensions proved fruitful, then a systematic along-strike study
of microseismicity in the Southern Alps using the combination of SAMBA, WIZARD,
GeoNet and the COSA (Central Otago Seismic Array [Warren-Smith et al., 2015])
data could be undertaken. This might elucidate changes in fault properties along-
strike, which could inform rupture simulations, e.g. by mapping on-fault seismicity we

could map both the fault at depth, and where there is no seismicity on the fault, to

4https://geodynamics.org/cig/software/pylith/
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look for locked patches which may be more likely to nucleate large earthquakes [e.g.
Haberman, 1981].

A systematic along-strike matched-filter analysis would also be worthwhile to scan for
repeating events on the Alpine Fault. Currently the Alpine Fault has no documented
repeating earthquakes along it’s length. In comparison the San Andreas [Nadeau and
Johnson, 1998, Nadeau and McEvilly, 2004, Zechar and Nadeau, 2012] and Japanese
subduction zones [e.g. Uchida et al., 2003, Igarashi et al., 2003] have well documented
and studied repeating earthquakes. These repeaters have been shown to respond to
large earthquakes [e.g. Schaff et al., 1998, Nadeau and McEvilly, 2004] with responses
consistent with post-seismic afterslip. In the case of the Tohoku M9 earthquake, small
repeating earthquakes show accelerated recurrence prior to the mega-thrust earth-
quake [Mavrommatis et al., 2015]. If we could detect and document changes in re-
peating seismicity on the Alpine Fault, alongside the long-duration LFE catalogues
developed here, we may be able to extract similar information regarding strain-rate on

both the shallow seismogenic region of the fault, and the deep transitional region.

Seismic monitoring during drilling

We would also recommend making use of the matched-filter methodology during future
drilling projects, both on the Alpine Fault, and in other regions, such as geothermal
drilling, or in oil regions where injection and fracking are used. The matched-filter
method could be used in an adaptive framework, whereby the matched-filter routine
runs in tandem with standard observatory practices and newly detected earthquakes
are used as templates in real-time and hindcast matched-filter routines [Ringdal et al.,
2009]. The synthetic matched-filter routine outlined here could also be made use of to
generate a fine-grid of sources around the drill-site to provide real-time, high precision

detection and location of small earthquakes within drilling noise.

Studies near the Southern Alpine Fault

We have also proved the effectiveness of the matched-filter technique applied to COSA
data, with which, alongside fellow Victoria University of Wellington graduate student,
Emily Warren-Smith, we generated a detailed aftershock catalogue of 2545 earthquakes
following the 04/05/2015 M 6.0 Wanaka earthquake. We were able to generate this
catalogue rapidly (within two months of the earthquake, using one month’s data) by
taking advantage of the matched-filter detection routines developed in this thesis. We
also computed high-precision double-difference locations for 80% of events, allowing
us to define the fault plane (Figure 7.3). This catalogue also highlights how different

template events have different detection capabilities. For example, the M;6.0 main-
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Figure 7.3: FEarthquakes detected following the M;6.0 Wanaka earthquake on

04/05/2015 using matched-filter detection. Locations have been generated using hy-

poDD with cross-correlation derived picks. Figure from Emily Warren-Smith (pers.
comm. 2015).

shock, when used as a template, did not detect any other events. This may be due to

the inherent increased waveform complexity of this large earthquake. Further analysis

of this catalogue relating to what qualities in a template allow it to detect the largest

range of magnitudes could provide important constraints on the expected completeness

of matched-filter catalogues.
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Borehole seismometer 13 km up glacier from GPS
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Figure 7.4: Data collected on and nearby the Tasman glacier in the central Southern
Alps. Rainfall data collected from Mt. Cook village, approximately 5km from the
glacier. Velocities and elevation data are collected from GPS sites deployed on the
upper surface of the glacier, which is covered in debris. Seismic data are taken from
SAMBA site LABE, which is within 200 m horizontally of the glacier. We observe in-
creased seismic amplitudes associated with speed-up events. Figure from Huw Horgan,
GPS data are published in Horgan et al. [2015].
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7.2.3 Tasman glacier slip

SAMBA has also recorded seismicity from the Tasman Glacier, including the seismic
signal of large speed-up events (Figure 7.4) which occur during periods of high rain-
fall. Initial analysis of the seismic signal at SAMBA site LABE (above and c.300m
horizontally of the Tasman glacier) shows directivity of shear waves within the signal,
with optimum orientations up and down the glacier. In contrast, the signal at GOVA,
the next nearest seismic station and experiencing similar rainfall shows random orien-

tations, suggesting that the dominant signal is due to rain noise.

These speed-up events (and the seismic signal associated with them as recorded on
LABE) have been attributed to buoyant sliding of the Tasman Glacier associated
with large rainfall events and basal cavitation [Horgan et al., 2015]. This signal, al-
though currently difficult to locate, provides an interesting possible proxy for seismic,
non-volcanic tremor, with similarly emergent waveforms. Further study of this signal
coupled with the detailed geodetic, near-source data may provide constraints on the

mechanism of tremor on faults, which could be fed into realistic models.

A group within Victoria University of Wellington’s Antarctic Research Centre and
School of Geography, Environment and Earth Sciences led by Huw Horgan and Sam
Taylor-Offord plans to deploy a small seismic and geodetic array on the glacier in 2016.
This array should provide better constraints on the source of the seismic signal, and

may allow mapping of rupture fronts during speed-up events.

7.3 Concluding statement

This study identifies and characterises the first LFE events observed along the Alpine
Fault. Our LFE catalogues provide insight into contemporary deformation on the
deep extent of the Alpine Fault, which is likely to have implications for seismic hazard
assessment, earthquake modelling and potentially earthquake forecasting. Our work
provides a framework for further study of LFEs and slow deformation in the central
Southern Alps. This study has also highlighted near-fault micro-seismicity in a region
of relative quiescence, which will form the basis for further along-strike catalogues of
near-fault seismicity, and form the basis of continued searches for repeating earthquakes
on the Alpine Fault.
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A Network set-up

SAMBA is principally a network of short-period borehole seismometers deployed within
the Central Southern Alps of New Zealand’s South Island. The locations of all SAMBA
sites are shown in table 2.1. The backbone of the network has recently (in March
2013 and again in March 2014) been supplemented by three additional short-period
surface sensors to complement the single short-period surface sensor deployed above
the Copland Valley in early 2010. The nuances of installing the borehole seismometers

are covered in some detail by [Boese, 2012].

The three seismic sites deployed to the south of the main SAMBA deployment were
installed to assist in the identification and location of LFEs after [Chamberlain et al.,
2014] identified sparse LFE activity beneath this region. It was hoped that these sites
alongside the Haast site of Emily Warren-Smith’s Central Otago Seismic Array (COSA,
not to be confused with the Southern Alps Micro-earthquake Borehole Array (SAMBA)
site of the same name) network would allow constraints to be placed on the southern
extent of LFE and tremor activity. This however was not the case as the Haast site

encountered multiple failures, never providing enough data to hope to detect LFEs.

All sites of the SAMBA network are deployed with RefTek (Refraction Technologies)
RT-130 dataloggers recording at 200 Hz. All borehole sites use GeoSpace Technologies
HS-1-LT short-period sensors. All borehole sites use a 2 Hz version of this sensor apart
from FRAN, which uses a 4.5 Hz sensor due to sizing constraints imposed by the drilling
procedures when drilling this, the deepest of our holes. All surface sites are, at the
time of writing, deployed using 1 Hz Marks Products L4 sensors. MTBA was initially
deployed with a Guralp 3-ESP-C broadband sensor between 30/03/2013-21/03/2014
before being replaced with the more sturdy L4 after the Guralp failed.

Sites are powered by 12V deep-cycle batteries, which themselves are kept charged
by solar panels wired through solar controllers.  [Boese, 2012] found that certain
models of solar controllers resulted in frequent noise spikes, hence care was taken to
use predominantly Sunsaver and ProStar solar controllers. Solar panel power is site
dependent with sites with less sun exposure requiring 80 W panels, and those with

more consistent sunlight needing only 60 or 40 W panels.

Timing for the RT-130 dataloggers requires the deployment of a GPS sensor at the site.

169



Most sites in the SAMBA network have a RefTek model GPS clock, but some have
been used with Garmin model GPS clocks. These have been found to be less reliable
than their RefTek branded counterparts. At sites with consistent power the clocks run
continuously, however for sites with more problematic powering (e.g. EORO, COSA
with the previous solar panel deployment) clocks are run in cycled mode where they
update the timing every 5 minutes. Phase differences encountered in the mode are not
significantly increased when considering LFE signals, but for higher frequencies can be
an issue. In processing data for LFE and earthquake detections the timing uncertainty
was always considered, and if uncertainties were too high for the frequencies being
investigated the data were discarded. The pros of running the GPS clocks in cycled
mode are a large reduction in power demand, which can result in more continuous data

when solar power is limited.

Details of the deployment at each site are reported in table A.1.
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B Data continuity

The climate and morphology of the Southern Alps makes maintaining a seismic net-
work problematic. Under standard operational conditions servicing of the network is
undertaken bi-annually in the Austral autumn and spring. This is to ensure that the
stations are ready to be left for the winter, and to fix problems that have occurred
over the winter. Some of the physical problems encountered during these service trips

include, but are not limited to:
e Snow-cover resulting in lose of power (solar panel receives no light);
e Damage caused by Kea (cables chewed);
e High winds blowing over sites;
e Lightning damage;
e Flooding of sites.

While every effort has been made to ensure continuity of data, there are occasionally
small to large periods of data loss. These have occasionally been exacerbated by a lack
of opportunity to get to sites (high cost of helicopters and lack or a replacement sensor
prevented fixing SOLU after a lightning strike in which every electrical component of
the site apart from the battery underwent failure). The resultant data continuity is

shown in Figure B.1.
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C Common noise characteristics of
SAMBA data

In this study non-earthquake derived seismic amplitudes are considered noise. This
covers a broad spectrum from electrical noise, and analogue to digital filtering effect
to weather events and wave noise. All of these factors need to be considered before
drawing conclusions from seismic data. In this appendix some of the more common

noise is shown and discussed.
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Common noise characteristics of SAMBA data
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Solar controller derived electrical noise at site POCR on day 2009/08/10
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Figure C.3: Solar controller induced spiking on station POCR on date 2009/08/10.
While obvious to the eye, these can be problematic for automated detection. While
generating the LFE catalogue we found that filtering these spikes in the LFE frequency
band (2-8 Hz) resulted in relatively good (below 0.2, but non-zero) correlations. To
overcome this data from stations with this spiking were removed as de-spiking algo-
rithms also introduced correlated noise.
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LFE event verification

In testing threshold levels for cross correlation we developed the following methodolog-

ical flow:

1.

10.

Extract 1 day of raw seismic data per channel per station used in detection of a
specific template, here we use the day of the Dusky Sound earthquake as it has
both earthquake and LFE signals;

Fast Fourier Transform the day of data and extract the amplitude and phase

information;

Generate a random phase spectra for the same duration, before replaciong the
first sample and sample at the half the length of the time series with those in the

original phase spectra;

Combine the randomised phase spectra and the original amplitude spectra and

compute the inverse Fourier transform of these;

Confirm that the amplitude spectra of both the phase randomised data and the

original data are the same;

Generate 100 different random day long time series with 50 random impulses
(both random in position and amplitude) on a day of otherwise zeroed time

series;

Convolve the impulses trace with the 6s long LFE template, repeated for each

channel and station with the appropriate template to generate a clean time series;

Normalise the clean (according to the maximum amplitude) and the phase ran-
domised (according to the mean amplitude, used as the spike in amplitude from
the Dusky earthquake has been maintained and so skews the SNR values) time

series;

Sum the normalised clean and normalised phase randomised data to generate a

seeded time series;

Apply the correlation routine across all traces and sum the correlation values at

each time to generate a time series of correlation sums (cccsum);
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Figure D.1: Testing thresholds (MAD multipliers) for template 17208_1_2 for testing
during a high noise day. Green dashed lines show standard deviation from the means
plotted as solid lines. % positive detections corresponds to the percentage of seeded
templates recovered by the routine whereas the number of false detections is the actual
number of false detections made per day for this template.

11. Tteratively scan through the cccsum time series at a range of MAD multiplier
thresholds from 5-15 at steps of 0.01 and output the detections;

12. Finally compare the detected events with the impulses and calculate the percent-

ages of positive and false detections and the minimum SNR.

Rather than using purely random noise we chose to use noise with the same amplitude
spectra as the data we intend to analyse. In generating this random noise we take a day
of actual seismic data containing LFE template detections and convert to the Fourier
domain. To remove the signal from the data we randomise the phase component, but
retain the amplitude information. We then combine the old amplitude component and
the newly randomised phase component and compute the inverse Fourier transform.
We see that prior to phase randomisation we achieve template matches, but after
phase randomisation there are no matches (prior to seeding). We also see that the
amplitude spectra for both the phase randomised and the actual data are the same.
For each template we check a range (1001 thresholds between 5 and 15 spaced at
0.01) of Median Absolute Deviation (MAD) multipliers to determine the best (near
95% confidence in detections) threshold. For each MAD value 100 tests are run each
with a separate randomly seeded time series, resulting in 100,100 tests for each master

template (over 14 million full tests).
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E Seisan training manual

To pick and confirm earthquakes for the DFDP-2 drilling procedures we will be using
the Seisan software package. You will be alerted to events through the dfdp.seismo-
logy@gmail.com (Password ****1 this is the same password as your server login) from
the rtquake realtime analysis software. After receiving an email check the All.png file,
which is a .png image of the traces for which detection occurred, if picks have been
made these will be displayed. You should also check the location (if given) by clicking
the link. If the event appears local to the drill-site it should be considered urgent.
Once you have received an alert you should pick the event in Seisan on your machine

The procedure for this and a brief intro to Seisan is provided below.

E.1 An Introduction to Seisan

Seisan is a group of programs written in C and Fortran for routine seismic processing
and analysis in passive source seismology. Seisan is written to be interactive both
through the command line and within x-windows. Seisan can be installed on most
standard Linux distributions, OS X and Windows. Running on Windows requires the

use of Seisan explorer, an interactive GUL

On all distributions the directory structure is the same, underneath the top directory

where Seisan is installed, there are a group of directories as follows:
e PRO: Programs, source codes and executables

e LIB: Libraries and subroutines

INC: Include files for programs and subroutines

COM: Command procedures

DAT: Default and parameter files

CAL: System calibration files

e INF: Documentation and information

IPassword removed from public thesis
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E.1 An Introduction to Seisan

e [SO: Macroseismic information

SUP: Supplementary files and programs

e TMP: Temporary files

e REA: Earthquake recording information , S-files (nordic format pick files)
e WAV: Waveform database

The three directories that we care most about are the REA, WAV and CAL directories
as these contain the information that we will edit or install information into. For a
detailed description of the nordic format, which Seisan pick files (S-files) are written in
can be found in Appendix A of the Seisan manual (Seisan.pdf in the INF directory),
pages 341-350. Waveform data will be stored in multiplexed miniseed format by de-
fault, in the WAV directory. The CAL directory contains the response information to
be extracted from the DFDP seismology dropbox.

Seisan has a lot more potential than we will use it for, as for our routine purposes
we only need to locate earthquakes and generate magnitudes. This will be done using
the Seisan default location program initially (for which Seisan uses HYPO). For more
reading the SETAN manual contains much information and a detailed training guide

for most of the functionality.

As my experience is with OS X and Linux, I will not cover Windows distributions
here. Installation: Full installation information can be found in the Seisan manual
(chapter 3, page 17), problems with installation should be directed to calum.chamber-
lain@vuw.ac.nz. Specific Set-up: Once everything is installed and the distribution is
activated (by setting your top directory in COM/Seisan.bash or COM/Seisan.csh) and
editing your .bashrc or .cshre file as described on p.19 of the Seisan manual in the INF
directory, we need to set the database structure up for use with our data. This is a

simple procedure you should:
1. Change to the working directory by typing 'wo’ in the command line;

2. Run 'makerea’ from the command line and follow the prompts, you should call
the database RTAF as we have done on the server the start date should be the
20140101 and the end date 20150201 (beyond the end of drilling by quite a bit).
You should ask for both REA and WAV when it prompts about them. This will
generate directories in the WAV and REA directories topped by your network
name (RTAF) of the structure: NET__/YYYY/MM (e.g., RTAF_/2014/09).

This will be where you download data to.

3. You should repeat the above but with the database name RTAFC, in which you

will register your picked and checked waveforms and s-files this is where you will
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upload data from.

E.2 Data download

Next you should download data from the VUW servers to test picking. You will need to
use a command based on the following instructions (replace YYYY and MM with date
values and S-file with the name of the s-file, wav file with the name of the waveform
file - $Seisan_TOP should be a set environment variable on your system when you have
completed Seisan installation): You will need to copy both the S-file (pick file) and
waveform file for the appropriate time and date. The S-file name is in the email on
the first line just after the link to the map (however do not copy from the full path,
only the year, month and filename are of use here for permissions reasons the data
is hosted in multiple places). Get the S-file first and check it to find the name of the
waveform file, which is on the 2nd line of the S-file. The S-files are named according

the the following convention: dd-hhmm-ssL.Syyyymm

For pick files:

scp -P10 dfdpseismology@evison.geo.vuw.ac.nz: / Volumes/GeoPhysics_09/users-data/-
chambeca/DFDP Seisan/REA/RTAF_/YYYY/MM/S-file $Seisan_ TOP/REA
JRTAF_/YYYY/MM/.

Read the S-file to get the name of the wav-file For waveform files:

scp -P10 dfdpseismology@evison.geo.vuw.ac.nz: / Volumes/GeoPhysics_09/users-data/
chambeca/DFDP _Seisan/WAV /RTAF_/YYYY /MM /wav-file $Seisan_ TOP/ WAV
JRTAF_/YYYY/MM/.

You will also require the response files for the sites which can be copied as follows if
you have not already done it:

scp -P10 dfdpseismology@evison.geo.vuw.ac.nz:/Volumes/GeoPhysics_09 /users-data/

chambeca/DFDP _Seisan/CAL/* $Seisan. TOP/CAL/.

Finally you will need the appropriate STATIONO.HYP file in your working directory.
(This will overwrite your existing STATIONO.HYP file. I would recommend moving
your current file to something like STATIONO.HYP_old before using the command
below):

scp -P10 dfdpseismology@evison.geo.vuw.ac.nz: /Volumes/GeoPhysics_09 /users-data/

chambeca/DFDP _Seisan/STATIONO.HYP $Seisan . TOP/WOR/.
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E.3 Pick data

E.3 Pick data

Once the data are in place you should be sure to move to the working directory.
From here type ’eev yyyymmdd net’ where yyyy is year, mm is month, dd is date
and net is the name you have given to your database (RTAF). This will launch a
command line interface, listing the events and waiting for your response. Typing 'p’
will launch mulplt, the interactive, multi-channel picking interface. A full description of
the possible commands run from mulplt can be found in section 6.2.5, P. 90 Seisan.pdf.
Mulplt should plot all the channels and show the picks made in the s-file as red lines

with phase names labelled.

It is worth checking s-p time before going ahead and picking events, if the s-p time is
larger than 2 seconds then the event is likely to be outside of our sphere of interest and
picking is less urgent. If the event does not appear to be a true earthquake you may
delete the event by pressing q within the mulplt window then pressing d at the end of
the eev line when asked for an input. You will then be asked to confirm that you want

to delete the event and for your user ID (see later for explanation).

Picking data is done by a combination of mouse and keystroke. Holding the mouse
over where you wish to place the pick, typing 1 will register an impulsive P-phase, 2

= an emergent P-phase, 7 an impulsive S-phase and 8 an emergent S-phase.

Zooming is done by mouse clicks. Window the data you wish to zoom over with two
left mouse-clicks, on at the start of the window, and the second at the end. Zooming

out can be done by clicking at a position before the green line from the first click.

If you wish to plot fewer channels these can be selected by clicking the channel names
on the left and typing 'r’ for replot once you have selected all channels, or you can type

‘0’ and select the traces that way. Typing ’o’ followed by o’ will plot all traces again.

Filtering can be done by default filters (z through m, the bottom row on an English
keyboard) which are described if you click the menu button at the top right of the
mulplt window. Typing r’ will replot with the selected filter. You can assign high and

Y

low cut frequencies by typing ’. and entering the frequencies (separated by a space)

then typing enter/return and r’.

Picks can be weighted by hovering over the pick and typing ’shift [1,2,3,4,9]", the
equivalent of [1,@,# $,(] (important for mac’s and foreign keyboards where the hash-
key may be accessed in another way, e.g. on my mac, alt-3 is # which is required to
give a weight of 3). Weights of 04 decrease in certainty as the number increases, a
weight of 9 can be registered when timing is uncertain, this should be registered on
both the P and S phases for the station, then the location code will take into account

the s-p time, but not the absolute pick times. Picks can be removed by hovering over
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the pick and pressing d. To locate the event type ’l’, the mulplt window will disappear
and text will appear in the terminal with the stations, distance from event, azimuth,
ain (angle of incidence), weight, phase name, calculated phase, pick timing, residual,
weight after location and di(?). Large residual picks should be re-evaluated. Typing
enter after this output will re-open the mulplt window, this time with both the red
manual picks and the blue predicted arrival times. This can be repeated until you are
satisfied.

Note: if you find an error in location describing an IASP error then you should quit
eev (type 'q’ in both the mulplt window and the eev command line), then run 'remodl’
followed by ’setbrn’, this should rebuild the travel-time tables required for location.
The error is usually: At line 1645 of file tau.for (unit = 22, file = /ISAP91 linux.HED)

Fortran runtime error: End of file

Seisan can calculate magnitudes in a variety of ways. Our preferred method is the local
magnitude generated from the amplitude measured on a simulated Wood Anderson
instrument. RTQUAKE has the potential to generate this type of magnitude, but I
have so far failed to do this. However it often generates coda magnitudes, which are
invariably higher than the local magnitudes. We therefore require you to pick the
amplitudes of as many stations as possible. These should be picked on the largest

body-wave phase of the Z-channel. The procedure is as follows:

1. Click on the channel you want to measure the amplitude on and type 't’ for
toggle (I would suggest having located the event before this stage to generate the

predicted travel times to give you something to window around);

2. In the toggle window a new menu will appear, either click the WA button or type

'w’ and select a window around the S-phase;

3. This should bring up another time-series beneath the previous one as a simulated
Wood Anderson trace if the trace has the words no response info for ... beneath
it then you do not have the appropriate response information for this station in

your CAL directory.

4. Typing upper-case a "A’ will generate an automatic amplitude pick, this should
be manually checked. If this is not appropriate then you can pick the amplitude
manually by hovering over the trough and typing lower-case a 'a’ then hovering
over the peak associated and typing the same this should remove the automatic
pick and place you manual pick there. In the Wood Anderson view the phase

will automatically be registered as TAML.

5. Typing 't’ for toggle will return you to the main mulplt window typing I’ to

locate will also generate a magnitude which will be shown in the text.
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E.3 Pick data

We will also be using PGA for assessment of hazard to the drill-rig and hole. These
can be calculated routinely in Seisan in a similar fashion to magnitude picking. These

picks are then also stored in the s-file. The procedure for this is as follows (do this on
all channels of the sites WT'SZ, WMSZ, WPSZ, WDSZ and WHES):

1. Click on the channel you want to measure the amplitude on and type 't’ for
toggle (I would suggest having located the event before this stage to generate the

predicted travel times to give you something to window around);

2. In the toggle window a new menu will appear, either click the Groun button or

type ’g’ and select a window encompassing the P- and S-phases;

3. You will be asked to select displacement, velocity or acceleration, you will need
to pick acceleration (PGA);

4. This should bring up another time-series beneath the previous one as a simulated
ground motion trace if the trace has the words no response info for ... beneath
it then you do not have the appropriate response information for this station in

your CAL directory.

5. Typing upper-case a A’ will generate an automatic amplitude pick, this should
be manually checked, if this is not appropriate the you can pick the amplitude
manually by hovering over the trough and typing lower-case a 'a’ then hovering
over the peak associated and typing the same this should remove the automatic

pick and place you manual pick there.

6. You need to select the type of amplitude pick, type 1 for a simple amplitude, or
if you have identified the phase, click the appropriate amplitude;

7. Typing 't’ for toggle will return you to the main mulplt window.

While these do not strictly give PGA (you will note that you have picked a peak-to-
peak amplitude and PGA requires you to have simply the maximum amplitude), this
is the most useful way to store amplitudes in the s-files as it stands. When interpreting

these values it is sensible to halve the amplitude given in the s-file to give an indication

of PGA.

Finally you should register the event (locally) by typing 'p’ in the mulplt window to

put the event in the database. You will be asked for information:
1. Do you want to register (y/n)? - usually y
2. Give 2-5 letter data base, return for same base your RTAFC

3. Change event type to LR or D we care about local events mostly, L is local, R

is regional and D is Distant
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4. Give operator code, max 4 characters mine is CALU, Carolin’s is CARO, use an

abbreviation of your name.

You can then copy the s-file and waveforms back to the server to the RTAFC database
(RTAF-checked). I will update the database daily. Note: you should only upload data
once you are satisfied and only if you are on duty, e.g. while practising DO NOT upload
your picks. The following commands can be used to copy your files (again replacing
YYYY and MM with the appropriate information and the wav-file and s-file with the

files you want to move):

scp -P10  $Seisan_ TOP/WAV/YYYY /MM /wav-file dfdpseismology@evison.geo.-
vuw.ac.nz: / Volumes/GeoPhysics_09/users-data/chambeca/DFDP _Seisan/ WAV /
RTAFC/YYYY/MM/.

scp -P10  $Seisan TOP/REA/YYYY/MM/s-file dfdpseismology@evison.geo.vuw.-
ac.nz:/Volumes/GeoPhysics_09/users-data/chambeca/DFDP _Seisan/REA /
RTAFC/YYYY/MM/.

E.4 Further information

Daily heli-plots can be viewed in png format in a dropbox account associated with the
dfdp.seismology@gmail.com address (same address and password). We will also have
continuously updated seismicity maps generated from the RTAFC database with 24 Hr
rolling seismicity and the total seismicity detected by the network alongside hour long
spectral plots. While picking you can view your location in google earth by opening the
file $Seisan. TOP/WOR/gmap_cur.kml (information on p.171 of the Seisan manual).
This will display your most recent located event. To save you from reloading this file I
advise that you open the file $Seisan_ TOP/DAT /gmap-automatic.kml in google earth
and save this to 'my places’. This file checks and reloads the gmap_cur.kml file every
few seconds so you will always have the most recent event plotted. This view is a
nice graphical way of checking your residuals when picking as the view also shows the
stations used to pick the event, coloured according to their residuals (green is low, red

high) and the error ellipse around the hypocentre.
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