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Abstract

This thesis documents a detailed examination of the seismic activity and characteris-
tics of crustal deformation along the central Alpine Fault, a major obliquely convergent
plate-boundary fault. Paleoseismic evidence has established that the Alpine Fault pro-
duces large to great (M7—8) earthquakes every 250—300 years, in a quasi-periodic
manner, with the last surface-rupturing earthquake occurring in 1717. This renders
the fault late in its typical earthquake cycle, posing substantial seismic risk to south-
ern and central New Zealand. Understanding the seismic and tectonic character of
this fault may yield information of both societal and scientific significance regarding
seismic hazard and late-interseismic processes leading up to a large earthquake. How-
ever, the central Alpine Fault is currently seismically quiescent when compared to
adjacent regions, and therefore requires detailed, long-duration observations to study
seismotectonic processes. The work in this thesis addresses the need for a greater un-
derstanding of along-strike variations in seismic character of the Alpine Fault ahead of

an anticipated large earthquake.

To achieve observations with high spatial and temporal resolution across the length of
the central Alpine Fault, I use 8.5 years of continuous seismic data from the Southern
Alps Microearthquake Borehole Array (SAMBA), and data from four other temporary
seismic networks and five local GeoNet permanent sites. Incorporating all of these
temporary and permanent seismic sites provides us with a dense composite network
of seismometers. Without such a dense network, homogeneous examination of the

characteristics of low-magnitude seismicity near the Alpine Fault would be impossible.

Using this dataset, I have constructed the most extensive microearthquake catalog for
the central Alpine Fault region to date, containing 9,111 earthquakes and covering the
time between late 2008 and early 2017. To construct this catalog I created an objective
workflow to ensure catalog uniformity. Overall, 7,719 earthquakes were successfully
relocated with location uncertainties generally < 0.5 km in both the horizontal and
vertical directions. The majority of the earthquakes were found to occur southeast
of the Alpine Fault (i.e. in the hanging-wall). I observed a lack of seismicity beneath
Aoraki/Mount Cook that has previously been shown to be associated with locally high
uplift rates (6-10 mm/yr) and high geothermal gradients (~60°C/km). Seismogenic
cut-off depths were observed to significantly vary along the strike of the Alpine Fault,
ranging from 8 km beneath the highest topography to 20 km in the adjacent areas.




To quantify the scale of the seismic deformation, a new local magnitude scale was
also derived, corrected for geometric spreading, attenuation and site terms based on
individually calculated GeoNet moment magnitude (M,,) values. Earthquake local

magnitudes range between My, —1.2 and 4.6 and the catalog is complete above My, 1.1.

To examine the stress regime near the central Alpine Fault, I built a new data set of
845 focal mechanisms from earthquakes in our catalog. This was achieved by manually
determining P wave arrival polarity picks from all earthquakes larger than My 1.5.
In order to determine the orientations and characteristics of the stress parameters,
I grouped these focal mechanisms and performed stress inversion calculations that
provided an average maximum horizontal compressive stress orientation, Spmax, Of
121£11°, which is uniform within uncertainty along the length of the central Southern
Alps. I observed an average angle of 65° between the Syn.x and the strike of the Alpine
Fault, which is consistent with results from similar previous studies in the northern and
southern sections of the Alpine Fault. This implies that the Alpine Fault is misoriented

for reactivation, in the prevailing stress field.

Using a 1-D steady-state thermal structure model constrained by seismicity and ther-
mochronology data, I investigated the crustal thermal structure and vertical kinematics
of the central Southern Alps orogen. The short-term seismicity data and longer-term
thermochronology data impose complementary constraints on the model. I observed
a large variation in exhumation rate estimates (1-8 mm/yr) along the length of the
Alpine Fault, with maximum calculated values observed near Aoraki/Mount Cook. I
calculated the temperature at the brittle-ductile transition zone, which ranges from 440
to 457°C in the different models considered. This temperature is slightly hotter than
expected for crust composed by quartz-rich rocks, but consistent with the presence of

feldspar-rich mafic rocks in parts of the crust.
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1 Introduction

1.1 Motivation and objectives

The Alpine Fault is a large plate-boundary strike-slip fault that runs the length of
the South Island, posing a major seismic hazard to southern and central New Zealand
(Stirling et all 2012)). Its structure and tectonics have similarities with other large
strike-slip faults (e.g. San Andreas Fault; |Fuis et al|, 2007). A striking difference
between the Alpine Fault and the San Andreas Fault, however, is that the Alpine
Fault has no written record of a major earthquake (M>7) in the area between Arthur’s
Pass and the northern Fiordland (FEvison, 1971 |Anderson and Webb|,|1994), a distance
of approximately 300 km along a single fault structure (Fig. [L.1)).

In recent decades, a number of paleoseismological studies have shed light on the his-
toric record of the large Alpine Fault earthquakes (Howarth et al., 2018, and references
therein). These studies have provided valuable information on the rupture history and
earthquake recurrence behaviour of different sections of the Alpine Fault. Large Alpine
Fault earthquakes occur quasi-periodically every 250—300 years and the most recent
one occurred in 1717 AD (Sutherland et al., 2007; |Berryman et al., |2012; |Cochran:
et all [2017; | Howarth et all 2016, 2018]). These results suggest that the Alpine Fault is
late in its typical seismic cycle. In light of recent damaging earthquakes in the South
Island (i.e. the 2010—2011 Canterbury earthquake sequence and the 2016 Kaikoura
earthquake), they have highlighted the importance of improved disaster risk manage-
ment efforts for a potential large Alpine Fault earthquake (e.g. project AF8; Orchistoni
et al., 2018).

The large interevent times and resulting infrequency of large earthquakes has turned
the scientific focus to the small-scale deformation processes (e.g. tremor and small
magnitude earthquakes) that occur more frequently and can provide valuable insights
on the processes controlling seismogenesis. Two major projects in the last decade, that
this PhD project is related to, have focused on this small-scale tectonic deformation.
The initial Marsden Fund project entitled “Putting a stethoscope on the Alpine Fault”,
provided the funds for the deployment of the SAMBA seismic network (Section 2.1.1)
and the enhancement of the network of seismometers near the central Alpine Fault.

The second Marsden Fund project named “Locked and loaded? Effects of deep seismic
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0  GeoNet cataogue

— Active fault
— Plate Boundary
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Topography (m)
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Figure 1.1: Map summarising the main seismotectonic features of New Zealand (namely
from South to North; Puysegur Trench, Alpine Fault and Hikurangi Trench). Earthquakes
locations with magnitudes M>6.0 from the GeoNet earthquake catalog recorded during in-
strumental time period (since 1943). Stars depict the major earthquakes with magnitudes
M>7.0, since 1943. Dashed square outlines the limits of the study area of this PhD work.
Arrow indicates the local velocity of Pacific Plate relative to Australia (~37 mm/yr;

e al} 2010),

and aseismic deformation on Alpine Fault earthquakes” enabled the continuation of

the detection, location and characterisation of the seismic deformation near the central
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Alpine Fault, aiming to estimate how deformation is accumulating ahead of a potential

future large earthquake.

Accurately detecting and locating the background microseismicity can provide useful
information about the structure and mechanics of faults at depth, shed light on their
characteristics and yield an estimation for the seismogenic thickness (Nazareth and
Hauksson), 2004; |Ito, 1999; |Omuralieva et al., 2012; | Yano et al.l [2017). All of which are
key parameters for modelling future damaging earthquakes. The seismogenic thickness
can be estimated by the distribution of the hypocentral depths of the background
seismicity and their lower cutoff depths (Sibson, (1984; Scholz, [1988). |Nazareth and
Hauksson| (2004)) quantitatively defined the seismogenic thickness of the crust in the
southern California based on the depth distribution of the seismic moment release and
observed highly variable depths ranging from less than 10 km to greater than 25 km
depths. The lower cutoff depth of the seismogenic zone adjacent to the central Alpine
Fault is estimated to range from 8 to 14 km using earthquake hypocentral depths
(Leitner and Eberhart-Phillips, |2001; |Boese et al., 2012; |Bourguignon et all [2015).

This range may reflect a spatial variation in seismogenic thickness.

Magistrale and Zhou| (1996]) compared the depth extent of the background seismic-
ity with that of aftershock distributions in southern California and suggested that
the maximum depth of mainshock earthquake ruptures can be determined from the
background seismicity. Most earthquake hazard analyses assume that the seismogenic
thickness corresponds to the maximum depth of rupture of moderate and large earth-
quakes (e.g. |Nazareth and Hauksson), 2004). Therefore, an improved knowledge of the
seismogenic thickness, which corresponds to the width of the faulting major faults
(i.e. Alpine Fault), can help towards more accurate potential rupture areas and earth-
quake hazard analyses and models. Considering this, earthquake hazard models along
with other data (e.g. geomorphic consequences, cascading hazards) in the South Island
can provide estimations on crucial information that can help local authorities better
prepare the efforts for response to a large Alpine Fault earthquake (Orchiston et al.l
2018, 2016|). More recent studies however, have suggested that large earthquakes some-
times or always also rupture the deeper creeping section of the fault zone (Jiang and
Lapusta, [2016; |Shaw and Wesnouskyl 2008; |Beeler et al., 2018)).

As estimations of seismogenic depths have become more detailed and accurate, nu-
merous studies have examined the relationship between the distribution of hypocentral
depths and heat flow, rock type, crustal strength, rheology and mechanics (e.g. |Doser
and Kanamori, 1986 | Williams| [1996; |Bonner et al., 2003}, |Albaric et al., 2009; |Hauks-
son and Meier| 2018). The response of crustal rocks to stresses (shear fault strength)
varies with depth under different temperature and pressure conditions (Sibson, (1984)).
The shear fault strength increases linearly with depth in the upper brittle (i.e. fractur-

ing and faulting) part of the crust and reaches a peak in the brittle ductile transition
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zone (BDT) where both stresses and earthquake magnitudes will be the greatest (Sib-
son), 1984)). Below this transition zone in the lower ductile (i.e. plastic flow) part of the
crust the shear fault strength decreases exponentially. The depth of the brittle ductile
transition zone is controlled by a number of physical factors that include temperature,
strain rate, pore fluid pressure, lithology, water content, fault geometry and type of
faulting (Scholz|, [1998; [Sibson, |1984) and is suggested to roughly correspond to the
maximum depths of earthquakes (Sibson, |1982).

Dense spatial networks of seismometers, more accurate recording instruments and new
techniques for processing seismic data can provide a refined image of the seismicity
distribution in the crust. In this project, we use a large number of densely distributed
seismometers (i.e. 68) that operated over almost a decade, to examine the microseis-
micity characteristics and the lateral variations of the seismogenic thickness along the

length of the central Alpine Fault.

In light of the recent results from Deep Fault Drilling Project (DFDP-2) in Whataroa,
which highlighted a locally extreme near surface geothermal gradient of (125+55°C/km;
Sutherland et al.,|2017) and in conjunction with inferences from previous thermal model
studies (e.g. |Allis and Shil, (1995} |Shi et all 1996} |Toy et al., 2010; |Cross et al.l 2015}
Kidder et all 2018) that all suggest high temperatures near the Alpine Fault, we in-
vestigate the contribution of the crustal thermal structure to the distribution of the
seismogenic thickness in the central Southern Alps. To do this, we use the distribution
of the hypocentral depths of the microseismicity examined here and thermochronology
ages (e.g. [Herman et al.l 2007, 2009; | Tippet and Kamp|, 1993; |Ring and Bernet, 2010
Kamp et al.,|1989; |Batt and Braun, |1999;|Batt et al., 2000 Seward),[1989) as constraints
to estimate the crustal thermal structure. An estimation of the distribution of temper-
atures at depth along the Alpine Fault, which still remains relatively poorly defined,
can provide useful insights on better understanding rock strength and kinematics of

the crust in the Southern Alps orogen.

Taking advantage of the long duration seismic dataset, we can investigate the spatial
and temporal characteristics of the stress regime, using focal mechanism data, in a
greater detail than it has been previously afforded. Previous seismicity based tectonic
stress studies in the region (e.g. |Balfour et al., |2005; |Boese et al.; 2012; | Warren-Smathi
et al., 2017) have estimated intermediate and high angles of the maximum horizontal
compressive stress (o;) orientations in relation to the strike of the Alpine Fault, that
are not compatible with the Andersonian faulting theory (Byerlee friction and hydro-
static fluid pressure). Similar high angles have been observed along the San Andreas
fault (e.g. |Hardebeck and Hauksson), |1999; | Townend and Zoback|, 2001; |Hardebeck and
Michael,|2004) which led to the suggestion of two end-member fault models (i.e. strong
and weak San Andreas Fault). For a strong fault o; should be at an angle of ~30°
(Byerleel, 1968)) and the fault would have large friction coefficients (p >0.6). While in
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the case of a dynamically weak fault oy can be at an angle greater than ~30° and the
friction coefficient would be relatively small (z <0.1). Faulting under conditions de-
scribed for the weak model would require either high pore fluid pressure or the presence
of weak material in the fault zone or a combination of both. A detailed examination
of the stress regime in both time and space for the central Southern Alps region will

complement and validate the results from previous studies.

This thesis primary objectives can be summarised as below:

1. Construct a spatially and temporally continuous micro-earthquake catalog con-
sisting of accurate phase picks for the central Southern Alps. Using this cata-
log, examine the spatial seismicity patterns and calculate the seismogenic cutoff

depths across and along the strike of the Alpine Fault.

2. Quantify the scale of the active seismicity by deriving a new local magnitude scale
for the central Southern Alps, corrected for geometric spreading, attenuation and
site terms, which is based on individually calculated GeoNet moment magnitude
(M) values.

3. Examine the characteristics of the active stress regime by calculating focal mech-
anisms and seismic moment rates using the newly determined local magnitudes.
Investigate the spatial and temporal variations of the stress parameters obtained

with stress inversion techniques and focal mechanism data.

4. Model the crustal thermal structure using seismicity and thermochronology data

as constraints to obtain exhumation rate estimates in the central Southern Alps.

The outcomes of this research project will provide insight of the seismogenic state of
a major fault late in its typical earthquake cycle and will help underpin the hazard
evaluation of the Alpine Fault, one of the largest earthquake hazard sources in South

Island, New Zealand.

1.2 Alpine Fault

1.2.1 Background

The Alpine Fault is a major continental transform fault that represents the principal
tectonic structure outlining the Australian/Pacific plate boundary in the South Island,
New Zealand (Norris and Toy, 2014). It is clearly observed from satellite images as
a distinctive straight line at roughly 055° azimuth that forms the westernmost limit

of the Southern Alps orogen. The Southern Alps is a young transpressive orogen that
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exhibits high exhumation rates, high erosion rates on its western edge and has no mag-
matism but high heat flow (Fig. [L.2} [Walcott], [1998; |Coz and Sutherland), [2007; [Norrid
\and Toyl 2014; |Cox and Barrell, 2007; |Cox et all, 2012; Norris and Cooper, 2001)).
Thermochronology age studies in the central Southern Alps yield exhumation rates of
up to 8 mm/yr (Herman et all 2007, 2009; Little et al., 2005 | Tippet and Kamp|, [1993)).

This region of high exhumation rates is associated with high precipitation and erosion

rates (Koons, (1990;|Coz et al.,2012). These extreme climatic conditions on the western

side of the Southern Alps orogen have been suggested to play an important role on the

orogen dynamics (Koons et all 2003). In particular, the extreme erosional conditions

erode the upper, stronger part of the crust, making it weaker overall, steepening the
isotherms and making the flow of hotter material from the bottom of the crust easier.
This continuous interaction between erosion and exhumation increasingly enhances the
steepening of the geotherms, increasing heat flow and making the crust weaker (Zeitler
et al., 2001} |Koons et al., 2003). Thermal models (Koonsl [1987; Shi et al., 1996} |Cross
et al., 2015} |Toy et al., [2010) infer that high temperatures exist at shallow depths near

the Alpine Fault, particularly in a narrow zone of 10—25 km width immediately east

of the fault’s surface trace. One manifestation of the high heat flow related to these
rapidly exhumed rocks is the large number of thermal springs located close to Alpine
Fault’s surface trace (Coz et all 2015)).
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Figure 1.2: Summary of the main features and processes controlling the Southern Alps active
orogen. Figure adopted from |Cox and Sutherland| (2007).
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The Alpine Fault was first identified by (Wellman and Willet, 1942)) and comprises,
along with the Marlborough faults (MFS), a transition zone that links the west-dipping
Hikurangi subduction to the north and the east-dipping Puysegur subduction zone to
the south (Fig . The Alpine Fault is ~800 km long and, including its continuation
to the north, the Wairau fault (Berryman et al.,|1992), and thus extends most of the
length of the South Island, New Zealand.

Barth et al.| (2013)) divided the Alpine Fault in five sections with distinctive structural,
seismic and geomorphological features (Fig. [1.3). This division of the Alpine Fault
is largely after |Berryman et al.| (1992). The northeastern-most section of the Alpine
Fault (Wairau; Fig. [1.3), has a length of 200 km, a relatively low strike-slip rate (3—6.7
mm/yr) and close to zero dip-slip rates, (Zachariasen et al.,2006). The Wairau Fault’s
average strike is 067° and the fault is almost vertical in dip. Background seismicity in
this section has been found to be extremely low (Arabasz and Robinson), 1976). In the
North Westland section (Fig. both dextral strike- and dip-slip (SE-side-up) rates
increase relative to that in the Wairau section, reaching values of 10—13.6 and 3.4—6
mm /yr, respectively. The average strike and dip of the Alpine Fault here are 055° and
55° to the southeast, respectively. Background seismicity rates are slightly increased
relative to the Wairau section but are still generally low in comparison to seismicity
rates in the rest of New Zealand (Bourguignon et al. 2015} |Boese et all [2012). The
uplifted side is the southeastern part of the fault (hanging wall), which makes up the
bulk of the Southern Alps orogen.

In the central section of the Alpine Fault (Central; Fig. , the average rate of dextral
strike-slip is significantly higher than the two aforementioned sections to the north (28
+ 4 mm/yr; |[Norris and Cooper), |2001)). The dip-slip rates in this section exhibit the
highest values along the length of the Alpine Fault, ranging from 2 to 8 mm/yr (Norris
and Cooper, 2001). The average strike of the fault is similar to the North Westland
section. The Alpine Fault here is inferred to dip eastward at an angle of between 40°
and 60° according to surface structural (Norris and Cooper, |1997), seismicity (Guo
et all 2017), reflection (Stern et al., [2000) and geodetic data (Beavan et al., [1999).
Background seismicity is extremely low and most earthquakes have shallow hypocentral
depths (Boese et al.,2012). Around 70% of the current plate boundary deformation is
accommodated by a single fault structure, the Alpine Fault (Norris and Cooper, 2001)).
The width of the orogen is less than 80 km (Little et al., 2005; |Cox and Barrell, 2007)).

In the Southern Westland section (Fig. , strike slip rates stay almost the same as
the section in the north (29 + 3.5 mm/yr), while the dip-slip rates values decrease and
approach values close to zero (Barnes et al., [2005). The average strike of the Alpine
Fault also remains relatively the same as the two sections in the north. However,
the average dip of the fault becomes nearly vertical (82° to the SE). The background
seismicity here is relatively high (Warren-Smith et al. 2017b)). Another important
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Figure 1.3: Map of the South Island, New Zealand that illustrates the division of the Alpine
Fault into five sections according to |Barth et al. (2013) shown with different colors. Figure
adapted from (Howarth et all [2018). Arrow indicates the local velocity of Pacific Plate
relative to Australia (~39.5 mm/yr in Fox Glacier;|DeMets et al.,[2010)). MFS = Marlborough
Fault System. Grey dashed lines depict the two transects of the SIGHT project (Davey et al.,
1998; |Okaya et al.l 2002).

difference compared to the sections to the north is that the uplifted side of the fault is

in the northwest side.

In the southwestern-most section (Resolution; Fig. the Alpine Fault displays the
largest strike-slip rates (31.4 mm/yr) and dip-slip rates are zero within this section.

Also, the highest percentage (87%) of the plate boundary motion is concentrated on the
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Alpine Fault in this section. The average strike of the fault is rotated approximately 10°
counterclockwise relative to the sections to the north (040°). Seismicity here defines a
steep Wadati-Benioff zone dipping at around 70° to the southeast extending to depths
of at least 150 km (Warren-Smith et al., 2017D)).

1.2.2 Regional geology and total displacement

The Alpine Fault separates two different types of basement rocks that were both formed
in the Gondwanaland margin, named the Western and Eastern Provinces (Fig. [1.4}[Coa
and Sutherland), 2007). Although both provinces formed in similar tectonic environ-
ments, they have undergone very different pre-Cretaceous tectonic processes (Mor-
timer}, |2004). The Western Province (Buller Terrane; Fig. is located northwest
of the surface trace of the Alpine Fault and consists mainly of Paleozoic sedimentary,
plutonic and metamorphic rocks. The Eastern Province (Torlesse composite terrane;
Fig. was southeast of the Alpine Fault and mostly comprises metamorphosed semi-

schists and schists.

In 1949, Wellman argued that the Alpine Fault had accommodated a 480 km, of Ceno-
zoic dextral displacement, based on the offset of Paleozoic-early Mesozoic rocks (Dun
Mountain Ophiolite Belt Terrane; | Benson/, [1952). This notion, especially the timing of
the displacement, became more generally accepted only after the development of plate
tectonic theory. Since then, with the advances in quantifying plate motions, a number
of studies have estimated the total displacement that occurred during the Cenozoic
(Sutherland, 1999; |Lamb et all |2016)). |Sutherland) (1999) suggested a total dextral off-
set of 440—470 km based on the offsets of basement terranes and plate reconstructions.
Lamb et al. (2016|) revised the displacement history of the Alpine Fault and argued for

a total Cenozoic strike-slip displacement that is greater than 700 km.

1.2.3 Previous geophysical projects

The Alpine Fault provides a unique opportunity to investigate the lithospheric struc-
ture, deformation characteristics, rock properties and geophysical features in a devel-
oping orogen (i.e. Southern Alps) before a large potential future earthquake (ZTownend
et al., 2009)). Therefore, a number of large multidisciplinary geophysical projects have

been undertaken during the last three decades, which we outline below.

The South Island Geophysical Transect (SIGHT) took place in 1996 and 1998 and
included two lines (Transect 1 and Transect 2; Fig. of active and passive seismic
deployments spanned the South Island perpendicular to the strike of the Alpine Fault
(Davey et all, (1998; |Okaya et all 2002 |Stern et al., 2007)). The active seismic explo-
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Figure 1.4: Geologic map of New Zealand adopted from |C’0w and Sutherlandl q2007[)

ration provided a detailed overview of the crustal structure in the central Southern Alps.

The thickest crust estimated from inversion of reflection-refraction data along Transect

1 is approximately 37 km (Van Avendonk et all,[2004) and approximately 44 km along
Transect 2 (Scherwath et al.l 2003)). |[Eberhart-Phillips and Bannister| (2002)) compiled

a three-dimensional V,, and V,/V; velocity model using earthquake and active source
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seismic data and imaged the crustal root beneath the Southern Alps. They observed
a maximum crustal thickness of 43 km around 80 km south of Aoraki/Mount Cook.
The deepest crustal thickness was found east of the area with the highest topography
in the central Southern Alps (Davey et all 1998). Bouguer gravity anomaly mea-
surements suggest the existence of an extensive crustal root of lower-density material
(Bourguignon et al., |2007)). This material is inferred to have resulted from lithospheric
thickening caused by the convergence between the Australian and the Pacific plates
and consisting of parts of the middle and lower crust (Scherwath et al., 2003). Seis-
mic reflections beneath the Southern Alps revealed an eastward-dipping Alpine Fault
with dip angles varying from 40° to 55°, flattening in the lower crust (Davey et al.l
1995). Areas of high conductivity and low velocities were found to coincide with these
reflections (Wannamaker et all 2002; |Stern et al., |2007).

The Deep Fault Drilling Project (DFDP) has to date been undertaken in two stages.
Its primary goal was to drill a borehole in the plate interface of the central Alpine Fault
and examine various geological and geophysical characteristics within the fault struc-
ture (Townend et al., 2009) prior to an expected major earthquake (Sutherland et al.l
2007; |Howarth et al.,[2018)). DFDP-1 was the first stage and took place at Gaunt Creek,
southeast of Whataroa. Two boreholes were drilled (128 and 98 m deep) and fault rocks
were sampled from the hanging wall (Sutherland et all [2012). Various geological and
geophysical measurements performed on the borehole cores showed a highly fractured
and impermeable fault zone (Sutherland et al.| (2012); | Townend et al.| (2013) and ref-
erences therein). Fault zone gouges from DFDP-1 were found to have relatively high
coefficients of friction (u=0.61—0.76) for a range of temperatures and normal stresses
(T = 70-350°C, effective normal stresses, o, = 31 — 156 M Pa; | Boulton et al.,|2014).
A relatively high geothermal gradient of ~63°C/km was also found (Sutherland et al.
2012).

The second stage of the project, DFDP-2, took place in Whataroa Valley in 2014.
The DFDP-2B borehole was drilled to 818 m depth on the hanging wall of the Alpine
Fault (Sutherland et all 2017)). This borehole was planned to investigate the temper-
ature, pore fluid pressure and structure of the hanging wall and eventually intersect
the Alpine Fault plane at a depth of around 1 km. The borehole did not reach this
target depth due to technical difficulties (Sutherland et all 2015)). The borehole mea-
surements and observations revealed an active high-temperature hydrothermal circula-
tion system, high permeability and elevated pore fluid pressure beneath the Whataroa
Valley (Townend et al. 2017, |Sutherland et al. 2017). In particular, a geothermal
gradient of 125+55°C/km and pore fluid pressures 10% above hydrostatic levels were
found. Geothermal gradient values exceeding 80°C/km are normally related to vol-
canic regions, but there is no evidence for any volcanism near Whataroa (Sutherland

et all [2017). This extreme geothermal gradient in Whataroa Valley is interpreted to be
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caused by exhumation of hotter rocks from depth and a fluid flow within the fractured
rocks that concentrates heat from higher topographic areas into the valleys (Sutherland
et all 2017).

1.2.4 Paleoseismicity

Paleoseismic studies in Westland, South Island, New Zealand have been extremely
important in establishing a long record of ruptures and providing crucial information

on the earthquake cycle characteristics of the Alpine Fault.

The first paleoseismic study of the Alpine Fault was conducted by |Adams| (1980) who
collected radiocarbon dates from landslides and aggradation terranes that coincided in
time and were inferred to be related to large earthquakes on the Alpine Fault. |Wells
et al.| (1999)) combined a number of different techniques (e.g. fault trenches, landslide
episodes, radiocarbon dates, tree-ring growth anomalies) and provided evidence for
three Alpine Fault paleoearthquakes occurring at approximately 1717, 1630 and 1460
CE. |Sutherland et al. (2007) compiled evidence on the three most recent large earth-
quakes and estimated moment magnitudes of M,, 7.8—8.0. They suggested that large
earthquakes of M,, >7.0 will almost certainly occur in the future, including a realistic
chance for large, M,, >8.0 earthquakes on the Alpine Fault (Sutherland et al., [2007)).

More recent paleoseismic studies, summarised in |[Howarth et al.|(2018)), have created a
remarkably long and continuous Alpine Fault earthquake record. This record indicates
that the Alpine Fault produces large magnitude (M7—8) earthquakes every 291 423
years (Berryman et al.,|2012; |Cochran et al., | 2017; |Howarth et al. 2016) with the last
major earthquake occurring in 1717 CE. The distribution of the paleoearthquakes in
time and space is summarised in Fig. [1.5] which highlights the characteristics of the
paleoearthquakes in three sections of the Alpine Fault (i.e. South Westland, Central and
North Westland sections). The most recent paleoearthquake 1717 A.D. have ruptured
all the Alpine Fault sections. However, the preceding ruptures have both single and
multi-section ruptures that, in combination with the large data gaps mainly in the
North Westland section, make it difficult to suggest any strong temporal pattern of
which segments of the Alpine Fault rupture (Howarth et al., 2018]).

The periodicity of the paleoearthquake occurrence on the Alpine Fault is remarkable
when compared with the seismic records of other major strike slip faults (Berrymani
et al., [2012)). These data suggest that the Alpine Fault has a ~30% chance in the next
50 years of failing in a large (M7—8) earthquake (Cochran et al. 2017, |Biasi et al.,
2015; |Howarth et al., 2018)), posing one of the largest earthquake hazard threats to

Southern New Zealand.
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Figure 1.5: Diagram adopted from |Howarth et al.| (2018) that summarises all the available
paleoearthquake data of the Alpine Fault in space and time. Probability density functions
with time are colored according to the paleoseismic techniques used (e.g. on-fault records with
red, lake deposits near the fault with yellow, observations made in wetland records with grey
and marine turbidite results with blue). MRE = most recent earthquake; R.I. = recurrence
intervals; CoV = coefficient of variation; SED = single event displacements; SSR = strike-slip
rates

1.2.5 Seismicity

Seismic activity near the central section of the Alpine Fault mostly occurs within the
crust of hypocentral depths of less than 30 km (Evison), 1971} |Eiby, (1971} |Scholz et al.,
1973} [Boese et all,[2012; [Bourguignon et al. 2015} [0 Keefe|, 2008} [Feenstra et all, 2016}
\Guo et al.,[2017). A relatively small number of deeper earthquakes (subcrustal; 30—120

km hypocentral depths) take place in the upper-mantle (Reyners|, |1987; Boese et al.,
, . Apart from the microseismicity studies mentioned above, a number of
studies have also examined other seismic phenomena, such as seismic tremor
let all 2012, 2013) and low-frequency earthquakes (Chamberlain et all 2014; |Baratin
, . Figureshows the variations of depth distribution of the seismic activity
across Southern and Central New Zealand. Intermediate depth earthquakes (70—300
km depth) are frequent in the north and south of the South Island and delineate the

Hikurangi and Puysegur subduction zones, while they are less frequent in the central
South Island.
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Figure 1.6: Cross-section of the seismicity along the length of the Alpine Fault adapted from
(Boese et al., 2018, “This study”). Grey circles depict the M>5 earthquakes recorded from
GeoNet, while the red open circles show the earthquakes for which focal mechanisms were
calculated. Blue, green, red and cyan full circles represent the subcrustal earthquakes located
by |[Reyners| (1987), Kohler and Eberhart-Phillips| (2003), Boese et al|(2013) and |Boese et al.
(2018), respectively. Black circles display the locations of the low frequency earthquakes from
Chamberlain et al| (2014) and |Baratin et al| (2018]). Triangles on top of the cross-section
show the locations of the different seismic networks used by |Boese et al.| (2018).

The initial identification of anomalously low levels of seismic activity in the central
South Island relative to the rest of New Zealand was made by (Eiby, 1971; |[Fuvison,
1971). Since then, numerous researchers have examined this seismic gap in the central
Southern Alps region further. One of the first microseismicity studies in the area was
carried out by |Scholz et al.| (1973) and |Caldwell and Frohlich| (1975)) and showed a

diffuse distribution of epicenters with no clear association to major faults.

More recent studies (Reyners|, 1987, Leitner and FEberhart-Phillips|, 2001; O’Keefe, [2008;
Boese et al., 20125 | Bourguignon et al.,|2015; | Warren-Smith et al., 2017b)) have examined
the low seismic activity along the Alpine Fault in great detail (Fig. . The results
from these previous microseismicity studies are presented in Chapter [3| (Section [3.2.2).

1.3 Thesis content and publications

Chapter 1 has outlined the background information related to the seismotectonic prop-

erties of the central Southern Alps region.
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Figure 1.7: Regional and local seismicity near the central Alpine Fault since 1990 recorded by

GeoNet is shown in the background (orange circles). Local microseismicity earthquake loca-
tions from (Reyners, [1987) purple; (Leitner and Eberhart-Phillips|,[2001)) dark blue; (O Keefel,

2008) white; (Boese et all, [2012) red; (Bourguignon et all, [2015) cyan and (Warren-Smithl
et al., 2017b) yellow; are also shown. Seismic sites are plotted in equivalent colors to the
respective earthquake catalogs.

Chapter 2 provides a summary of the SAMBA network and the other seismic networks
from which data have been used in the present study. There is also a description of all

the processing and methods applied to the data as well as their theoretical background.

Chapter 3 addresses the construction of a new microseismicity earthquake catalog and
the characteristics of the seismic activity in the central Southern Alps, New Zealand.

These findings have been published in Geochemistry, Geophysics, Geosystems; pub-

lication (Michailos et all 2019). Magnitude calculations were carried out with the

guidance and MATLAB coding assistance of Euan Smith. Calum Chamberlain con-
tributed significantly within the framework of this chapter. Some of the material from

this chapter might be repeated elsewhere to keep the continuity of the thesis structure.

Chapter 4 concerns the tectonic stress regime in the central Southern Alps, calculated
using focal mechanism data. It outlines the generation of focal mechanisms and the
calculation of stress parameters as well as an examination of their temporal and spatial
variations. Emily Warren-Smith provided comments and advice as a coauthor in this
manuscript. This chapter has resulted in a manuscript under review to the journal

Tectonophysics.

Chapter 5 discusses the results on the thermal structure of the crust and exhumation

estimates near the central Alpine Fault using seismicity and thermochronology data.
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Modeling within this chapter was performed with the help of Rupert Sutherland.

Chapter 6 provides a synthesis of the thesis’ key findings and their significance and

implications, as well as suggestions for future work.

Chapters 3, 4, and 5 are individual projects and have been written in a form suitable for
publications with their own abstracts, introductions, methodologies and conclusions.
These chapter are written in the first person plural (“we”), as this constitutes a common
practice for publications including more than one author. The work in these projects
has been undertaken by the author of this thesis (Konstantinos Michailos), under the

supervision of John Townend and Martha Savage, unless stated otherwise.

During the course of my PhD, I also contributed to two more projects that resulted in

publications:

e Boese, C.M., Stern, T.A., Michailos, K., Townend, J., and Chamberlain, C.J.,
2018. Implications of upper-mantle seismicity for deformation in the continental
collision zone beneath the Alpine Fault. New Zealand Journal of Geology and
Geophysics: 1-26, doi: https://doi.org/10.1080/00288306.2018.1509357.

e Chamberlain, C.J., Hopp, C.J., Boese, C.M., Warren-Smith, E., Chambers, D.,
Chu, S.X., Michailos, K., and Townend, J., 2017. EQcorrscan: repeating and
near-repeating earthquake detection and analysis in Python. Seismological Re-
search Letters, doi: 10.1785/0220170151.
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2 Data and Research Methods

The Chapter below consists of two main sections. The first presents details of the
seismic networks from which data have been used. The second outlines the methods
used during each of the processing steps undertaken. In addition, a brief description

of the theoretical background behind each of these methods is given.

2.1 Seismic networks and data

The seismic networks used in this thesis are described in this section. The Southern
Alps Micro-earthquake Borehole Array (hereafter referred to as the SAMBA network)
comprises 10 borehole sites established in late 2008 (red inverted triangles in Fig.
Boese et al., 2012)) and three additional surface sensors from early 2013 (red triangles
in Fig. 2.1} [Baratin et all [2018). The SAMBA network remains operational and was
deployed in order to augment the three regional GeoNet sites FOZ, WVZ and RPZ
(Fig. to better detect the microseismicity within a previously identified seismic
gap near the central Alpine Fault (Leitner and Eberhart-Phillips, [2001; |Boese et al.l
2012; |0’ Keefe, [2008)).

To expand the region of high station density, we also use data from four other temporary
seismic networks (WIZARD, DFDP-10, DFDP-13 and ALFA-08) that operated at
various times and that overlapped in time with the SAMBA network (Fig. . The
Wisconsin New Zealand Array Regional Deployment (WIZARD) network comprised
10 short period sensors and 10 broadband sensors (Thurber et al., 2012; |Feenstra et al.,
2016; | Guo et al.,2017), and was deployed in the area northeast of the SAMBA network
(purple inverted triangles in Fig. 2.1). The Alpine Fault Array (ALFA-08) comprised
eight seismometers covering the area between Harihari and Hokitika (cyan inverted
triangles in Fig. Bourguignon et al.;2015). DFDP-10 was part of the first phase of
the Deep Fault Drilling Project (DFDP-1; |Sutherland et al., 2012): it consisted of 12
short-period seismometers and was installed to help detect the background seismicity
near the central Alpine Fault in anticipation of the drilling efforts in Gaunt Creek
(yellow triangles in Fig. . The DFDP-13 network includes four shallow borehole
(28 m) seismometers that were installed near the DFDP-2 (Sutherland et al., 2017)
drilling site in the Whataroa Valley (blue inverted triangles in Fig. 2.1)). These sites
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Figure 2.1: Map showing the distribution of the seismic sites, with the site’s code names,
used in this study. SAMBA seismic sites are marked by red inverted triangles (red tri-
angles represent the three southern sites that were installed in 2013). Cyan, purple, blue
and orange inverted triangles depict the ALFA-08, WIZARD, DFDP-13 and GeoNet net-
works. Yellow triangles indicate the DFDP-10 seismic network. Black squares show the
major West Coast townships. Inset shows an expanded view of the region marked by a box.
Grey thick lines represent the active faults from the New Zealand Active Faults Database
(http://data.gns.cri.nz/af/). HFE is the Hope Fault.

were deployed to detect seismicity related to the second phase of the DFDP project
(Chamberlain et all 2017a).

The aforementioned temporary seismic networks complemented the five nearby GeoNet
seismic sites (FOZ, WVZ, RPZ, LBZ and JCZ) that are part of the New Zealand
national network and have been operating continuously since 1990 (orange inverted
triangles in Fig.|2.1)). Figure depicts the distribution of the stations of each seismic
network referred in this thesis. Further details of each network are given in Tables
of Appendix A. The data continuity of each seismic site is shown shown in Appendix
B.
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2.2 Data acquisition and processing

Raw waveform data from SAMBA and DFDP-13 seismic networks were collected during
servicing field trips that took place every six months, typically in May and September.
The data were recorded by RefTek RT-130 digitizers, which store the recorded data on
compact flash (cf) cards in 15 minute or hour-long files in a proprietary compression
format based on miniSEED Steim2. During servicing, the cf cards are swapped and the
raw data from the RT-130 cf cards are then backed up. At the same time quality tests
are made to the control logs (using the logpeek TRIS software) and the waveform data
(using the pgl IRIS software). Next the data are converted to day-long single-channel
miniSEED files using the rt_mseed Reftek tool. The SAMBA data from early 2015 to
late 2018 have been archived at the Incorporated Research Institutions for Seismology

Data Management Center (IRIS-DMC) under the network code 9H]

The waveform data from the rest of the temporary seismic networks (WIZARD, DFDP-
10, ALFA-08, DFDP-13) were downloaded directly in MiniSEED format from the IRIS—
DMC using the following network codes: WIZARD, ZT; DFDP-10, XO; DFDP-13, 6F;
and ALFA-08, YR. Data from the GeoNet sites were downloaded from GeoNet’s web
services. All the waveform data were converted into the same format, namely single
channel day-long MiniSEED files, using Python routines primarily from the ObsPy
package (Beyreuther et al., 2010; |Krischer et all 2015).

For the routine processing of the earthquake data, picking of manual P and S phases,
and P wave first motion polarities, the SEISAN earthquake analysis software (Havskou
and Ottemoller) 2008) was used. SEISAN is a freely available software package that
provides the essential tools for basic processing of earthquake data (i.e. earthquake
location, magnitude, source parameters and focal mechanisms). Earthquake event
information is stored in SEISAN Nordic format files. For detecting seismic signals, we

use a standard energy-based detection algorithm, described in the following Section.

2.3 Earthquake detection methods

The detection of seismic signals (e.g. earthquakes, seismic tremor, low frequency earth-
quakes, etc.) constitutes one of the first steps in most seismological studies. There
are many methods for detecting earthquakes (e.g. energy based, the cross-correlation
based). Each method has advantages, disadvantages and limitations when used for

various seismological tasks.

Traditional energy-based methods (e.g. STA/LTA algorithms;|Allen|,1978) are based on

"https://doi.org/10.7914/SN/9F_2008
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2.3 Earthquake detection methods

observing changes in seismic amplitude. Such methods do not require any prior event
information and are fast and simple to implement across large volumes of continuous
waveform data. However, these energy-based algorithms can produce a large number
of false detections, especially if the waveform data are noisy. Methods dependent on
amplitude variations are not ideal for detecting small earthquakes occurring in the coda

of larger earthquakes, or when events are close in time.

Correlation based detection methods, on the other hand, generally require prior in-
formation (e.g. P and S time arrivals) and are more computationally expensive than
STA/LTA. These methods use a known signal as a template and look within the con-
tinuous seismic data for similar waveforms (e.g. |Gibbons and Ringdall 2006). Matched-
filter detection is recognised to be very effective in detecting repeating or near-repeating
seismicity (e.g. |Schaff and Richards, 2011; |Gibbons and Ringdal, |2006; |Chamberlain
et al) 2017c). This method has been applied to a number of seismological tasks in-
cluding the detection of repeating seismicity (e.g. |[Frank et al., [2016; |[Beaucé et al.,
2017), low frequency earthquakes (e.g. | Chamberlain et al., |2014; |Baratin et al., 2018}
Shelly, |2017) and aftershock sequences (e.g. |Yao et al., 2017, |Warren-Smith et al.,
2017).

To create a new earthquake catalog for the central Southern Alps that encompasses
almost a decade of seismicity, we considered two approaches. The first consisted of
using the earthquake locations of the previously constructed earthquake catalogs (Boese
et al., 2012; |Bourguignon et all [2015; |0 Keefe, |2008) as templates and the matched-
filter detection method to look for near-repeating seismicity. The second approach
consisted of using an energy-based detection method to detect as many new earthquakes

as possible.

The main goal of this study is to obtain a complete and representative picture of
seismicity spanning over a range of spatial and temporal scales and to robustly examine
the characteristics of the seismicity throughout the central Southern Alps region. We
therefore followed the latter approach and built a catalog using the standard energy-
based detection method. We chose to use this method rather than a cross-correlation
method because the matched-filter detection inherently only detects events similar to
those previously observed. Moreover, the previous earthquake catalogs, which could
have formed a template database, each covered only a year of the almost decade-long
dataset available here. For that reason, an earthquake catalog created using the cross-
correlation method would most likely not fully represent the temporal variations of

seismicity.

The data used in the thesis are derived from five temporary or semi-permanent de-
ployments, including sites with highly variable noise conditions. To cope with this

and to efficiently and homogeneously detect earthquakes throughout the eight years of
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the dataset, a number of Python function were written and are distributed as part of
EQcorrscan; (Chamberlain et al.,[2017¢c). These codes allow different triggering param-
eters to be applied to each seismic site based on its noise characteristics. In testing, we

found that using station specific parameters reduced the likelihood of false triggers.

The energy-based detection method implemented here is derived from the detection
algorithm proposed by |Allen (1978)). The routine works in the following way: firstly,
it scans the waveforms in two different moving time windows: a short-time average
(STA) window, which is designed to be sensitive to energy released by earthquakes,
and a long-time average (LTA) window that is set to be dominated by the average
seismic noise at the site. The STA/LTA ratio (characteristic function) is calculated for
the vertical channels of each seismic site. These values are then compared to thresholds
(e.g. trigger-on/-off thresholds) specified for each seismic site individually. The trigger
on threshold controls the amount of events that will be recorded. A relatively high or
low value will respectively record fewer or more earthquakes. When the characteristic
function’s value exceeds the threshold set, a single trigger is created. These calculations
are repeated for all the available seismic sites and a list of all the single-triggers is
compiled. Finally, the single-trigger times from each seismic site are compared to each
other and if they overlap at four or more stations within a 60-second window, an event

detection is made.

The principal advantage of the detection method created here when compared to com-
monly used STA /LTA network trigger routines is that it allows the user to set a number
of operational parameters (e.g. STA and LTA values, triggering thresholds, band-pass
filters) individually for each seismic site. In this way, we are able to adjust and optimise
the performance of the routine for each seismic site according to the noise conditions
of each site. For example, we observed that for a seismic site in a noisy environment
we should have a higher value of trigger-on threshold and a higher value of the LTA
parameter compared to a seismic site in a quiet environment. As a consequence of
using different threshold values for each station, the triggers are more likely to be
earthquake signals, and fewer false triggers are expected to occur. In our case, we
took advantage of existing earthquake catalogs by manually adapting our parameters
to identify small-magnitude earthquakes already catalogued by |Boese et al.| (2012).
Details of the parameters used for the triggering algorithm are provided in Tables
and of the Appendices. Fig. shows an example of an earthquake detected by
two SAMBA stations (WHYM and GOVA) on 3 of March 2009 using the STA/LTA

network triggering routine.

Despite the advantages of the network triggering routine outlined above, there are also
issues related to the creation of a large number of false triggers, caused by noise signals
in the continuous waveforms. A frequent noise signal observed during the daytime at

specific seismic sites (e.g. POCR2 site from SAMBA network) was found to be caused

21



2.4 Identification of P and S wave arrivals

60

—— Trigger On
5000 ]
= — Trigger Off 200
o
2 o 0
S
x ~200
=-5000
WHYM EHZ | _00 GOVA EHZ
0 10 20 30 40 50 60 0 10 20 30 40 50
C|:3 40 A 40 A
< 304 304
<
b 20 20
<\E Threshold on = 10
= 10 ( Threshold off =3 10 | Threshold on = 7.5
n eshecon 1 Threshold.off = 3
0 —— PR s d Ao 0 T T ARSI AR A e WL
0 10 20 30 40 50 60 0 10 20 30 40 50

Time after 2009-03-03T06:06:33.425000 [s]

Figure 2.2: Earthquake recorded and detected at two SAMBA seismic sites (WHYM and
GOVA) using the STA /LTA network triggering routine. The upper box shows the continuous
waveform data of the vertical component bandpassed and sampled at 200 Hz. Red and blue
vertical lines indicate the trigger on and off, respectively. The lower box shows the STA /LTA
ratio or characteristic function of the seismic signal above. Red horizontal dashed lines show
the trigger on threshold, while the blue horizontal dashed lines show the trigger off threshold.

by solar charge controllers used to regulate solar panel and battery power (Boesel 2012}
Chamberlain), [2016). An example of a waveform contaminated by the solar controller-
induced spikes is shown in Fig. [2.3] To overcome this, we applied a despiking function
(distributed in EQcorrscan) before applying the network triggering routine.

2500 |POCR2.SHZ Earthquake\
0
£
—2500 A Spikes
0 1000 2000 3000 4000 5000 6000

Time after 2010-01-05T01:02:29 [s]

Figure 2.3: Example of seismic data from SAMBA site POCR2 contaminated with solar
controller induced noise signals “spikes”.

2.4 Identification of P and S wave arrivals

The correct estimation of P and S phase arrival onsets is the backbone of every earth-
quake catalog and has a significant contribution to the quality of an earthquake catalog

(e.g.|Woessner et al.,[2010)). P and S wave arrivals can be determined either by manual

22

60



Data and Research Methods

picking or by automatic picking algorithms.

Manual picking can be impractical due to the large volume of seismic data available (a
decade of continuous waveform data in our case). In addition, manual picks are subjec-
tive and contain human errors due to the different picking behaviours of each analyst
(e.g. inconsistent use of filters or misidentification of wave phases), which can lead to
inconsistencies in phase picks (Douglas, (1997, Scherbaum), [2013). Such inconsistencies

can be reduced by following some strategies for manual phase picking (e.g. |Scherbaum,
2013}, |Diehl et al., [2009).

Automatic phase pickers are fast, consistent and can be applied efficiently to large data-
sets (Vassallo et al.,|2012). However, the quality of picks obtained by automatic pickers
can vary significantly and distinguishing the “bad” picks from the “good” ones can be
challenging. Therefore, the choice of which of the two methods for the P and S wave
arrivals estimations is determined by the unique needs and goals of each seismic study.
Here, the data-set spans almost a decade of continuous data, making manual picking
impractical. We have opted to use an automatic picker to determine preliminary P

and S wave arrivals that we later inspect and evaluate manually.

During the last several decades many different approaches for automatic picking of
wave phase arrivals (i.e. P and S phase wave arrivals) have been developed. |Allen
(1978) published an energy-based autopicker algorithm that defines possible picks by
comparing the short (STA) and the long-term (LTA) properties of the seismic signal.
Leonard and Kennett| (1999) developed an autoregressive algorithm that scans the con-
tinuous waveform data and calculates the variations of specific statistical properties of
the seismic signals, in order to separate these signals from the noise and define possible
picks. Other autopicking algorithms use wave polarization analysis (Cichowicz), (1993}
Baillard et all |2014; Ross and Ben-Zion) [2014) to separate the energy originating from
specific phases and thus determine possible picks. There are also hybrid algorithms
that use a combination of the aforementioned techniques (Sleeman and FEck {1999;
Diehl et al,2009).

The automatic pickers mentioned above can provide good and robust results. However,
most of them are very complex and difficult to generate good results because they have
a large number of parameters to set. Taking that into consideration, we chose to
use a simpler, but demonstrably accurate, autopicking algorithm developed by |Rawles
and Thurber| (2015)). This algorithm is based on the method for classifying time series
developed by Nikolov|(2012)). The algorithm uses a number of reference waveforms that
contain P and S wave phase signals to identify phase onsets in the input waveforms.
To do that the routine scans the input waveforms in a defined moving window and
calculates a score function of similarity to the sum of the reference picks. Phase picks

are declared at the position of the local maximuma of the score function. An example
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of automatic P and S wave phase picks made using kpick is shown in Fig. [2.4]
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Figure 2.4: Bandpass-filtered waveforms from SAMBA seismic site COSA, that show the
seismic signal of an earthquake of magnitude Mp=1.04 that occurred on the 5th of January
2010. Yellow vertical lines indicate the P and S wave phase arrivals determined using the
automatic picking algorithm kpick (Rawles and Thurber, 2015). Red lines show the quantity
of the score function of similarity to the sum of the reference picks.

A check is performed by the kpick algorithm to identify and remove any erroneous
automatic picks. This is carried out using a Wadati diagram (Fig. 2.5]) that shows the
difference between automatic S and P picks versus automatic P pick and a L1-norm

fit line. Using this L1-norm fit the outliers (erroneous picks) can be easily identified

(Fig. [2.5)).

2.5 Automatic preliminary earthquake locations

We calculate preliminary hypocenter locations using the HYPOCENTER location al-
gorithm (Lienert et al.,[1986) incorporated in the SEISAN analysis software (Havskov
and Ottemoller, 2008)). This preliminary location process is carried out in an iterative
manner whereby we use the output from the kpick algorithm (a number of P and
S phase picks associated with each trigger) to obtain an estimate of the earthquake
hypocenter. We remove the picks with the highest residuals at each iteration until the

following quality criteria are met: 1) minimum number of four P wave picks, 2) mini-
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Figure 2.5: Wadati diagram with a L1-norm fit line (solid line) used by the automatic picking
algorithm kpick (Rawles and Thurber, 2015|) to identify erroneous picks and remove them
from the analysis. Outliers (red circles) are considered the points that fall outside of the lines
with slope £0.20 (dashed lines). These outliers are not kept by the automatic picker in the
final output.

mum number of three S wave picks and 3) a maximum permissible root-mean-square
(rms) travel time residual of one second. As part of the final routine processing in
the estimation of the P and S wave phase time arrivals, these automatic preliminary
earthquake locations were manually inspected and erroneous picks were removed and
replaced with manual ones. We do so this because we found it to be more efficient to
manually inspect these autolocated potential earthquakes rather than to inspect every

single automatic pick.

2.6 Quality assessment of automatic P and S phases

Before applying the triggering and picking processing steps described in the previous
sections to the complete dataset, we assessed the accuracy of the automatic picker and
the performance of the automatic detection-location method applied here. To achieve
this, we ran our automatic detection-location-picking process using the same seismic

data as in the previously compiled catalog of |Boese et al.| (2012]).
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Boese et al.| (2012) manually located 2,182 earthquakes that occurred between late
2008 and the end of 2009. Using the automated process described above, not including
the final manual inspection of the preliminary earthquake locations, we obtained 828
automatic earthquake locations. The difference in numbers between the two data-
sets is attributed to the different approaches applied during the initial data processing
(i.e. STA/LTA algorithm, manual inspection of all triggers looking for earthquakes
compared to automatic determination of earthquakes and manual versus automatic
picks). Manual inspection of all the available triggers would provide us with more
earthquakes, however such a process, as described above, would be extremely time-
consuming in our case due to the size of the data-set (almost 10 years of continuous

waveform data).

From the 828 events located during this test, 653 were the same as the earthquakes
in the |Boese et al. (2012)) catalog (allowing up to a five second difference in the origin
times and up to three seconds difference in the phase pick arrival times). We first
compared the origin times of automatic versus manual for all determined phases of the
common events. Figure [2.6] shows the automatic versus manual origin time differences
plotted against the magnitudes of the common events |Boese et al.| (Magnitudes from
2012). The mean difference in origin times is equal to —0.062. The distribution of
the data is symmetrical with a standard deviation of less than one second, suggesting
that automatic origin times are in good agreement with the manual ones (Fig. [2.6)).
In addition, the earthquake origin time differences behave consistently throughout the

entire magnitude range examined, without showing any dependence on magnitude.
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Figure 2.6: Automatic versus manual earthquake origin times for earthquakes recorded by
SAMBA and GeoNet stations between November 2008 and December 2009. Histograms are
shown at the side edges.
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Next, we compared the time differences between automatic and manual P and S phase
pick arrivals (Fig. in Chapter [3)). Overall, the 4,175 P phase picks yield a mean
time difference of —0.003 seconds and a median of 0.01 seconds. Overall, 96% of
the data show absolute differences of less than 0.2 seconds. The distribution is slightly
skewed towards negative values, which indicates a small discrepancy between automatic
and manual picks. This means that the automatic P picks (this study) tend to be
slightly earlier than the manual ones, especially for smaller magnitudes. In contrast,
the 3,139 S phase picks have a mean difference of 0.03 seconds and a median of 0.01
seconds. Almost 90% of the data-set exhibits absolute values of less than 0.2 seconds.
The distribution is generally uniform and shows a small trend towards positive values

(automatic S phase picks are slightly later than manual picks).

Having estimated the preliminary automatic earthquake locations, we also examine the
hypocentral depths between the 653 common events recorded and located by |[Boese
et al| (2012) and in this study. Fig. [2.7| shows the map view of the epicenters of the
two data-sets connected with yellow lines. The mean differences in latitude, longitude
and depth are 0.181, —0.141 and —0.47 km, respectively (Fig. . In summary, this
comparison between manual and automatic picks reveals that the automatic picker

used here provides us with high quality data.

2.7 Earthquake location methods

The calculation of earthquake locations (latitude, longitude, depth, origin time) is fun-
damental for studying seismic activity, mapping active faults, estimating the seismic
hazard of a region and for any seismological consideration. The accuracy of the earth-
quake location is controlled by several factors including the network geometry, the
available P and S phase picks, the arrival-time reading accuracy and knowledge of the

crustal structure (Stein and Wysession, |2009).

In this section, we summarise the theoretical background of the three different earth-
quake location methods used in this study. These are, a linearised method for the
calculation of preliminary earthquake locations, a non-linear method to obtain abso-
lute earthquake locations, and a relative earthquake relocation method that uses double

difference techniques to get the final earthquake relocations.

2.7.1 Iterative linearised location

[terative linearised location methods like HYPOCENTER, (Lienert et all, |1986), and
HYPOT71 (Lee and Lahr, 1972), use Taylor series expansions to represent the non-

linear inversion location problem. As a first step, a hypocenter coordinates in Cartesian
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Figure 2.7: Epicenters of the 653 automatic locations (blue) determined in this study and
the common events (red) recorded by |Boese et al| (2012)). The automatic locations were
obtained using the same seismic sites as used by |Boese et al| (2012). Black squares show
the major West Coast townships. Grey thick lines represent the active faults from the New

Zealand Active Faults Database (http://data.gns.cri.nz/af/ ).
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Figure 2.8: Automatic versus manual earthquake location differences for earthquakes
recorded by SAMBA and GeoNet stations between November 2008 and December 2009.

coordinates (X, Y, Z) and origin time are set (¢, yo, 20, to). The simplest way of doing
this is to set the origin time, ¢y to the earliest phase pick time. It is then assumed that

the true hypocenter is close to the set one in order to express the travel time residuals
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as a linear function of the correction needed to be made in the hypocentral distance.

The arrival time at station ¢ is given by the following equation:

ti :T<xi7y’i7zi7x07y0720)+t0 (21)

T is the travel time as a function of the seismic site (z;, y;, 2;) and hypocenter locations.
Equation [2.1] contains four unknowns, meaning that at least four arrival-time observa-
tions from at least three seismic sites are required to calculate the hypocenter and the
origin time. In the case of n >4 observations the system becomes over-determined and
can be solved by minimizing the residual, r; at each seismic site. The residual r; at
a particular site represents the difference between the observed and calculated arrival

times.

r = t;}bs _ tlgalc (22)

where t9*% and t¢%¢ are, respectively, the observed and calculated arrival times at the
i'" station. Because the travel-time function 7" is a non-linear function of the model
parameters, it is generally impossible to solve the problem with analytical methods.
Ax, Ay, Az, and At are the corrections needed to be applied to the origin times for
the residuals to be minimized. When these corrections have relatively small values,
the corresponding corrections in travel-times can be calculated by approximating the
travel-time function with a Taylor series and using only the first term. The residuals

are then equal to:

orT or or
= A A

Here, all terms are as before and the derivatives represent the adjustments to be made
to the hypocenter. The first-order partial derivatives of Equation [2.3| are specified
below (Thurber) 1985):

35X = oS (2.4)
Y- a5 (2.5)
6Z  wS (2.6)

where S is the length of the ray path in km.
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The linear Equation has four unknowns (i.e. the corrections of the hypocenter
and the origin time), and one equation exists for each observed phase time arrival.
The original trial location is corrected by solving these equations with least squares
techniques. The best solution of Equation [2.3]is then used as a trial location for the
next iteration. The iteration process continues until a predetermined criteria is met.
These criteria can be a minimum residual, r, value or a total number of iterations.

This inversion was originally proposed by |Geiger| (1910).

Iterative linearised earthquake locations return a single best-fit (e.g. maximum like-
lihood) hypocenter and origin time with linearly estimated uncertainties assumed to
have normal distributions centered on the best-fit hypocenter and origin time (Lomax
et all 2009). This type of location can be unstable due to insufficient observations,
velocity structure complexities, and other causes (Lomaz et al., 2000)). Linearised
earthquake location errors are commonly represented and quantified using the least
squares method that finds the minimum of the sum of the squared residuals e from n

observations.

e= Zr? (2.7)

The root-mean-squared residual (rms) of the travel time residuals for the final earth-
quake location is determined as \/e/_n. The rms value only provides an indication of the
fit of the data during the linearised inversion process. Therefore, a low rms value does
not necessarily mean an accurate hypocenter. For example, if we consider an earth-
quake location that has only four travel-time measurements available the rms would be

underestimated compared to the same location with more travel-time measurements.

In the present work, we have used linear location methods only to obtain preliminary
locations, as they are fast and easy to implement. However, due to the limitations
mentioned above we did not perform any subsequent analysis with the preliminary

earthquake locations.

2.7.2 Non-linear location

Including second order terms of the Taylor series in Equation gives more stable
earthquake locations for a complex medium or for a shallow source (Thurber, [1985)).

The second derivative for the Z are represented below.

(9225 . 1 (Z — Zi)2
575 = o5 [1 - } (2.8)
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ot (Y —uy)Z - z)
Yoz 53 (2:9)
0%t (X —2)(Z — z) (2.10)

0X07Z e
similar solutions can be obtained for the terms X and Y.

By comparing the non-linear equation to the linear equation , it is obvious
that in the case where Z = 2z, which represents a shallow event at zero depth, the
first-order partial derivative vanishes while the second order partial derivative gets its
maximum value (Thurber] 1985). This feature of the non-linear method gives greater
depth sensitivity and accuracy for shallow earthquakes. Non-linear methods yield more

stable hypocenters for earthquakes that occur outside the boundaries of the network.

Probabilistic non-linear earthquake location

We use a probabilistic non-linear location method called NonLinLoc (Lomaz et al.|
2000) to overcome the location accuracy limitations of the preliminary earthquake
locations obtained with HYPOCENTER and hence obtain final absolute earthquake
locations. We opt to use NonLinLoc for two main reasons. Firstly, it includes robust
earthquake location uncertainty information as a posterior density function (PDF).
These PDF's can be plotted as a cloud of possible locations surrounding the maximum
likelihood hypocenter. Secondly, because NonLinLoc also enables the use of 3-D P and
S wave velocity models and includes station elevation information for the creation of
the velocity grid and calculation of travel times, which helps to provide more robust
earthquake locations. The station elevation information is important to be considered

here due to the high topography of the Southern Alps.

NonLinLoc follows the probabilistic formulation of nonlinear inverse problems devel-
oped by | Tarantola and Valette| (1982), which uses normalised and unnormalised proba-
bility density functions to describe the values of a parameter. For example, considering
a generic normalised density function f(z) for the value of the parameter x, the prob-
ability that the value of x is between X and X + AX is described by the following

equation.

X+AX
PX <z <X+ AX) = / f(z)dx (2.11)
b's
In the earthquake location problem the objective is to constrain the values of a vector,
p, containing the unknown parameters (i.e. earthquake location) using the information

from a vector of observed data, d, (i.e. observed travel times, station locations, etc.)
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and a theoretical relationship 6(d, p) that relates the two vectors. If the density func-
tions of the prior information of the model parameters p,(p) and of the observations
pa(d) are independent, the theoretical relationship 6(d, p) can be described as a condi-
tional density function 6(d|p)u,(p). The complete probabilistic solution is then given
by a PDF o,(p) as below (Tarantola and Valette|, |1982; | Tarantola), [1987)).

op(P) = pp(P) / %ﬁ‘;'mdd (2.12)

where f14(d) and pu,(p) represent the null information density function, for which there
is no available prior knowledge. Assuming that both the observed arrival times and
theoretical relationship have Gaussian uncertainties and that the prior information is
uniform, it is then possible to calculate the spatial location of the PDF by integrating

over the observed data d with Equation [2.12]

Probabilistic non-linear locations are obtained by applying a grid search for all possible
locations in a defined velocity grid by minimizing the misfit between observed and cal-
culated arrival times. For the calculation of the PDFs we used the Oct-Tree algorithm
incorporated into NonLinLoc (Lomaz et al., 2000). This method recursively subdivides
and samples the grid in cells in three dimensions, computing the PDF within each cell.
Then, the cell with the largest possibility is further subdivided into a number of smaller
cells and a PDF for each cell is computed. This process is repeated until a minimum
cell size or a maximum iteration number is reached. These cells are more dense in the
areas of higher PDF (lower misfit). The final location of the earthquake hypocenter is

the cell with the maximum probability value.

2.7.3 Relative earthquake location

The section below is a brief description of the processing performed to obtain the final

earthquake hypocenters that underpin the interpretations in the following Chapters.

We calculate relative earthquake locations using the latest version of HypoDD, 2.1b,
after |Waldhauser, (2001)), which implements the double-difference method of |Wald-
hauser and Ellsworth| (2000)), incorporates seismic site elevations into the travel time
calculations, and enables the use of 3-D velocity models. For travel time calculations
this method uses either high-precision cross-correlation measurements, or travel time
picks, or a combination of both. In this study we use both travel time picks and

cross-correlation measurements.

A basic assumption underpinning the double-difference relocation algorithm is that
when a number of events are closely located the effect of velocity heterogeneities can

be disregarded in the calculation of the source or station corrections. In other words,
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when the hypocentral separation between the two events that constitute a pair is much
smaller than the source to receiver distance, the ray paths of the two events will be
very similar. Using this approach, the double-difference algorithm minimizes errors in
the earthquake locations that are related to unmodeled velocity structures (Waldhauser
and Ellsworth),2000)). The algorithm improves the location accuracy by obtaining travel
time differences, dt, between pairs of events moving the location of the pairs relative

to each other. This way travel time residuals of the earthquake pairs are minimized.

One of the main differences and major advantages of the double-difference locations
over the commonly used linearised and non-linear earthquake locations, is that the
double-difference allows the use of P and S cross-correlations that can provide even
more precisely calculated travel time differences, reducing the location errors. Rel-
ative earthquake location uncertainties can be obtained using statistical resampling
methods (e.g. bootstrapping, jackknife methods; |Efron and Gong, (1983)). The relative
uncertainties are in general improved by more than an order of magnitude compared
to the corresponding uncertainties of the absolute earthquake locations (Waldhauser
and Ellsworth), [2000).

Having considered the advantages described above, it is also of crucial importance to
consider some of the issues that could be encountered while using double-difference
location methods. The robustness of these methods are highly related to the correct-
ness of the velocity model and the accuracy of the absolute earthquake locations used
(Michelini and Lomax), 2004). This can be checked by using different velocity mod-
els for a same set of events. In addition, even though double-difference methods can
provide a very detailed and accurate pattern for the earthquakes within a cluster, the
overall position of the cluster might not always be accurate (Menke and Schaff), 2004}
Wolfel 2002).

Double-difference algorithm

The double difference algorithm can be applied to either differential travel time data
from catalog or cross-correlation measurements, or both. The travel time residuals are
given by 1/ = (% —t5), where t° is the observed travel times, and t° is the theoretical

travel times, for earthquakes ¢ and j recorded at a seismic site k.

ot;,

. Am' =) (2.13)

where Am! = (Ax?,Ay’,Az*,A7") is the difference in hypocenter location and origin

time that is related to travel time residuals r of model parameter m. These differential
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travel-times provide us with double difference equations:

ary = (6, 1)) — (th — )° (2.14)

Here drzj represents the double difference residual between earthquakes ¢ and j for each
observation at a seismic site k. Equation is highly dependent on the assumption
that the velocity structures in the source to receiver ray paths for both events are
similar and breaks down when events are not close enough. The change in hypocentral

distance between the two events ¢ and j can be obtained by the following equation:

ott ot « 5 i

I amAm =dr; (2.15)
or
aA 8A +6AZ+AT 8A aA 8Az — AT = dri? (2.16)

Here, the partial derivatives of the travel times ¢ of events ¢ and j relative to their
locations (z, y, z) and origin times (7) are calculated for the hypocenter and the
location of the seismic site k. Az, Ay, Az, At are the changes needed to be applied to
the model to better fit the data. These changes are calculated using linear techniques
for all stations and hypocentral pairs. The HypoDD algorithm solves this problem in a
series of iterations during which different weighting schemes are applied. The iteration
process stops when the rms residual reaches a threshold defined by the noise level of

the data or the predetermined number of iterations is reached (Waldhauser] 2001]).

Cross-correlation delay times

Cross-correlation techniques are used to calculate the time delays between the signals
of two earthquakes. We use the cross-correlation pick correction function available in
ObsPy (Krischer et al. 2015), which aligns the waveforms around the P and S wave
arrival times of two earthquakes to correct the original pick times. An example of the
cross-correlation pick correction is shown on Figure in which a parabola is fit to
the convex part of the cross correlation function around its maximum, following the
approach of |Deichmann and Garcia-Fernandez (1992)). These corrections are used to
obtain the cross-correlation differential times for each event pair at a common seismic

site to be used in HypoDD algorithm.
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Figure 2.9: Example of a pick correction calculation for the differential pick time determined
by cross correlation of the waveforms in narrow windows around a P wave pick at the seismic

site WDSZ.

2.8 Earthquake magnitudes

The concept of the earthquake magnitude was introduced by |Richter| (1935), who used
seismic wave amplitudes to create the first magnitude scale, M. This scale related
the earthquake size to observed peak ground motions, for local seismicity recorded by
standardized short-period Wood-Anderson seismometers in southern California. This

analysis was made using Richter’s formula,

My, = log;o(A/A) (2.17)

where A is the mean amplitude in microns of the horizontal components of a Wood-
Anderson seismograph, with a fundamental period of 0.8 seconds and magnification of
2080, and Ay is the amplitude expected on the same type of instrument at a distance
of 100 km from the earthquake.

When seismic waves propagate through a homogeneous medium their energy density

decays in proportion to 1/r%, where 7 is the radius of the wavefront due to geometrical
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spreading (Stein and Wysession), 2009). Energy density also decays due to attenuation
that can either be elastic or anelastic (Stein and Wysession),[2009). Anelastic attenua-
tion occurs mostly during shear wave motion associated with lateral movements of the
grain boundaries. Elastic attenuation is also known as scattering, which is caused by
the heterogeneity of the Earth’s crust and mantle. Local magnitude scale calculations
can include corrections for geometric spreading, anelastic attenuation and site terms
(O’Keefe|, 2008; |Boese et al., [2012; | Warren-Smith et al., 2017b). The local magnitude
calculation details are explicitly described in Chapter [3[ (Sections and .

2.9 Focal mechanisms

Focal mechanisms provide information on the rupture geometry of earthquakes (McKen:
ziel (1969). Commonly established methods for calculating focal mechanisms include
using information such as the first motion polarities of P waves, polarizations and
amplitudes of S waves (Khattri, 1973), analysis of P/S amplitude ratios (Kisslinger
et al. 1981) and moment tensor inversion (e.g. |Aki and Richards, 2002)). All these
approaches use the radiation pattern of seismic rays related to the orientation of the
fault plane and the direction of the slip of a double couple seismic source (Stein and
Wysessionl, 2009).

In this study we use P wave arrival polarities to determine focal mechanisms. First
motions of P waves on the vertical component of a seismometer, in relation to the seis-
mic source, have either compressional (up) or dilatational (down) motion (Fig. [2.10)).
These first motions are projected backwards along ray paths to a conceptualized unit
sphere surrounding the seismic source, which is assumed to be a point source at the
beginning of the rupture. These ray paths are defined by two parameters azimuth from
the source and take-off angles. The take-off angle is related to the distance between

the seismic source and the seismometer as well as the velocity model used.

Mapping these ray paths in the lower hemisphere of a stereographic projection, we
can distinguish between the areas of compression (up) and dilatation (down), and de-
fine the compressional and dilatational quadrants. The compressional and dilatational
quadrants are defined by the nodal planes and are bisected by the minimum compres-
sive stress (T') and maximum compressive stress (P) axes, respectively (Fig. [2.10} [Stein
and Wysession), [2009)). The intersection of the two nodal planes is the null axis (B).
The P, T and B axes are orthogonal and along with the characteristics of the nodal

planes this consists the information available from focal mechanisms.

The characteristics of the nodal planes consists of three angles that describe the geom-

etry of the fault plane, namely the strike, dip and rake of the focal mechanism (Stein
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Figure 2.10: Simplistic diagram that outlines the source radiation patterns of strike slip
fault and the steps included in calculating a focal mechanism using first motion polarities.

land Wysession), 2009). The strike angle, ¢, defines the azimuth (measured clockwise
from north) of the nodal plane and varies from 0° to 360° (Fig.[2.11a). The dip angle,

J, represents the inclination (measured to the right hand side along the strike) of the

nodal plane from the horizontal surface and ranges from 0° to 90° (Fig.[2.11}). The rake
angle, A, specifies the direction of the hanging-wall motion with respect to the footwall
(measured anti clockwise in the plane of the fault from the strike direction) and has
values that span from —180° to 180° (Fig. 2.11}). Positive rake angles represent up-
wards motion of the hanging-wall (reverse faulting), while negative rake angles indicate

downward motion (normal faulting) (Fig.[2.11b). Focal mechanisms are symmetric and
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contain an inherited ambiguity regarding which of the two nodal planes is the actual
fault plane that ruptured. To obtain the plane that ruptured additional information

is needed (e.g. surface ruptures information or analysis of aftershock distributions if

available).

a) b) Slip angle
W‘reverse
A=90°
right left
lateral lateral
) A=180° A=0° -
Fault
plane
A=-90°
normals

Figure 2.11: Schematic representation of fault geometry. Figure modified from
|Wysessz’0n| (]2009[). A and d respectively represent the fault plane’s normal vector and the
motion of the hanging wall block (not shown here) with respect to the footwall block. § is
the dip of the fault plane. The strike, ¢ is the azimuth of the surface trace of the fault plane.
Rake, A, defines the direction of the motion.

First motion P wave polarities are manually determined in SEISAN for all earthquakes
with magnitudes larger than M;=1.5. The picking of the polarities depended on the

impulsiveness of the P wave arrivals.

2.10 Stress parameters

Having discussed the characteristics and a way to generate focal mechanisms, this
section addresses the methods of using the focal mechanisms to obtain a model of the

stress field in the crust.

The state of stress at a point of Earth’s crust can be described by the geometric proper-
ties of the three principal stress axes the maximum, 57, intermediate, Sy and minimum
Ss. Principal stress directions are poorly constrained when single focal mechanisms

are used as the maximum compressive stress may be anywhere within the dilatational

quadrant of the focal mechanism (McKenzie|, 1969)). To overcome this and calculate the

geometrical distribution of these parameters combining multiple focal mechanisms a

number of stress inversion algorithms have been proposed (Gephart and Forsyth|, [1984;
\Muchael, [1984); |Hardebeck and Michaell, 2006; |Arnold and Townend|, 2007)). These in-
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version techniques improve the quality of the calculation of the stress parameters com-
pared to using single focal mechanisms for the examination of the stress field. Using
the three principal stress axes and a ratio of the relative magnitudes of the principal
stresses, the stress ratio R=(51-92)/(51—-S3) is sufficient to calculate the direction, but
not the magnitude, of the maximum horizontal compressive stress, Spmax, (Lund and
Townend, 2007). Stress inversions are linked to two main assumptions: 1) the focal
mechanisms combined lie in a region of uniform stress field that stays the same in time
and space (Townend and Zoback, 2004); 2) the direction of the earthquake slip occurs

in the direction of maximum shear stress (Wallace-Bott hypothesis; McKenziel 1969).

In this thesis we have used two different inversion techniques to estimate the tectonic
stresses from seismological observations (i.e. focal mechanisms). We used two different
methods to leverage the advantages of each algorithm. The first we used is the proba-
bilistic Bayesian method of |Arnold and Townend| (2007)). This approach includes both
nodal planes of multiple earthquakes as indistinguishable and the observational errors
(e.g. false polarity picks) to the stress inversion calculations. Because of this, the final
probabilistic stress inversion results provide realistic constraints on the properties of
the stress parameter geometry. In short, we use this technique because it can accu-
rately describe the uncertainties of the stress calculations. The second is the damped
inversion method, SATSI, developed by |Hardebeck and Michael| (2006). We also use
this method because it resolves the stress field orientation for the data of each subre-
gion (or epoch) taking into account the data from the adjacent subregions to smooth
the solution. This way, only large changes in the stress tensor are retained, while varia-
tions arising from artifacts like the data subdivision are smoothed. In addition to this,
this method has the option to use only one of the nodal planes in the stress inversion

calculations.

2.11 Data division methods

To investigate the spatial variations of any given parameter (e.g. seismogenic cut-off
depths, stress parameters, etc) the data-set needs to be divided into subregions. To
do this, we use two clustering algorithms. We use the quadtree recursive gridding
algorithm (7Townend and Zoback| 2001)) and the non-hierarchical clustering algorithm
called k-means (Hartigan| 1975; | Balfour et al., 2005).

The quadtree clustering method begins with a single square bin that contains the whole
given area (step 1; Fig. [2.12)). This bin is divided in quarters that in their turn are
divided in quarters until there are fewer than a predetermined maximum number of
earthquake locations in each bin, 1,4, or the bin gets to a minimum dimension of x,,;,.

The final grid consists of a mesh of square bins that are smaller and denser where there
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are more earthquake locations.

Step 1 Step 2
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Figure 2.12: Simplified example that shows the processing steps of the quadtree recursive
gridding algorithm applied to a randomly generated data set.

The k-means algorithm searches for similarities within a given data set of earthquake
locations without using any labels. The only attribute defined beforehand is the number
of clusters that the data set will be divided into (Fig. 2.13). At first, the cluster
centroids are randomly decided. The algorithm goes through each of the earthquake
locations (longitude, latitude and depth) and, depending on the distance from the
previously defined centroids, assigns them to one of the clusters. At the same time,
the cluster centroids are moved to the mean value of locations of the clusters. This

process is repeated until there is no change in the clusters centroids.
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Figure 2.13: Simplified example that shows the results obtained using the k-means clustering
algorithm and a number of different number of clusters applied to a randomly generated data

set.
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3 Variations in seismogenic thickness along
the central Alpine Fault, New Zealand,
revealed by a decade’s relocated micro-

seismicity

In this chapter, I investigate the distribution of the seismic deformation along the length
of the central Alpine Fault by creating the longest to date microseismicity earthquake
catalog. The chapter is divided into five main sections and begins with an introduction
on the topic. The next two sections outline the data and methods used to create
the microseismicity earthquake catalog. Finally the last three sections describe the
main and supporting findings, their implications and their summary, respectively. This
chapter has been published as a peer-reviewed paper in Geochemistry, Geophysics,
Geosystemsﬂ. The full earthquake catalog resulting from this publication is available,
in QuakeML format, on zenodo open-access repositoryl The figures and text from
this publication have been modified to fit the format of this thesis. The relocated
earthquake catalog is included in the electronic appendices (Dataset B1). The citation

of the publication is the following:

Michailos, K., Smith, E. G. C., Chamberlain, C. J., Savage, M. K., Townend, J. (2019).
Variations in seismogenic thickness along the central Alpine Fault, New Zealand, re-
vealed by a decade’s relocated microseismicity. Geochemistry, Geophysics, Geosystems,
20, 470-486. https://doi.org/10.1029/2018GC007743

3.1 Abstract

The Alpine Fault is an oblique strike-slip fault that is known to fail in large magnitude
(M7-8) earthquakes, yet it is currently seismically quiescent. We examine the low-
magnitude earthquake activity occurring along the central portion of the Alpine Fault

using seismic data from five temporary seismic networks deployed for various lengths of

Thttps://doi.org/10.1029/2018GC007743
Zhttps://doi.org/10.5281/zenodo.3529752

43


https://doi.org/10.1029/2018GC007743
https://doi.org/10.5281/zenodo.3529752

3.2 Introduction

time between late 2008 and early 2017. Starting from continuous seismic data, we de-
tect earthquake arrivals and construct the longest and most extensive microearthquake
catalog for the central Alpine Fault region to date, containing 9,111 earthquakes. This
enables us to study the distribution and characteristics of the seismicity in unprece-
dented detail. Earthquake locations are constrained by high quality automatic and
manual picks and we perform relocations using waveform cross-correlation to better
constrain hypocenters. We have derived a new local magnitude scale, calibrated by M,
values. Magnitudes range between My, -1.2 to 4.6 and our catalog is complete above
My, 1.1. Earthquakes mainly occur southeast of the Alpine Fault (in the hanging-wall)
and exhibit low magnitudes. We observe a lack of seismicity beneath Aoraki/Mount
Cook, which we associate with high uplift rates and high heat flow. Seismogenic cut-
off depths vary along the strike of the Alpine Fault from 8 km, beneath the highest
topography, to 20 km in the adjacent areas.

3.2 Introduction

The central South Island of New Zealand is a region of active plate boundary deforma-
tion. Its principal tectonic feature is the Alpine Fault, an 850 km-long dextral reverse
fault (Wellman and Willet,[1942; |Norris and Cooper},[2001) that is considered to be the
plate boundary between the Australian and Pacific plates. The Alpine Fault is known
to fail in large (M7-8) earthquakes based on paleoseismological evidence (Sutherland
let al. 2007 [Berryman et all, [2012; [Howarth et all [2014], 2016; [Cochran et al., 2017}
\Howarth et al.,2018). The most recent large Alpine Fault earthquake occurred in 1717

CE and the southern section of the fault has a recurrence interval for ground-rupturing
earthquakes of 291 + 23 yrs (Cochran et al., [2017). The central section of the Alpine
Fault exhibits high rates of geodetic deformation (Beavan et al., 2010)), low levels of

contemporary (past 50 years) earthquake activity (Eiby|, |1971; |Evison) [1971} |Scholz
let al., [1973; |Leitner and Eberhart-Phallipsl 2001} |Boese et al.l 2012} |Bourquignon et al.,
2015} |Feenstra et al., 2016, |Chamberlain et al. [2017a; Warren-Smith et al., 2017b), lit-
tle on-fault seismicity, and no measurable creep (Evison, |1971}; |Sutherland et al.,[2007).

The oblique motion of the Alpine Fault has exposed a thin zone of metamorphic rocks

within the hanging wall (Norris and Cooper, 1997). These exhumed rocks originate

from the lower crust of the fault zone (Toy et al., |2010). This exhumation is inferred
to have enhanced the thermal gradient of the shallow part of the hanging wall (Koons)
1987 |Allis and Shil, 1995} |Shi et all 1996} |Sutherland et al.,2012). Manifestations of
this thermal enhancement in the area include locally extreme near-surface geothermal
gradients (125455 °C/km; |Sutherland et al.,|2017), hot springs (Allis et al.,|1979; Coa
2015), and young thermochronometric ages (Little et all, [2005; [Herman et all,
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2009).

The central Alpine Fault has been the subject of numerous geophysical studies. Much
of the current knowledge of the properties of the crust and upper mantle surrounding
the central Alpine Fault is derived from the South Island Geophysical investigation
(SIGHT; (Davey et al., |1998; |Okaya et al., 2002)), a multidisciplinary geophysical
study that took place in late 1995 and early 1996. Seismic reflections beneath the
Southern Alps were interpreted as the eastward-dipping Alpine Fault flattening in the
lower crust (Davey et all [1995]). Zones of low velocities (Stern et al., [2007) and high
conductivity (Wannamaker et al., 2002) were found to coincide with these reflections.
Another large study of the central section of the Alpine Fault has been the Deep Fault
Drilling Project (DFDP;|Townend et al., 2009; Sutherland et al., 2012; Townend et al.,
2013; | Toy et al., 2015). DFDP has to date involved two stages, and its main goal was
to drill into the Alpine Fault and examine the physics of faulting and seismogenesis
inside the fault zone. Borehole measurements and observations revealed an active
hydrothermal circulation system of high temperatures, high permeability and elevated
pore fluid pressure beneath the Whataroa Valley (Townend et al.l 2017; |Sutherland
et al., [2017)). These extreme hydrothermal conditions are inferred to exist due to heat
advection from depth and topographically driven fluid flow through fractured rocks
that concentrate heat within the valleys (Sutherland et al., 2017).

As described in detail below (Section 1.2), the microseismicity along the central Alpine
Fault has been examined in several previous studies (Leitner and Eberhart-Phillips,
2001} (O Keefe, [2008; |Boese et al., |2012; |Bourguignon et al.,|[2015; |Feenstra et al., 2016}
Guo et al., 2017; |Chamberlain et al., |2017b)). However, these have been limited in
either geographic scope or in duration and tended to examine variations of seismicity
perpendicular to the strike of the Alpine Fault rather than along its length. To date, a
geographically extensive analysis of the characteristics of the microseismicity has not
been made for a duration more than 2-3 years. To fully characterize the seismicity
in this region of low seismic activity, we require data that have been recorded over a

longer interval to reveal the nuances of spatial seismicity patterns.

In this paper, we analyze the characteristics of the low-magnitude regional seismicity,
mostly below the completeness level of the GeoNet national seismic catalogﬂ (M=2.6),
spanning almost a decade of continuous data from five temporary seismic networks. We
present here the longest microearthquake catalog constructed to date for the central
Southern Alps, starting with continuous waveform data and using a uniform approach
and methodology during the data processing stage. Doing so enables us to robustly
examine along-strike and cross-strike variations in seismicity, and to constrain estimates

of seismogenic thickness along the central Alpine Fault. We also derive a new local

3https://www.geonet.org.nz/data/types/eq_catalogue
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magnitude scale based on seismic moment magnitude values, corrected for geometric

spreading, attenuation and site terms.

3.2.1 Tectonics

New Zealand lies along the plate interface between the Australian and Pacific plates.
The relative motion in the central South Island is oblique to the plate boundary (Wal-
cott}, [1998)), creating a transpressive tectonic environment and forming the the Southern
Alps. The western margin of the Southern Alps orogen is delineated by a major plate
boundary strike-slip reverse fault, the Alpine Fault (Wellman and Willet| [1942; | Norris
and Cooper}, 2001)). During the Cenozoic the strike-slip motion of the Alpine Fault has
produced a cumulative offset of at least 450 km (Sutherland), 1999) and possibly as
much as 700 km (Lamb et al., [2016).

The Alpine Fault is commonly separated into three segments according to its dip,
structural style and the width of deformation (Sutherland et al.; 2006). Through the
northern section, northeast of the junction between the Alpine and the Hope faults
(Fig. , crustal deformation is distributed among a number of strike-slip and reverse
faults (Marlborough Fault System). In the southern section, south of Haast (Fig. [3.1]),
the Alpine Fault becomes becomes pure strike-slip in character (Norris and Cooperl
2001; |Barnes et al. 2005).

The central section, between Hokitika and Haast (Fig. , which is our study region,
exhibits higher uplift rates (>12 mm/yr), exhumation and narrow orogenic width (~60
km) than the adjacent Alpine Fault sections (Little et all |2005; |Norris and Cooper,
2007). The central Alpine Fault’s surface trace average strike is 055°, oblique (on
average 18° anticlockwise) by approximately 18° anticlockwise to the relative Pacific-
Australia plate motion (39.5 £+ 0.7 mm/yr; [DeMets et al., [2010). The Alpine Fault
accommodates 70-75 % of the inter-plate motion, which results in 27 + 5 mm/yr of
dextral strike-slip motion and 0-10 mm/yr of dip-slip motion (Norris and Cooper,
2001). This oblique motion has uplifted a zone of high grade mylonites exhumed in
the hanging-wall (Toy et al [2010). This exhumation has resulted in an uplift of the
isotherms and an increase in the thermal gradient in the upper crust of the hanging-wall
(Koonsl 1987 |Sutherland et al., 2012, 2017).

3.2.2 Previous seismicity studies

The first systematic analysis of the seismicity in the central South Island were con-
ducted by |Eiby (1971) and |Fuvison| (1971), who recognized a seismic gap adjacent to

the central Alpine Fault. Subsequent studies focused on this low-seismicity region
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(Scholz et all 1973; |Caldwell and Frohlichl 1975)). The first comprehensive modern
analysis of the seismicity in the central South Island along the Alpine Fault was made
by |Leitner and Eberhart-Phillips) (2001)). They used six months of seismic data from
the Southern Alps Passive Seismic Experiment (SAPSE), which operated between 1995
and 1996 and augmented the permanent seismic network of 15 sites with 40 additional
sites. |Leitner and Eberhart-Phillips| (2001) calculated absolute locations for 195 earth-
quakes with magnitudes varying from My, 2.0 to 4.2 and observed a nearly uniform

maximum seismogenic depth for the central South Island of 10-12 km.

O’Keefe| (2008) investigated the seismicity of the narrow region between Fox Glacier
and HariHari (Fig. [3.1) using a temporary network of five short-period and three broad-
band instruments deployed between September 2006 and March 2007. |O’Keefe| (2008)
located 411 earthquakes, mostly within swarms, and derived a 1D velocity model for

the area.

Boese et al.| (2012)) installed the SAMBA network (Fig. [3.1) and located more than
1700 earthquakes that occurred between November 2008 and December 2009 with
magnitudes of My, -0.3 to 4.2. The distribution of the seismicity observed was diffuse
but spatially correlated with resistivity structures recognised by |Wannamaker et al.
(2002). The seismogenic zone depths |Boese et al. (2012) calculated throughout the
area examined were less than 15 + 2 km, with mean depths increasing towards the
southeast, perpendicular to the strike of the Alpine Fault. The earthquakes exhibiting
the shallowest depths (6 + 2 km) were located within the SAMBA network and beneath
the area of highest topography.

Bourguignon et al.|(2015) derived microearthquake locations and P and S wave velocity
models using a 2-year data-set (October 2008 to October 2010) covering the region
spanned by the ALFA-08 network (Fig.[3.1]), along strike to the northeast of the region
analyzed by |Boese et al| (2012). They located more than 1,300 earthquakes within
50 km of the Alpine Fault trace. Hypocentral depth uncertainties within their seismic
network were < 0.1 km for 50% of the events and < 0.6 km for 95% of the events. The
seismogenic cut-off depths observed varied between 8 and 20 km and were inferred to

be controlled by temperature and permeability structure variations.

Feenstra et al.| (2016) investigated the microseismicity and seismic velocity structure
around the Whataroa Valley (Fig. using data from the Wisconsin New Zealand
Array Rensselaer Deployment (WIZARD; | Thurber et all 2012). Feenstra et al.| (2016])
located 680 earthquakes. Phase arrival times and cross-correlation times from these
earthquakes were combined with information from 5,822 events recorded by GeoNet
and the previous studies of |O Keefe| (2008)), |Boese et al. (2012) and |Bourguignon et al.
(2015)) to undertake seismic tomography. The best-fit seismic velocity structure result-

ing from this inversion suggests that the central segment of the Alpine Fault is dipping
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steeply (50° — 60°) in the upper part of the crust, before becoming listric (25° — 30°) at
greater depths (15 — 20 km). |Feenstra et al. (2016) also calculated seismogenic cut-off
depths for the region as ranging from 10 to 15 km. The minimum seismogenic zone
thickness was observed beneath the Main Divide of the Southern Alps, which overlies a
broad low-velocity zone. This likely results from the presence of fluids and/or elevated

temperatures via enhanced exhumation in this central section (Feenstra et al.l [2016)).

Chamberlain et al|(2017b) implemented matched filter detection techniques in an area
around the DFDP-2 site in Whataroa (Fig. . They obtained 283 earthquake loca-
tions of small magnitudes (M, < 1.8). The seismicity observed was diffuse and inferred
to occur in a highly fractured zone around the Alpine Fault rather rather than on the

discrete fault itself.

Guo et al.|(2017) developed the latest 3-D P and S wave velocity model for the central
Alpine Fault. They used the data compilation described in (Feenstra et al., 2016])
augmented with additional manual and automatic phase picks. |Guo et al| (2017)
substantially increased the number of observations used, compared to those of the
previous seismic imaging studies in the area (Eberhart-Phillips and Bannister| [2002;
Bourguignon et al., 2015; |Feenstra et al.,|2016; Lay et al.,[2016). By doing so, they were
able to obtain high-resolution velocity models. They also relocated 700 earthquakes

that were found to be clustered within or around low-velocity seismic zones.

Apart from the microseismicity studies mentioned above, there have also been stud-
ies examining other more recently recognized seismic phenomena. These studies de-
tected seismic tremor (Wech et al.l 2012, 2013)), low-frequency earthquakes (Chamber-
lain et al., 2014; | Baratin et al.,2018]), subcrustal earthquakes (Boese et al., 2013, 2018))
and fault zone guided waves (Eccles et al.,[2015) along the central portion of the Alpine
Fault.

3.3 Data

We use data from the SAMBA network (SAMBA; |Boese et al., 2012) and four other
temporary seismic networks in conjunction with data from five GeoNet national net-
work sites. SAMBA has been operating since late 2008 and initially consisted of 10
borehole stations with short-period sensors recording at 200 Hz. In March 2013, the
array was expanded towards the southwest with the addition of three further surface
stations (Baratin et al., 2018).

Since installation of the SAMBA network, several other temporary seismic networks
have been deployed nearby. The ALFA-08 network was installed northeast of SAMBA

and covered the area between Harihari and Hokitika (Fig. [3.1) (Bourguignon et al.,
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Figure 3.1: Distribution of seismic networks used in this study, consisting of 68 sites in
total. These seismic networks operated for various lengths of time between November 2008
and March 2017. Orange, cyan, purple, blue and red inverted triangles depict the permanent
GeoNet broadband national network, the ALFA-08, the WIZARD, the DFDP-13 and the
SAMBA seismic sites, respectively. Yellow and red triangles show the DFDP-10 network
and the three latest SAMBA seismic sites, respectively. Black lines show the active faults
from the New Zealand Active Faults Databaseﬂ HF is the Hope Fault. WA, WH and KA
stand for the Wanganui, Whataroa and Karangarua Rivers, respectively. Inset map shows
the location of the study area within New Zealand. PAC, Pacific plate; AUS, Australian
plate; PT, Puysegur Trench, HT, Hikurangi Trough and AF, Alpine Fault. Arrow indicates
the local velocity of Pacific Plate relative to Australia (~39.5 mm/yr in Fox Glacier; |DeMets
et al., [2010).
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2015). ALFA-08 comprised eight seismometers that operated from October 2008
until October 2009. The Whataroa-Wanganui Passive Seismology Experiment 2010
(DFDP10; Boese et al., 2014) was part of the Deep Fault Drilling Project (Townend
et al., [2009) and consisted of 12 short-period seismometers operating from January
to April 2010 between the Whataroa and Wanganui Rivers (Fig. [3.1). The WIZARD
network was established northeast of SAMBA in January 2012 (Feenstra et al., [2016))
and operated until January 2014. WIZARD consisted of 10 short-period sensors 10
ten broadband sensors all recording at 100 Hz. The DFDP-13 network comprises four
shallow borehole (28 m deep) short period sensors that were installed in January 2013
(Chamberlain et all [2017a)) around the DFDP2 drill site (Sutherland et al., 2017) in
Whataroa Valley (Fig. . In addition, we use five seismic sites from GeoNet’s per-

manent broadband national network (Petersen et al.l 2011)).

The continuity and density of the SAMBA network allows us to obtain a nearly homo-
geneous and continuous earthquake catalog for the central Southern Alps over a longer
time period than has ever been done previously. By augmenting the SAMBA network
with three new SAMBA sites, four other temporary networks and the five GeoNet
seismic sites, we extend the region of high resolution up to 150 km along-strike of the
Alpine Fault. The combined seismic network consists of 68 sites in total. Of these
68 sites, between 15 and 42 of them operated at the same time from late 2008 and
early 2017 (compared to five permanent GeoNet sites). The average station spacing
in the central part of the network varies from 7 to 15 km; in the peripheral part of
the composite network the station spacing increases up to 50 km (GeoNet’s network
spacing is 80 to 100 km). Seismic site coordinates, altitudes, sensor types and data

continuity can be found in Appendix [A]

3.4 Methods

3.4.1 Automatic detection and location of earthquakes

To obtain a uniform earthquake catalog, we use a semiautomatic processing method
to analyze, in a consistent way, the entire data-set in a relatively short amount of
time. The automatic processing steps implemented are summarized below. Initial
processing of the continuous raw data-set (e.g. data conversion from Reftek format to
single channel MiniSEED files) is done using the ObsPy package in Python (Beyreuther
et al., 2010, |Krischer et al., [2015)).

We make preliminary detections using a ratio of short-term average to long-term av-
erage (STA/LTA) detection algorithm (Allen), 1978) with site-specific trigger values

(e.g.short-term average, long-term average values, triggering thresholds) and band-
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Variations in seismogenic thickness along the central Alpine Fault

pass filters. This enables us to optimize the performance of the triggering algorithm,
especially at noisy sites. We make detections when four or more sites trigger within
8s. Details of the parameters used for the triggering algorithm are provided in Ta-
bles and of Appendix [Bl At this stage, all triggers are still considered as
potential earthquakes. Next, we use an automatic phase picker called kpick (Rawles
and Thurber, 2015) to define the preliminary P and S wave picks, where possible, in
a 30-second window cut around the preliminary detections. The kpick algorithm uses
a nearest-neighbor approach based on the method for classifying time series developed
by |Nikolov| (2012). The algorithm uses a number of reference waveforms known to

contain P and S wave phases to identify phase onsets in the input waveforms.

To evaluate kpick’s accuracy, we compare its automatic picks with manual picks from
the existing catalog of|Boese et al.|(2012]). To do this, we re-run our automatic detection
process with the same data-set |Boese et al. (2012) used and make automatic picks using
kpick. In total we compare 4,175 P and 3,139 S wave picks. The comparison shows
that 96% and 90% of the automatic P and S wave picks, respectively, are within 0.2 s
of the manual picks made by |Boese et al.| (2012)) (Fig. [3.2)).

We determine preliminary hypocenter locations using the HYPOCENTER location
algorithm (Lienert et all,1986) incorporated in the SEISAN analysis software (Havskou
and Ottemoller, |2008) and a 1-D velocity model developed by |O’Keefe| (2008) and
modified by |Boese et al. (2012]). The location process is carried out iteratively whereby
we remove picks with the highest residuals at each iteration until quality criteria are
met in this case, we set the minimum number of P wave picks to 4, the minimum
number of S wave picks to 3 and the maximum permissible root-mean-square (rms)
travel time residual to 1s. A final quality check applied to those potential earthquakes
meeting the quality criteria was to manually inspect the automatic picks and remove
any earthquakes with poorly associated picks. It was found to be more efficient to
manually inspect these autolocated potential earthquakes rather than to inspect every
single detection. A total of 222,678 automatic P and S wave phase arrivals were
inspected: of these, 96,674 were retained, 53,583 were re-picked and the rest were
removed as false picks. In terms of earthquakes, 10,827 events were manually inspected

ultimately yielding 9,111 revised events.

To reduce the preliminary earthquake location errors obtained from HYPOCENTER,
we use the probabilistic non-linear location software package NonLinLoc (Lomaz et al.,
2000)). We choose to use NonLinLoc for the absolute earthquake locations for the fol-
lowing reasons: (1) This method includes second order terms in the calculations, which
gives greater depth sensitivity and accuracy for shallow earthquakes. (2) It enables the
use of 3-D P and S wave velocity models. (3) The method includes station eleva-
tion information for the creation of the velocity grid and the calculation of the travel

times. The input parameters used in NonLinLoc (Lomaz et al., 2000) are described in
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Figure 3.2: Difference between automatic (this study; kpick) and manual (Boese et al.,
phase pick times for earthquakes recorded by SAMBA and GeoNet stations between
November 2008 and December 2009. The upper box shows the P wave pick time differences,
while the lower box shows the S wave pick time differences. Dashed, solid and dotted lines
show the mean, median and standard deviation (1o) of the distribution, respectively.

table of Appendix

3.4.2 Magnitudes

We estimate local magnitudes to quantify the spatial distribution of the earthquakes’

moment release following the same approach as|O’Keefe| (2008) and |Boese et al.| (2012)).
To do that, we use two data-sets of earthquakes. The first data-set consists of 65,709

half peak-to-peak amplitude measurements, from the 9,111 absolute earthquake loca-

tions determined here. Amplitudes are automatically picked on the horizontal com-

ponents of seismograms in a 1-s time window starting after the S wave picks, using a

utility function from the EQcorrscan Python package (Chamberlain et all,2017c). De-

tails on the function used to pick amplitudes are available in Appendix [Bl The second
data-set contains 74 earthquakes recorded in this study for which M, values have been
calculated using moment tensor inversion of GeoNet national network data (Ristau,
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2013).

We invert amplitude picks and hypocentral distance information to derive a new local
magnitude scale for the Southern Alps region tied to M, values and corrected for
geometric spreading and attenuation. The local magnitude scale was originally defined
by |Richter| (1958) as :

My, = logy(4/Ao) (3.1)

where A is the mean amplitude in microns of the horizontal components of a Wood-
Anderson seismograph with a fundamental period of 0.8 seconds and magnification of
2080 and Aj is the amplitude expected on the same type of instrument at 100 km
from the earthquake. The effects of geometric spreading and anelastic attenuation are
estimated in place of the Ay term in (1) and an adjustment is made for the instrument
magnification and frequency response of each seismic site with the addition of a site

term. The result is expressed in terms of the observed amplitudes A;.
log,g A; = My, — aloggr; — nr; + 5 + €; (3.2)

where My, is the uncalibrated local magnitude, r; is the slant distance (km) of the
hypocentre from seismic station j, .S; is the site term, « is the geometric spreading
parameter (here assumed to be 1), 1) is a constant that corrects for anelastic attenuation

and ¢; is a random error. The anelastic attenuation parameter 7 is related to @ by:

s
Q=2 (3.3)
. f
in which (3 is the shear wave velocity (km/s), appropriate for amplitudes measured on
the horizontal components and f is the frequency (Hz) of the wave with the maximum
amplitude. My, values are then calibrated by relating them to the predetermined M,,
values:

My, =M, +C+¢ (3.4)

where ¢ is a random error. We estimate C and the standard deviation of £ from
the mean and standard deviation of the difference between My, and M,. Equation
2 is solved by least squares. For N earthquakes recorded M times in total on K

seismographs, this results in M equations in N4+K+1 unknowns.

Y =Xm+e (3.5)

Y includes the known variables: 65,708 automatically picked amplitudes and 74 GeoNet
moment magnitudes (My,). X is the matrix containing the reference data (events
located in this study that match timing and location of GeoNet events). m is the

list of the parameters of interest (new magnitudes, attenuation parameter and station
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correction terms) and e is the vector of magnitude residuals. We solve the equations,
using a subset of 4,000 events recorded between 2008 and 2017; we could not use
the whole set of events due to insufficient computing memory. The subset used was
carefully selected so each seismic site had enough observations to provide us with
reliably estimated site term values S;. This way, the equations are of rank N+ K, since
the mean uncalibrated magnitude and the mean station term cannot be independently
estimated. This problem is overcome by constraining the sum of the site effects .S; to

be zero.

We noted that the preliminary results obtained from the two data-sets (4,000 events
and the 74 M, values) gave different values for the attenuation parameters. After
trials, it was found that this problem arose from the fact that the majority of the 4,000
events had smaller slant distance values (r;) than the events with M, values, which
tended to be more distant. Thus, we calculated two attenuation parameters; one for
events with 7; up to 60 km and one for the events for the remaining paths (r; — 60 km).
After doing so, there was good agreement between the results obtained from the two
different data-sets (the rms of the scatter is less than 0.1; Figure in Appendix .
The results are not sensitive to the choice of 60 km, but transitions at 40 and 80 km

gave inferior results.

3.4.3 Hypocenter relocation

We use double difference techniques (Waldhauser and Ellsworthl |2000) to further con-
strain the earthquake hypocenters. In particular, we use the latest HypoDD version,
2.1b, (Waldhauser, 2001) which includes station elevations for the travel time calcula-
tions and enables the use of 3D velocity models. We use the 3D P wave velocity model
obtained by |Guo et al| (2017) and a constant Vp/Vs ratio of 1.70 (the value used to

construct the velocity models).

For each earthquake, we create differential times with up to 20 neighboring events
within 10 km of one another and with a maximum source-receiver distance of 200
km. For each earthquake pair, we calculate differential travel times for both P and S
wave phases for up to 50 stations. The minimum number of links required to define
a neighbor is 8. In total we compute 3,501,920 catalog differential travel times. We
then calculate differential travel times using waveform cross-correlation. We divide the
dataset into four subsets according to the operating time periods of the temporary seis-
mic networks used (Figureof Appendix. We do this to make the cross-correlation
calculations more practical and time efficient. We band pass each seismogram between
2 and 20 Hz and use a window starting 0.1 s before and ending 0.4 s after both P and S
phase picks, applying time shifts of up to 0.1 s. We use the cross-correlation approach

of |Deichmann and Garcia-Fernandez (1992) that fits a parabola to the five samples
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closest to the sample with the highest cross-correlation coefficient. A cross-correlation
coefficient of 0.6 has to be exceeded for the event pair to be listed in the cross-correlation

catalog. We obtain 1,058,547 cross-correlation differential travel times.

During the first weighting iterations of HypoDD, we apply full weight to the catalog
pick differential times to obtain initial bulk relocations for all earthquakes. In the
following iterations, we increase the weights of the cross-correlation differential times
and progressively down-weight the catalog pick differential times. In the final iterations,
we only use the cross-correlation calculations to further refine the hypocenter locations.
Input parameters used in HypoDD (Waldhauser, [2001) are shown in table of

Appendix [B]

3.5 Results

3.5.1 Magnitude estimations

Using the method described in Section 3.3, we rewrite equation (2) to obtain the
following:
My = logy A + loggr; +nr; —S; — C (3.6)

where r; is the slant distance, A is the amplitude observation and C' is the mean
Mp, — My, difference equal to —3.644 £ 0.50 (95% CI), which includes the Richter
magnitude constant. The attenuation parameter 7 is calculated separately for two
different hypocentral distance ranges, n; for < 60 km (1.20 x 1072 km™') and n;,
for > 60 km (0.01 x 1072 km™'). 7; and 7, values are shown in Table along
with their corresponding @) values. Our attenuation parameter values are similar to
previous estimates by |0 ’Keefe| (2008) (1.69 x 1072 km ') and |Boese et al. (2012)) for
hypocentral distances <70 km (1.89 x 1072 km™'). However, for hypocentral distances
exceeding 70 km |Boese et al.| (2012)) obtained an attenuation parameter of 0.95 x 1072
km™!, which is larger by a factor of almost 100 from the corresponding attenuation
value calculated here. This discrepancy arises from the broader area examined in
this study. To calculate the ) values we use nominal wave frequencies of 5 and 10
Hz and shear wave velocities, 3, of 3 and 3.5 km/s for the upper and lower crust,
respectively. @ values are low (<100) for distances <60 km, and one to two orders
of magnitudes higher at larger distances. These values are comparable to the low @,
values of 100-200 |Eberhart-Phillips et al.| (2008) obtained for the brittle crust from
the 3-D attenuation structure. The newly derived attenuation parameters’ effect on
the magnitude estimates is shown in Figure of Appendix [Bl Magnitude residuals
calculated with the new magnitude scale display no bias with hypocentral distance,

and hence yield an average residual of near zero at all hypocentral distances.
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The magnitudes calculated range from —1.2 to 4.6 (events in GeoNet’s catalog from
the same region have local magnitudes between 1.3 to 4.9). We compare a subset of
our magnitude estimates to the corresponding estimates in the catalog of |[Boese et al.
(2012)). On average, our results are 0.32 + 0.03 (95% CI) magnitude units smaller
(Figure in Appendix [B]). This discrepancy likely arises because the magnitudes
calculated here are tied to M,, values instead of My, values and are expected to better
represent the moment released. We obtain a magnitude of completeness of M.=1.1,
which is similar to that of |[Boese et al.| (2012, M.=1.4) when the average difference in
magnitudes between the two catalogs are taken into account. It should also be noted
that |Boese et al.|(2012)) used a different detection method and number of stations. In
comparison, the GeoNet catalog has a substantially higher M, of 2.6. A b-value of
0.850 + 0.003 is calculated by fitting the cumulative density function with a power-
law above the magnitude of completeness and is similar to that found in the previous
analysis (b-value = 0.86; |Boese et al., [2012).

Table 3.1: Attenuation parameters and estimated () values. C1 is the confidence
interval.

Earthquake data set 1 95% CI  Estimated Q N2 95% CI  Estimated Q

(f=5,10 Hz) (f=5,10 Hz)
M, 0.005 +0.0036 20-40 0.0012 +0.0016  100-200
Combined 0.012  =0.00044 10-16 0.00010 +0.0008  1000-2000

3.5.2 Absolute earthquake hypocenter locations and uncer-

tainties

Taking advantage of our dense seismic network, we are able to locate approximately
9,000 events spanning from late 2008 to early 2017 using the NonLinLoc location
program |Lomaz et al.| (2000). We also locate 41 quarry blasts close to the SAMBA
site in Whataroa (Fig. . For the same time period and area, GeoNet recorded
and located 2,151 earthquakes, which commonly have fixed depths, due to the sparser
network spacing. Our initial data set consists of 83,138 P and 67,119 S wave high
precision phase picks. Of these, 64.3% are automatic phase picks that have been
manually revised, while the remainder are manual picks. For further details on the
initial earthquake locations, refer to Figure [B.6] The distance to the closest station
provides us with a good indication of the quality of the hypocenters. In our case, 90% of
the earthquakes have distances smaller than 27 km and have a mean of 9.8 km. Hence
earthquakes that are deeper than approximately 10 km will have better-constrained
depths.

Uncertainties of the absolute earthquake locations are calculated by fitting the 68%
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Figure 3.3: Magnitude frequency distribution of earthquakes in the central Southern Alps
region from November 2008 to March 2017. Left axis (Frequency) represents the number
of earthquakes in each magnitude bin. Right axis (logarithm of cumulative density) shows
the cumulative number of earthquakes of magnitude My, and higher. The magnitude of
completeness (M. = 1.1) is calculated using the goodness of fit test method
. The b-value is equal to 0.85 and is calculated by fitting the cumulative density
function with a power-law above M.

confidence ellipsoid of the posterior probability density function (Lomaz et al., 2000).

Probability density function solutions are nonlinear and depend on the event position

relative to the seismic network, the arrival time errors and the theoretical travel time

errors (Lomaz et al,|2000). Location uncertainties are controlled by the distribution of

the seismic network in time and the velocity model used. Overall, 90% of the absolute

earthquake hypocenters show average horizontal errors less than 503 m (median 273
m) and depth errors less than 801 m (median 370 m)(Fig. [3.4h,b).
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3.5.3 Relative earthquake hypocenter relocations and uncer-

tainties

Of the initial 9,111 earthquakes, we were able to relocate 7,719 events using double-
difference techniques. The relocated earthquake catalog is available as supporting
information. We calculate relative location uncertainties using 200 bootstrap resam-
plings (Efron and Gongl, |1983) and the approach described by |Mesimeri et al. (2017)).

We resample the residuals derived from the final double difference inversion, add them

to the differential times of each event with unit weights and repeat the relocation for
each resample. We then use the covariance matrix of the spatial distribution of the
differences between the resamples and the final locations to estimate the relative loca-
tion uncertainties. In general, 90% of the relative earthquake locations’ uncertainties
in the horizontal direction are smaller than 314 m (median 86 m), while in depth 90%
of the relative errors are smaller than 491 m (median 130 m)(Fig. [3.4c,d).
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Figure 3.4: Distributions of location uncertainties in the horizontal and vertical directions
given by NonLinLoc and HypoDD in the top and bottom row boxes, respectively. (a, b)
Absolute earthquake uncertainties are obtained from the dimensions of the the posterior
probability density function (PDF) determined by NonLinLoc. (c, d) Relative uncertainties
were obtained from bootstrapping tests for 200 resamples for the HypoDD locations. Dashed
and dotted lines show the median and the 90th percentile of the distribution, respectively.

Figure shows the final relocated seismicity distribution for 7,719 earthquakes from
late 2008 to early 2017. Earthquake epicenters delineate the surface trace of the Alpine
Fault and otherwise mainly occur on the southeastern side of the Fault (hanging-wall),
which is known to be highly fractured (Cox et al. 2015; | Townend et al., 2017). We

divide hanging-wall seismicity into three clusters according to the earthquakes’ spatial
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distribution and magnitudes (Fig. . Cluster 1 occurs in the northeastern edge of
our network and has larger magnitudes and deeper hypocenters relative to the adja-
cent areas (Fig. [3.6] cross-section A~A’). Cluster 2 lies within the previously identified
Whataroa seismic gap (Leitner and Eberhart-Phillips, [2001; |Boese et al., [2012). Seis-
micity there is sparse and consists of small-magnitude earthquakes at shallow depths
(Fig. cross-sections B-B’ and C-C’). Seismicity at greater depths outlines the
Whataroa seismic gap (Fig. . Cluster 3 lies within the SAMBA network, the area
of highest topography and exhibits anomalously shallow and low-magnitude seismic-
ity (Fig. , cross-sections D-D’ and E-E’). The vicinity of cluster 3 is also where
low-frequency earthquakes, detected by |Chamberlain et al| (2014) and |Baratin et al.
(2018)), have been observed. We observe some sparse seismicity on the northwest side
of the Alpine Fault (footwall). This might be due to the the sparser seismic network
coverage in that region. We also observe 42 earthquakes with hypocenter depths of
between 25 and 50 km.

The distribution of seismicity with depth is highly variable along the strike of the central
Alpine Fault, ranging from less than 9 km beneath the area of highest topography to
greater than 20 km at the northeastern edge of our network. Figure |3.7] illustrates
two cross-sections parallel to the strike of the Alpine Fault and a cross-section of the
10Ar/3Ar hornblende ages contour obtained by |Little et al| (2005). We observe a
change in seismicity cut-off depth of up to 10 km in both cross-sections. The lack
of seismicity at larger depths beneath Aoraki/Mount Cook partly coincides with the
distribution of the low-frequency earthquakes and the youngest hornblende cooling
ages. The youngest cooling ages are associated with deeper exhumation and thus
higher uplift rates. Seismicity adjacent to the Alpine Fault’s surface trace is diffuse
and of low-magnitude (Fig. [3.7] cross-sections F-F’). Moving further southeast (away)
from the Alpine Fault’s surface trace we observe more earthquakes with larger depths
and magnitudes (Fig. 3.7, cross-sections G-G’). To ensure that this variation of the
distribution of seismicity with depth is not an artifact, we repeated the location and
relocation process using the 1-D velocity model of (O’Keefe|, 2008). The earthquake
hypocenters obtained using different location methods and the 1-D velocity model
also exhibit the almost 10 km difference in seismogenic cut-off depths (Appendix
Figures — . In addition, we do not observe any major differences in the 3-D
velocity structure beneath Aoraki/Mount Cook (Appendix [B] Figures -
Guo et al., |2017) that might account for the observed variation in seismogenic cut-off
depths.
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Figure 3.5: Map of 7,719 relocated hypocenter locations, scaled by their respective newly
calculated magnitudes for the central Southern Alps region and between November 2008 and
March 2017. Earthquake epicenters shown as circles are colored according to their depths
(see color scale). Thin black dotted and solid lines with capital letters indicate cross-sections
shown in Figures and 1, 2 and 3 show the seismicity clusters described in the text.
Aoraki/Mount Cook is represented by a cross. SAMBA = Southern Alps Microseismicity
Borehole Array; WIZARD = Wisconsin New Zealand Array Rensselaer Deployment; DFDP
= Deep Fault Drilling Project; ALFA-08 = Alpine Fault Array.
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Figure 3.6: Cross-sections of relocated earthquake hypocenters perpendicular to the strike of
the Alpine Fault, scaled by magnitude as marked on Fig. 3.5 Earthquakes within 10 km on
either side of the cross-section are shown. Stars show locations of low-frequency earthquakes
(Baratin et all 2018)). Inverted triangles depict the seismic sites within each cross-section.
Black and white diamonds show Aoraki/Mount Cook and the surface trace of the Alpine
Fault, respectively. Intersection lines of cross-sections F and G from Fig. [3.7] are also shown.
The top panel shows the stacked (median) profile of the elevation in kilometers (black line)
and the distribution of topographic profiles within a 10-km swath (gray area). Note that
cross-sections are vertically exaggerated.
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Figure 3.7: (a) Cross-sections of earthquake relocations along the strike of the Alpine Fault with respective magnitudes as shown in Figure E
The locations of the cross-sections are labeled with capital letters in Figure [3.5] Earthquakes within 10 km on either side of the cross-section are
shown. Stars show locations of low-frequency earthquakes (Baratin et al.| 2018). Inverted triangles depict the seismic sites within each cross-section.
Aoraki/Mount Cook is marked by a black diamond. Intersection lines of cross-sections A, B, C, D and E from Fig. Emﬁo also shown. Note that
cross-sections are vertically exaggerated. Blue lines indicate the depth where the fault is 75 % coupled (100% = fully locked, 0% = fully slipping)
from the block model of | Wallace et al.|(2007). Red line indicates the upper geodetic locking depth from the elastic model of |[Lamb et al.|(2018), above
which the fault is fully locked and below which the fault is fully slipping. Red square depicts the center of the profile across the Alpine Fault from
Figure 6 of [Lamb et al.|(2018). (b) *°Ar/3°Ar and K—Ar cooling age data for hornblendes from the central Southern Alps, New Zealand E

2005).
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3.5.4 Spatial distribution of seismogenic cut-off depths

Seismogenic cut-off depths are commonly defined using the spatial distribution of mi-
croseismicity and especially the depths above which a specific percentage (e.g., 90, 95
or 99) of the seismicity occurs (Nazareth and Hauksson, 2004). These estimates are de-
pendent on the accuracy of the earthquake locations, the clustering of the earthquakes
and the choice of the criteria for the cut-off depths. Here we use the 95th percentile of
the shallow relocated hypocenters (<25km) and a quadtree griding algorithm (Townend
and Zobackl [2001) to cluster the earthquakes into square bins with a minimum side
length of 2 km that each contain 25 to 100 events. For each bin containing sufficient

earthquakes we calculate the 95th percentile of the hypocentral depths.

The seismogenic cut-off depths across the southeast side of the Alpine Fault (hanging-
wall) vary from 7 to 22 km (Fig. [3.8). We obtain the thinnest seismogenic layer
(<10km) for the area in the vicinity of Aoraki/Mount Cook, within the SAMBA net-
work where the highest uplift rates are observed (Little et al.l 2005). Moving towards
the southeast, perpendicular to the strike of Alpine Fault and northeast, along the
strike of Alpine Fault the seismogenic cut-off depths get progressively deeper, reaching
depths of as much as 22 km. The seismogenic cut-off depths in the foot-wall region are
deeper by ~bkm than the adjacent boxes in the hanging-wall. The Whataroa seismic
gap displays larger bin sizes and its limits are outlined by smaller bins. We observe
large bin sizes in the peripheral regions, due to the smaller number of earthquakes

detected and relocated, which is mostly due to the sparser network coverage.

3.6 Discussion

The earthquake catalog presented here contains 7,719 high-precision earthquake relo-
cations (9,111 absolute locations), enabled mainly by the long duration and continuity
of the SAMBA network (late 2008 to early 2017). By using additional temporary seis-
mic networks, which augmented the area covered by SAMBA, we have been able to
highlight the characteristics of seismicity along the central Alpine Fault for the first
time and to investigate changes in seismogenic cut-off depths consistently. To gener-
ate this earthquake catalog we started with continuous data and applied a systematic
processing routine to all the available data (see Sections 2 and 3.1). By doing this,
we have avoided inconsistencies that may arise from combining different earthquake
catalogs constructed using varying detection, picking and location methods. A brief

comparison of the earthquake catalog constructed here with the previous ones can be

found in Table of Appendix [B]

Seismicity is clustered in swarms that mainly occur in the highly fractured hanging-
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Figure 3.8: Distribution of the 95th percentile of the hypocentral depths in km obtained using
a quadtree griding algorithm. Bins containing 25 to 100 earthquakes are colored according
to their depths (see color scale) and have a minimum size of 2 km. Bins with fewer than 25
earthquakes are not colored. Earthquake epicenters are also shown as circles of the same size
in the background.

wall southeast of the Alpine Fault’s surface trace. We observe some sparse earthquake
activity northwest of the Alpine Fault surface trace, within the foot-wall. Earthquake
epicenters appear to delineate the Alpine Fault’s surface trace but do not outline an
obvious fault plane at depth. We note that the shallowest seismicity beneath Ao-
raki/Mount Cook, coincides with the area of the highest topography and uplift rates
(Norris and Cooper), 2001; |Little et al., 2005). In particular, the anomalously shallow
seismicity beneath Aoraki/Mount Cook seems to coincide with the lowest “°Ar/3°Ar
hornblende cooling ages (Fig. , cross-sections F—F"), which are related to exhuma-
tion rates of up to a maximum value of ~6-9 mm/yr in the area (Little et al., 2005]).
These high uplift rates are inferred to have distorted the isotherms towards the surface,
enhancing the thermal gradients within the upper crust and making it weak (Koons,
1987 |Sutherland et al), [2012). As a result, this thermally weakened crust beneath
Aoraki/Mount Cook appears to restrict the vertical distribution of seismicity by mov-
ing the brittle-ductile transition to shallower depths compared to the adjacent areas.

There is an approximately 10-km difference in the depth of the brittle-ductile transi-
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tion between Aoraki/Mount Cook and the adjacent areas where uplift rates are almost
equal to zero. Further analysis and modeling of the heat flow beneath Aoraki/Mount

Cook is required to examine this interpretation, but is beyond the scope of this paper.

This 10-km difference in the seismicity depths along the Alpine Fault has not been
observed in previous seismicity studies due to the limited number of earthquakes they
encompassed. (Boese et al., 2012)) observed a 5-km depth difference between profiles 1
and 5 in their Figure 4 (cross-section E-E’ and A-A’ Fig. of this study). Profile
1 of (Boese et all 2012)) lies within the SAMBA network and has seismicity shallower
than 10 km, which is in agreement with the seismicity we observe. Profile 5 of (Boese
et al) 2012) has depths smaller than 15 km, while we observe depths as deep as 23
km. This difference in the seismogenic depths between the two studies arises because
Boese et al’s profile 5 lies in the boundary of their seismic network, which means that
seismicity there can not be completely recorded. In addition, Boese et al.| (2012)) were
only able to examine a year of seismicity (compared to eight years examined in this
study).

Boese et al| (2012) interpreted the vertical distribution of seismicity in terms of a
resistivity model derived by |Wannamaker et al| (2002) along SIGHT transect T1,
which coincides with cross-section C-C’ (Fig. [.6]). We observe the same correlation of
seismicity and high-resistivity areas as reported by |Boese et al.| (2012). A comparison
of the lack of seismicity beneath Aoraki/Mount Cook with resistivity would be of great
interest, but resistivity measurements have been only acquired along the SIGHT line,

perpendicular the Alpine Fault.

Considering similar examples of large changes in the seismogenic depths on other large
strike slip faults, we note an alternative explanation provided by |Jiang and Lapusta
(2016)) for the absence of concentrated microseismicity at the bottom of the seismogenic
zone on a mature segment of the San Andreas fault. |Jiang and Lapusta| (2016) proposed
that a deeper penetration, beneath the seismogenic zone, of a previous large earthquake
can move the brittle-ductile transition to depths below the seismogenic zone, where
stresses building up are unlikely to produce earthquakes. In our case, an indication
for a deeper brittle-ductile transition beneath Aoraki/Mount Cook may be obtained
from the depth distribution of the low-frequency earthquakes reported by |Baratin et al.
(2018) that range from 17 to 42 km depths. In addition, the Alpine Fault is known
to have produced large earthquakes in the past (Sutherland et all 2007; |Berryman:
et al., 2012)), which supports that explanation. The most recent large Alpine Fault
earthquake (1717 CE) is inferred to have ruptured at least 300 km of the length of the
Alpine Fault including the central section (Sutherland et all [2007)); however there is

no available information on the depth of the rupture.

The seismogenic cut-off depths vary systematically along the strike of the Alpine Fault,
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extending between less than 9 km at the southwestern edge of our network to more
than 20 km at the northeastern edge. The distribution of our seismic network lim-
its the precision of the seismogenic cut-off depths in the peripheral areas where fewer
earthquakes were detected and relocated. Geodetic studies (Wallace et al., 2007; |Lamb
and Smath, 2013; |Lamb et al., 2018) have yielded locking depths along the Alpine Fault
ranging from 7 to 18 km (Fig. [3.7)). [Wallace et al| (2007) obtained partial interseismic
coupling depth (coupling coefficient of 75%; 100% = fully locked, 0% = fully slipping)
estimations of 18 km representative for the northern and southern segments of the
Alpine Fault. For the central segment of the Alpine Fault, near Aoraki/Mount Cook,
Wallace et al.| (2007) calculated a much shallower partial coupling depth (7 km). In
the same region, [Lamb and Smaith) (2013)) and more recently Lamb et al| (2018) de-
rived a locking depth at 12.6 km with an additional locked patch at 24.2 km. They
suggested that this deeper patch exists in a region of embrittlement at high pore fluid
pressure, which results in a return to brittle behavior at higher temperatures and
pressures. This deeper locked patch seems to coincide with the distribution of low-
frequency earthquakes detected by |Chamberlain et al. (2014) and |Baratin et al. (2018)).
In general there is a reasonable agreement between seismic and geodetic depths for the
region in the vicinity of Aoraki/Mount Cook. However, there remains a discrepancy
between seismic and geodetic depths on the northeastern part of our examined area
where the seismogenic depths exceed 20 km. Similar differences have been observed on
various segments of the San Andreas fault (Smith-Konter et al.| (2011), and references
therein), and have been attributed to creeping deformation or to a time-varying stress
adjustment at depth during the earthquake cycle following a major event. However,
there is no evidence of surface creep in the case of the Alpine Fault and there has not
been any major historical event in that area either. This difference may arise due to

the sparser GPS network coverage.

Having considered the seismogenic zone depths and their variations from the two in-
dependent observations, geodetic and seismic data, we can obtain a rough estimate of
the seismic moment release of a potential large Alpine Fault earthquake that ruptures
the whole central section (from Haast to the Alpine Fault and Hope Fault junction).
We estimate the seismic moment in Newton meters using the equation My,= puS (Ak:
and Richards, 2002)), where u is the crustal shear modulus, v is the average slip and
S is the area of the ruptured fault, the product of the fault’s length and width. We
assume an average slip of 8 m (observed paleoseismic displacements range from 7.5 to
9 m; |Berryman et al., [2012; \Howarth et al., [2014), a rupture length of 250 km and
a representative shear modulus of © = 30 GPa. We consider four different potential
rupture scenarios for the central section of the Alpine Fault. In the first case we assume
a uniform 20 km depth for the seismogenic layer (250 kmx20 km). This equates to
a moment magnitude of My, = 7.98 using the equation M,, = 2/3log(M, — 6.07) of
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Hanks| (1979). In the second case, we subtract the area covered by the seismic gap
beneath Aoraki/Mount Cook (~600 km?) and we obtain a moment magnitude of 7.94.
We also examine the case in which the currently aseismic part fails. This case provides
us with a M, 7.37 earthquake. Finally, we examine the case in which the seismic gap
beneath Aoraki/Mount Cook works as a barrier preventing the rupture of the whole
central segment (length of rupture 125 km). This case gives us an earthquake of 7.74
M,,. These calculations are subject to a substantial number of assumptions (e.g. uni-
form slip along the fault length and depth, vertical fault plane) but provide us with a
rough estimation of a potential large Alpine Fault spanning from 7.3 to 7.9 M. These
values are comparable with the geologically estimated moment magnitudes calculated
by |Sutherland et al.| (2007). These seismic moment estimations do not appear to be
greatly affected by the existence of the narrow seismogenic zone beneath Aoraki/Mount
Cook, but further work is required to investigate the effects of this feature on rupture

processes and radiation patterns.

We have elucidated the geometry of the previously identified seismic gap in Whataroa
valley (Leitner and Eberhart-Phillips, [2001; |Boese et al., 2012)). |Leitner and Eberhart-
Phillips| (2001) associated this lack of seismicity with changes in geology, while |Boese
et al|(2012) explained its existence as either an effect of a localized yielding and uplift
from rapid ice loss from the last glacial period or as a seismic gap of the second kind
identified by |Mogi| (1979), that is, quiescent of small earthquakes building up stresses
before a large event. We note the recent measurements obtained from the DFDP-2B
borehole in Whataroa (Sutherland et al.,2017; Townend et al.,2017)), which revealed an
extremely high average geothermal gradient (125455 °C/km) and pore fluid pressures
10% above hydrostatic levels. If we were solely to explain the seismic gap with the
high thermal gradient, a shallower seismogenic cut-off depth would be expected. Fur-
ther calculations and orogen-scale thermal modeling is required to provide an accurate

explanation for this lack of seismicity around Whataroa.

We have derived a new local magnitude scale corrected for geometric spreading, at-
tenuation and site terms. This new local magnitude scale is calculated following the
same process as used by Boese et al| (2012)), except it is tied to M, values instead
of My,. Local magnitudes are based on amplitude measures that are subject to local
variations in attenuation and ground motion site amplification. By using M,, instead
of My, to calibrate the magnitudes we ameliorate these inherited issues. M,, values are
determined by moment tensor inversions and represent a direct more accurate measure
of the moment release that can be related to similar studies elsewhere. Hence, the
local magnitudes here are expected to better represent the seismic energy release and
to be equivalent to M,,. Magnitudes calculated range between —1.2 and 4.6 and have an
estimated magnitude of completeness, M.=1.1 with a b-value of 0.85 + 0.003. These
values are comparable to those obtained by (Boese et al., 2012) (M.=1.4 and b-value =
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0.86). The magnitude distribution suggests that local strain rates are mainly released

through swarms of low-magnitude earthquakes during the last 8 years.

3.7 Conclusions

The earthquake catalog determined here contains 7,719 high-precision locations pro-
cessed starting from continuous data recorded by five temporary seismic networks
(SAMBA, WIZARD, DFDP-10, DFDP-13 and ALFA-08) and five GeoNet sites along
the central Southern Alps. This large data-set has enabled us to precisely characterize
the seismicity and its variations in depth along the central Alpine Fault in greater
detail than afforded by previous studies. In particular, we were able to systematically
examine seismogenic cut-off depth variations along the Alpine Fault, for the first time,
rather than just perpendicular to the fault. This provides us with reliable seismo-
genic cut-off depth estimations for almost a 150-km-long portion of the central Alpine
Fault, which will assist in refining seismic hazard assessments. We clearly observe the
previously identified seismic gap in Whataroa and suggest that seismogenesis there is
controlled by the recently documented extreme hydrothermal conditions. The shallow
seismicity in the vicinity of Aoraki/Mount Cook is associated with younger cooling
ages, deeper exhumation and high uplift rates that are inferred to have pushed up the

isotherms and the brittle-ductile transition.
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4 Detailed spatiotemporal properties of the
tectonic stress regime along the central
Alpine Fault

This chapter outlines the results obtained on the crustal stress orientations and param-
eters in the central section of the Alpine Fault. The chapter is divided into five main
sections which deal, respectively, with what is known about the topic, the data set and
methodology used, the main and supporting results obtained, a comparison with dif-
ferent studies using different methodologies or data and a final section that concludes
summarizing the findings. The focal mechanism catalog is included in the electronic
Appendices. The work from this chapter has resulted to an accepted manuscript in

Tectonophysics.

Michailos, K., Warren-Smith, E., Savage, M. K., and Townend, J. Detailed spatiotem-
poral analysis of the tectonic stress regime near the central Alpine Fault, New Zealand,

Tectonophysics (accepted).

4.1 Abstract

We construct a new data set of 845 focal mechanisms derived from microseismicity
recorded between late 2008 and early 2017, to investigate the state of stress near the
central Alpine Fault, a major oblique convergent plate boundary fault. We obtain an
average maximum horizontal compressive stress orientation, Sy, of 1214+11°, which
is uniform to first-order along the length of the central Southern Alps. We also make
use of the local magnitudes of the earthquakes with focal mechanisms to examine the
spatial patterns of seismic moment release and obtain a relatively uniform cumulative
seismic moment release distribution adjacent to the central Alpine Fault, which appears
to be independent of both the perpendicular and parallel distances to the fault. We
observe an average angle between the Sp,.. and the Alpine Fault of 65°, which is
consistent with previous observations in the northern and southern sections of the
Alpine Fault. This result implies that central Alpine Fault is not optimally oriented

for reactivation. Detailed temporal investigations using two different approaches did
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not show any change of the stress parameters with time. We examine the distribution
of the shear to normal stress ratio on the fault and did not observe any significant
variation along the Alpine Fault. This lack of variation combined with the high angle
between the fault strike and Sg,.q. implies that the fault is unfavourably oriented for

slip.

4.2 Introduction

The Alpine Fault is a major strike-slip fault that poses the largest seismic hazard to
southern New Zealand (Stirling et al., 2012). This fault has not experienced a major
earthquake of M>7 during the last 300 years. However, on the basis of paleoseismolog-
ical evidence (Berryman et al|(2012); |Sutherland et al.|(2007); |Cochran et al|(2017);
Howarth et al.| (2016} 2018|) and references therein), the Alpine Fault is considered to
be late in its typical interseismic cycle. Due to this, the broader deformation zone
near the Alpine Fault provides a unique opportunity to examine processes such as the
tectonic stress orientations and seismic moment release during the late interseismic
stage of the earthquake cycle, and their variations in space and time. To do this,
we create the longest focal mechanism catalog to date for the central Southern Alps,
which contributes towards better understanding of the tectonic processes controlling

seismogenesis.

Individual earthquake focal mechanisms place weak constraints on the principal stress
axes (McKenziel 1969), but can nevertheless be used together to determine the orien-
tations of the tectonic stresses. To obtain a more accurate estimation of the tectonic
stress parameters, sets of focal mechanisms are combined to determine the orientations
of the principle stress axes by inversions (Hardebeck and Michaell, |2006; Arnold and
Townend, 2007; \Gephart and Forsyth, 1984} |Michaell 1984} |Angelier, 1979; |Lund and
Slunga, 1999)). A major advantage of stress analysis over strain rate analysis is that
it incorporates information from small-magnitude earthquakes, whereas strain param-
eter calculations (e.g. Kostrov summations; |[Kostrov, [1974)) are mostly affected by the

larger-magnitude earthquakes.

The Alpine Fault forms the western margin of the Southern Alps orogen and has
a largely straight and continuous surface trace on ~50—100 km scales (Norris and
Cooper), 1995, 2001). It has accommodated a cumulative strike-slip offset of as much
as 800 km during the Cenozoic (Lamb et al.,[2016} |Sutherland, (1999; Barth et al., 2014)).
The central section of the Alpine Fault examined here (Inset in Fig. consists of a
series of oblique-thrust and strike-slip segments of a few hundred meters to a kilometer
long (Norris and Cooper [1995)). In addition, near the central section of the Alpine
Fault the crust exhibits higher uplift rates (~6-9 mm/yr), deeper exhumation and the
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orogenic width is significantly narrower than the adjacent sections (Little et al., [2005)).
This rapid exhumation of metamorphic rocks from the lower crust of the fault zone
(Toy et al., 2010) is caused by the vertical component of the motion of the Alpine Fault
(Norris and Cooper, 1997), and is inferred to have affected the local crustal thermal
structure (Koons, |1987; |Allis and Shi, |1995; |Shi et al., [1996; |Sutherland et al., 2012}
2017).

Previous studies have examined the tectonic stresses and seismotectonics along the
Alpine Fault using focal mechanisms (Inset in Fig. [.2). [Scholz et al| (1973) first de-
termined a northwest—southeast compression direction adjacent to the Alpine Fault
using composite focal mechanism data. |Leitner and Eberhart-Phillips| (2001]) calcu-
lated 130 focal mechanisms using first—motion and amplitude ratio methods. The
focal mechanisms were found to be mainly dominated by thrust and oblique strike-slip
faulting. |Leitner and Eberhart-Phillips) (2001) obtained a maximum horizontal stress
direction of 110°-120°. |Boese et al. (2012) calculated 211 focal mechanisms, using
P wave first motion polarities, for earthquakes as small as M 0.44. The majority of
these focal mechanisms were found to have strike-slip mechanisms. The maximum hor-
izontal compressive stress, Spmaz, Orientation was consistent between different spatial
clusters and had an average value of 115+10°. |Bourguignon et al.| (2015) computed
148 focal mechanisms using first motion polarities. Focal mechanisms of their more
robustly located hypocenter locations lying close to mapped surface faults indicated
predominantly strike-slip motion (Bourquignon et al., [2015)). Further southwest along
the strike of the Alpine Fault, in the Southern Lakes region, [Warren-Smith et al.
(2017a)) analyzed a one-year-long microseismicity catalog to examine the local stress
field. They calculated 155 focal mechanisms and obtained an average Sp,q. orienta-
tion of 114410°. These SHme: orientations were found to differ by 9—14° clockwise
from the mean principal contraction rate axis determined geodetically. |Warren-Smath
et al. (2017a)) suggested that different components of the stress field may have been
relieved during the latest large Alpine Fault earthquake, which may have resulted in
a residual stress varying in orientation (£15°) during the interseismic period of large
earthquakes or that there was a bias related to the focal mechanisms’ type of faulting
variability. On a broader scale, Townend et al. (2012)) examined the tectonic stress field
throughout New Zealand, using observations made during almost a decade of seismic
activity. They found that the 115° angle of Sgma. is characteristic of much of the

South Island at seismogenic depths.

The angle between the strike of the Alpine Fault and Sg,,.. has been calculated to be
60° (Boese et all 2012; | Townend et al., [2012), suggesting lower shear to normal stress
ratios than implied by standard (Byerlee) coefficients of friction. Similar high angles
were found by studies of the northern and southern sections of the Alpine Fault (Balfour

et al.,[2005; | Warren-Smith et al.,2017a)). Faulting under these conditions would require
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either a low coefficient of friction or high pore fluid pressure or a combination of both.
Boulton et al| (2014, [2018) measured the friction coefficient of fault gouges recovered
from both the central and the southern section of the Alpine Fault and carried out
3—D stress analyses using these values. Fault gouges from the southern Alpine Fault
were found to be extremely weak (low friction coefficients; u ~0.2) for a range of
temperatures and stress conditions (T = 25-210°C, effective normal stresses, o, =
31.2 — 93.6 M Pa; | Boulton et al. |2018]). Fault gouges from the central Alpine Fault
were also found to be relatively weak (1 ~0.4) at temperatures < 140°C (Boulton et al.,
2014). However these gouges, in contrast to these from the southern section, become
stronger with increases in temperature reaching values up to p ~0.75 at T>200°C
(Boulton et al., [2014; |Niemejer et al., 2016).

The aim of this study is to thoroughly investigate the tectonic stress field near the
central Alpine Fault using almost a decade of continuous seismic data. Previous focal
mechanism studies in the area (Boese et al., 2012; |Bourguignon et al., 2015) have
examined the stress tensor within small time frames that do not necessarily provide the
complete picture of the current state of stress. We present the largest focal mechanism
data set compiled to date for the central Southern Alps region, allowing a more detailed
examination of the stress regime than has previously been possible. We use the focal
mechanism data to obtain stress orientations and examine the stress tensor variation
in space and time. In addition, we investigate the spatial distribution of the seismic

moment energy release.

4.3 Data and methods

We estimate focal mechanisms for the relocated microearthquake catalog constructed
by |Michailos et al.| (2019). This catalog contains accurate relative earthquake relo-
cations for 7,719 events obtained using the latest 3-D P and S wave velocity models
(Guo et al|, 2017) and seismic data from five temporary seismic networks, deployed for
various lengths of time between late 2008 and early 2017, and five permanent GeoNet

national network seismic sites.

For the focal mechanism calculations, we use manually picked P wave arrival polarities
for all earthquakes larger than My 1.5. The dataset is later restricted to those earth-
quakes with at least seven polarity recordings. Changes in the operating network over
the study period mean that the number of P wave polarity recordings available for
any particular earthquake varies from 7 to as many as 35. To test for station polarity
errors or inconsistencies, we manually inspected the first onsets from two teleseismic
events and two explosions from a quarry located near Whataroa (Appendix ; Boese
et all 2012).
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We calculate focal mechanisms using the Probabilistic Bayesian method of | Walsh et al.
(2009), which uses the output from NonLinLoc (Lomaz et al., [2000) or other proba-
bilistic hypocenter location algorithms. The focal mechanism uncertainties are pa-
rameterised by a generalised Matrix-Fisher distribution (Arnold and Townend) 2007}
Walsh et al., 2009)). An advantage of this method is that it accounts for the hypocen-
ter uncertainties arising from the seismic velocity model and the P wave polarities.
The earthquake locations used here are calculated using double-difference techniques
(HypoDD relative earthquake relocations; | Waldhauser, 2001)), which means that these
locations do not contain the necessary arrival information for the focal mechanism
calculations (i.e. uncertainties in take-off angles and azimuths). To overcome this, we
calculate theoretical take-off angles and azimuths for all phase picks based on their hy-
poDD hypocenters, using the NonLinLoc function ”time2EQ” (Lomaz et al., 2000) and
the 3D velocity model of |Guo et al.| (2017). Finally, we relocate these with NonLinLoc
and obtain the posterior density functions (PDFs) of the earthquake hypocenters based

on the hypoDD locations used for the focal mechanism calculations.

To examine spatial patterns in the stress field we divide the study area into sub-regions
using a recursive quadtree clustering algorithm following the approach described by
Townend and Zoback, (2001}, 2004). The quadtree clustering method begins with a sin-
gle square bin that encompasses the entire area of interest. Next, this bin is divided in
quarters that are in turn subdivided in quarters themselves until there are fewer than
Nmae €arthquakes in each bin, or the bin reaches a minimum dimension of x,,;,. The
final grid consists of a mesh of square bins that are smaller and denser where there are
more earthquakes. We calculate the stress parameters using the Bayesian approach
of |Arnold and Townend| (2007), which takes into consideration focal mechanism un-
certainties, possible false polarity picks, and nodal plane ambiguity in estimating the
tectonic stress orientations. We use the algorithm of |[Lund and Townend (2007) to

compute the orientation of Sgez.

4.4 Results

We obtain 845 focal mechanisms for earthquakes larger than M 1.5 that cover the time
period between late 2008 and early 2017 (Fig. . In addition, 74 focal mechanisms
calculated using moment tensor inversion of GeoNet national network data (Ristau,
2013) are also shown in the background of Fig. in grey, for the same time pe-
riod. The majority of the focal mechanisms are strike-slip and lie on the southeastern
(hanging-wall) side of the fault with uncertainties ranging from 20 to 38° (Figure
in Appendix [C) and only a small number of focal mechanisms are located in the foot-
wall (Fig. . Overall, 62% of the focal mechanisms are strike-slip, 22% reverse and
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oblique reverse and 16% normal and oblique normal faulting (Figures and , Ap-
pendix . Reverse and oblique reverse focal mechanisms are more common in the
vicinity of Aoraki/Mount Cook (26% of all focal mechanisms in cross section B-B’;
Fig. , while strike-slip focal mechanisms are distributed throughout the examined
area. Normal and oblique normal faulting is slightly more common in the northeast
part of the study area (17% of all focal mechanisms in cross section A-A’; Fig. [4.1)).
The occurrence of normal focal mechanisms, mainly in the shallower part of the crust,
within a collisional orogen (i.e. Southern Alps) is partly related to gravitational to-
pographic collapse (Upton and Crawl 2014)). This process has produced widespread
small-displacement normal faults and extensional quartz filled veins that cut the base-
ment rocks throughout the orogen (Upton et al., |2011; |Upton and Craw, 2014). The

type of focal mechanism does not show any obvious pattern relative to the earthquake’s
magnitudes or hypocentral depths (Figures [C4] and [CF|in Appendix [C).

We divide the study area into subregions (bins) using the quadtree algorithm and cal-
culate stress parameters with the focal mechanisms with hypocentral depths shallower
than 25 km in each bin (Fig. . With this method, we obtain 46 square bins with a
minimum dimension of 10 km, a minimum number of 15 observations and a maximum
number of 75 observations. Of these 46 bins, 23 contain enough focal mechanisms
(n=15) for stress inversion calculations. We obtain Sp,., orientations, which vary
from 99° to 144° with a mean value of 121° and a standard deviation of 11° (rep-
resented by bowties and labeled by the number of their bin; Fig. . Calculations
are not performed for bins containing insufficient data (un-shaded bins; Fig. . We
combine bins 4, 5, 13 and 14 (Fig. and obtain a composite solution for the footwall
(northwest) side of the fault where the data are sparse. The Spq, orientation in the
footwall (136°) lies within the standard deviation of the average Spymq. values in the
hanging wall. Spnq, orientations from previous studies (Inset of Fig. are consis-
tent throughout the South Island and have values that lie within the uncertainties of
the results obtained here. No clustering was performed on the earthquake catalog, so
focal mechanisms with similar faulting from swarms might be over-represented in the
stress inversions. This analysis was not carried out as it was considered to be beyond

the scope of this study.

The bins in Fig. [4.2] are colored according to the cumulative seismic moment release
divided by the area of each bin. For the calculation of the seismic moment release, we
assume that the local magnitudes are equivalent to moment magnitudes, M,,. This is
appropriate because the local magnitudes calculated by |Michailos et al.| (2019) are tied
to moment magnitude values that were calculated independently with moment tensor

inversions by GeoNet (Ristaul, [2013]). These magnitudes can be converted to seismic
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moments M, using the relationship developed by |Hanks| (1979).

Mo — 101.5(Mw+6.03) (41)

where M, is in N-m. This relationship is derived from intermediate to large earthquakes
scales, but it has been shown to also apply to microseismicity scales (Bakun and Lindh),
1977). The seismic moment release distribution illustrated in Fig. is relatively
uniform adjacent to the Alpine Fault (varying by 1-2 orders of magnitude). Seismic
moment release values range between 0.6 x 10 and 0.9 x 10" N-m/km?. The largest
seismic moment release values are observed in the northeast part of the study area
(between Harihari and Ross) within the limits of the seismic network (bin 25; Fig. [£.2)),

while the lowest values are observed mainly in the periphery of the study area (bin 3,
12, 32, 37; Fig. 2
Table summarizes the stress parameter details for each bin illustrated in Fig.

The corresponding stereonets with the probability density contours and orientations
of Sgmas are summarised in Fig. 4.3l The intermediate principal stress axis, S5, is
close to vertical and the maximum and minimum axes S; and S; are horizontal in
most cases (~80%), indicating a predominantly strike-slip stress state. The stereonet
from the footwall has the largest plunge value for the principal stress axis Sy with low
uncertainties (see probability density contour distribution labeled as footwall; Fig ,
which highlights a possible difference in the stress regime between the footwall and the
hanging wall. We also calculate the stress ratio, R=(51-52)/(51—S3), which provides
constraints on the relative magnitudes of the three principal stresses. An R value > 0.5
implies that S5 is closer in magnitude to S3 than to S7, and since in our case S5 is mostly

vertical (Sy=S,; strike-slip), the overall stress regime is considered as transpressive.

The largest R values (>0.8) are obtained for bins (6, 9, 12, 27, 28, 32, 33 ,40; Fig. 4.2
and Fig. , which lie near Aoraki/Mount Cook and the periphery of our combined
seismic network, indicating that there is a large number of reverse focal mechanisms
within these bins (Fig. [4.2). The smallest R values (<0.2) calculated are less frequent
and are located in bins (3, 16, 24) that lie in the hanging wall near the Alpine Fault
close to Whataroa Harihari and further southweast near Haast (R values are close
to zero, indicating that Sy and S; are very similar in magnitude). All bins, apart
from three near Aoraki/Mount Cook that exhibit reverse faulting (inverted triangles;
Fig. , display strike-slip faulting (squares; Fig. , while no bins exhibit normal
faulting.

To ensure that the results are not dependent on the clustering method used, we repeat
the clustering and stress inversion process using a non-hierarchical clustering algorithm
called k-means (Hartigan|, (1975; | Townend and Zobackl 2006 |Balfour et al., 2005, Ap-
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pendix. Using k-means clustering, we examine the variations of the stresses in depth
as well as in map-view. The results obtained using k-means are consistent within their
80% posterior credible intervals with those presented here and show no consistent vari-
ation of the maximum horizontal compressive stress azimuth relative to the Alpine

Fault or the hypocentral depth.
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Figure 4.1: Map of the central Southern Alps region showing 845 focal mechanisms with
magnitudes greater than 1.5 that occurred between November 2008 and March 2017. Tem-
porary and permanent (GeoNet) seismic sites are shown by grey inverted triangles and grey
triangles, respectively. The color of the focal mechanisms represents the type of faulting.
Namely; Blue stands for normal (N), green for strike-slip (SS), red for reverse (R), cyan
for oblique-normal (ON) and orange for oblique-reverse (OR) faulting. Grey focal mecha-
nisms depict the 74 moment tensor inversions determined by GeoNet for earthquakes with
magnitudes larger than M,4 that happened during the same time period examined here
(https://www.geonet.org.nz/data/types/eq_catalogue). Black focal mechanism is the 1984
Godley River M 6.1 earthquake (Anderson et all, 1993)). Aoraki/Mount Cook is represented
by a cross. Black lines show the active faults from the New Zealand Active Faults Database
(http://data.gns.crinz/af/). HF is the Hope Fault. Arrow indicates the local velocity of
Pacific Plate relative to Australia (~39.5 mm/yr;|DeMets et al.,[2010). Inset map shows the
location of the study area within New Zealand. PAC, Pacific plate; AUS, Australian plate;
PT, Puysegur Trench, HT, Hikurangi Trough and AF, Alpine Fault. Focal mechanisms
within 40 km on either side of the lines A—A’ and B—B’ are shown in the cross-sections.
The total number of each type of focal mechanisms is shown on the lower left of each cross-
section. Focal mechanisms on the cross-sections are projected side-on indicating the motion
perpendicular to the cross-section.
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Figure 4.2: Distribution of Spgma. directions along the central Southern Alps region for
earthquakes with hypocentral depths shallower than 25 km and magnitudes larger than My,
1.5. Bins are obtained using the quadtree clustering algorithm and have a minimum size
of 10 km. Bins containing 15 to 50 earthquakes are colored according to their cumulative
seismic moment release divided by the area of the bin (see color scale). Bins with fewer than
15 earthquakes have no calculations. Bowties indicate the direction and 80 % confidence
bound for the direction of the maximum horizontal compressive stress (Sgmqz) calculated
from focal mechanisms within the bins. Markers indicate the stress regime and are colored
according to their R=(51-52)/(51-S3), values (see color scale). Namely, square markers are
strike-slip, and inverted triangle markers are reverse. Numbers indicate the bin’s names.
Bins numbered 4, 5, 13 and 14 were manually combined and the bowtie lies in the middle of
the four bins. Hashed parts of bins 3 and 32 indicate the areas where no focal mechanism
data exist. Arrow indicates the local velocity of Pacific Plate relative to Australia (~39.5
mm/yr;|DeMets et al),2010)). Black lines show the active faults from the New Zealand Active
Faults Database (http://data.gns.cri.nz/af/). HF shows the location of the Hope Fault. Inset
summarises the previous studies Sgmq, direction calculations across the South Island
red; |Townend et al|(2012) green; Warren-Smith et al|(2017a) purple bowties).
Square highlights the location of the study area. PAC, Pacific plate; AUS, Australian plate;

and AF, Alpine Fault.
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10

mmmm 80% SHmax

Figure 4.3: Stereonets displaying the probability density contours of the three principal stress axes (S red, S green, Ss blue) of each bin depicted in

Fig. [£.2] Stereonets are lower hemisphere projections at which North is up and East is on the right. The orientation of Sgme, is shown by the black
dashed line with 80% confidence bound shaded by light gray. The bin numbers and stress ratio, R values, are respectively on the top left and under

each stereonet.
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4.5 Discussion

4.5.1 Spatial variation in stress parameters and angle with
Alpine Fault

The crustal stress field in the hanging wall of the central Southern Alps is approxi-
mately homogeneous with regard to the stress regime (strike-slip, as S is in almost all
cases sub-vertical), average Spq.. Orientation (121°), and average stress ratio (R=0.6,
indicating in this case a transpressive tectonic environment). R values vary along the
length of the Alpine Fault (Fig. [4.2)), however it should be noted here that the stress
ratio values have generally large uncertainties (see Table 1). Near Aoraki/Mount Cook
and in most areas further southeast, away from the surface trace of the Alpine Fault,
R values are larger than 0.5, representing a transpressive stress field. R values smaller
than 0.5 are mainly observed in the northeast and southwest parts of the examined
region (Fig. . The Spmaq. orientations, given their uncertainties, are consistent with
those of previous studies (Balfour et al., 2005; |Boese et al., [2012; | Townend et al., 2012}
Warren-Smith et al., [2017a)).

The average Spma, orientation in the central Southern Alps forms a high angle (~66°)
with respect to the strike of the Alpine Fault. On the northeast side of the fault
(hanging wall; bins 16, 24, 25 and 26; Fig. the Sgmaee orientations are almost
perpendicular to the Alpine Fault trace, forming angles of between 75 and 89°. In the
vicinity of Aoraki/Mount Cook (bins 6, 7 and 8; Fig. the same angle is substantially
smaller (48-63°). Overall, we observe an intermediate to high angle (>60°) between
SHmae and the central Alpine Fault over a ~150 km distance. Similar stress orientation
studies in the central section of the Alpine Fault (Boese et al., 2012 |Townend et al.l
2012)) found angles of up to 60°, suggesting low shear to normal stress ratios. The
angles between Sy, and the Alpine Fault in the two adjacent sections, the section to
the north in the greater Marlborough region (Balfour et all [2005) and the section to
the south near the Southern Lakes (Warren-Smith et al., 2017al), have both observed
similarly high angles. |Balfour et al.| (2005)) suggested that low coefficients of friction
or increased pore fluid pressure or a combination of the two cause the Marlborough
faults to be weak, while |Boese et al.| (2012) favored increased fluid pressures as the
explanation for the fault’s reduced strength for the central Alpine Fault. |[Warren-
Smith et al.| (2017a)) proposed that either the fault is weak or that it has undergone
significant rotations making it misaligned to the current stress. However even in that
case it would be mechanically easier to reactivate these existing structures rather than

creating new ones.

Boulton et al.| (2018) suggested that earthquake nucleation on a frictionally strong
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central Alpine Fault (1 >0.6; |Boulton et al| (2014)) based on hydrothermal friction
experiments) is only favoured by values of the stress shape ratio, ®=1-R, less than
or equal to 0.2 (equivalent to R >0.8). For more details on the relationship between
R values and the misorientation of the Alpine Fault refer to Fig. [C6| of Appendix [C]
adopted from (Boulton et al,2018). The stress parameters near Aoraki/Mount Cook
(bins 6 and 9; bin 32 is not included as it contains some focal mechanisms in the
footwall side), exhibit large R values, which means that this section of the fault might
be favourably oriented for reactivation. Further south and north along the central
Alpine Fault (bins 3, 8, 16 and 26) R values are generally small (® >0.6) suggesting
that, the fault there becomes severely misoriented for reactivation in the absence of

pore fluid overpressures (Boulton et al. 2018).

4.5.2 Temporal stress variations

The focal mechanism data used here cover almost a decade of microseismicity near the
central Alpine Fault. This continuity of the data set presents us with the opportunity
to investigate temporal changes in stress orientations near a major strike-slip fault
estimated to have a ~29% chance of rupturing in the next 50 years in a large magnitude
(M7-8) earthquake (Howarth et al.| (2018) and references therein). In the last decade,
there has not been an earthquake nearby large enough to produce obvious changes in
the stress parameters. However, there have been several large regional earthquakes
in the South Island (e.g. M7.8 Dusky Sound, M7.2 Darfield, M7.8 Kaikoura), that
might have affected the local stress field. We calculate the seismic energy density,
e, of the large regional earthquakes that occurred during the examined time period
of this study. Table summarises the details of these large regional earthquakes.
Seismic energy density, e, measured in J/m? can be approximated by an empirical
relation of magnitude-distance of the earthquake and can provide a useful indication
of the seismic shaking intensity imposed on a specific site (Wang, 2007, |O Brien et al.,
2016)). Moreover, because the Alpine Fault has a high probability of producing a large
earthquake in coming decades, it is crucial to examine whether there are any discernible

and systematic changes in stress.

To examine temporal variations of the stress tensor we use all the focal mechanism
data and do not perform any spatial clustering, because we did not observe any major
spatial variations in the stress parameters apart from slight variations in R values.
We divide the data set into 57 epochs of 20 observations with five focal mechanisms
overlapping in each epoch and calculate the stress parameters using the same Bayesian

approach as before (Arnold and Townend) 2007).

Fig. [£.4] summarises the results of the temporal analysis and reveals several key pat-

terns: 1) Symae Orientation values are consistent with time apart from a anticlockwise
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Table 4.2: Details of large regional earthquakes that occurred in the South Island from late
2008 to early 2017. Numbers within the parenthesis correspond to the regional earthquakes
plotted on Figs. [4.4] and A is the epicentral distance measured in km from the
earthquake hypocenter to the center of our seismic network. e represents the seismic energy

density of these earthquakes measured in J/m?>.

Earthquake Origin time (UTC) Latitude (°) Longitude (°) Depth (km) M, A (km) e (J/m?%)
Dusky Sound (1) 2009-07-15T09:22:29.3  -45.8 166.6 12.0 7.8 4375 0.38
Fiordland (2) 2009-08-05T08:31:37.4 -45.4 166.1 12.0 6.1 444.2 0.0
Darfield (3) 2010-09-03T16:35:41.8 -43.5 172.2 11.0 72 1294 1.84
Christchurch (4) 2011-02-21T23:51:42.3 -43.6 172.7 5.4 6.2 170.1 0.03
Cook Strait (5) 2013-07-21T05:09:30.5 -41.6 174.3 15.6 6.5 3454 0.01
Lake Grassmere (6) 2013-08-16T02:31:05.9 -41.7 174.2 7.5 6.5 327.7 0.01
Fiordland (7) 2013-12-16T12:07:24.9 -46.2 166.1 5.0 6.1 496.5 0.0
St. Arnaud (8) 2015-04-24T03:36:42.4 -42.1 173.1 51.5 6.2 2335 0.02
Kaikoura (9) 2016-11-13T11:02:56.3 -42.7 173.0 15.1 7.8 198.2 4.36
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Figure 4.4: Graph showing the distribution of Sp,q. orientations and stress ratio values,
R=(51-52)/(51—53), of each epoch with their uncertainties calculated using the Bayesian
approach of (Arnold and Townend), 2007)). Each epoch contains 20 focal mechanisms, five
of which are overlapping. Vertical grey bars depict the calculation’s uncertainties (80%
confidence bound), while horizontal grey bars show the time period covered by each epoch.
Vertical dashed lines indicate the time of occurrence of a number of large regional earthquakes
in the South Island (numbers indicate the regional earthquake details in Table 1- M7.8
Dusky Sound 2009, 2— M6.1 Fiordland 2009, 3— M7.2 Darfield 2010, 4— M6.2 Christchurch
2011, 5— M6.5 Cook Strait 2013, 6— M6.5 Lake Grassmere 2013, 7— M6.1 Fiordland 2013, 8—
M6.2 St. Arnaud 2015, 9- M7.8 Kaikoura 2016).
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rotation during late 2009 and late 2014 (the minimum value in late 2014 has a large
uncertainty). These two rotations in Sym.. appear to be anti-correlated with the corre-
sponding R values; 2) Syma, orientations and R values do not show any clear response
to any of the large regional earthquakes other than the Dusky Sound earthquake; 3)
The R values are mostly larger than 0.5, but fluctuate with large uncertainties; 4) Vari-
ability in the Sgmqe and R values mostly lie within the uncertainties of the calculations,

which impedes many interpretations.

In an attempt to resolve any temporal changes more clearly we have also computed
stress parameters a second way. As recommended by |Martinez-Garzon et al.| (2013))
and | Warren-Smath et al.| (2019)), we first use a joint iterative inversion (Vavrycuk, 2014))
to identify the preferred nodal plane (fault plane) of each focal mechanism. By doing
so, we eliminate the nodal plane ambiguity. We next use a different algorithm that can
be set to take into account a single nodal plane. In particular, we use the MSATSI
algorithm (Martinez-Garzon et al., [2014) based on SATSI (Hardebeck and Michael,
2006; |Michael, |1984) to compute stress tensors by applying a damped inversion to
resolve the stress field orientation for the data of each subregion (or epoch in our case)
taking into account the data from the adjacent subregions to smooth the solution. By
doing so, only strong changes in the stress tensor are retained, while variations arising

from artefacts like the data subdivision are smoothed.

The results from the damped approach described above are summarized in Fig. [4.5
which shows the variations of the plunges and trends of the three principal axes and R
values with time. Epochs depicted by circles include 20 observations from which five
are overlapping with the previous and subsequent epoch (same epochs as in Fig. . A
striking feature of this figure is that o; and o3 trends show remarkably small variations
and uncertainties with time. The o, axis is not shown as its trends are not well
constrained due to the axis being almost always close to vertical. R values are better
constrained and have a different distribution relative to the ones obtained with the
Bayesian method (Fig. . R values are remarkably uniform with time and all have
values larger than 0.5 for all the examined time periods, indicating a constant and

uniform transpressive tectonic environment.

As with the results obtained with the Bayesian method (Fig. we don’t in general
observe any clear response to the stress parameters after the major regional large
earthquakes. However, we observe a significant reduction in the plunge of o5 and an
increase in the plunge of o3 following the Dusky Sound earthquake (late 2009; Fig. ,
which implies a transition from strike-slip to reverse or an oblique reverse stress regime,
although the uncertainties here are large. We observe a similar reduction in o5 plunges
during 2015, but this change appears to be associated with the large uncertainties

in the probability density contours defining the stress axes (stereonet on top right of
Fig. |4.5)).
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\Boese et al| (2014]) observed remotely triggered seismicity after the Dusky Sound and

Darfield earthquakes but not after the Christchurch earthquake, and suggested a trig-

gering threshold associated with the dynamic stresses imposed by the surface waves

in the central Southern Alps. Boese et al.| (2014) also suggested that the triggered

swarms’ focal mechanisms are consistent with the favorably oriented faults and stress

regime (Boese et all, [2012, [2014). Our results imply that even though the seismicity

rates can be influenced by regional large earthquakes, the same does not necessarily

apply for the stress parameters.
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Figure 4.5: Variations of the trends and plunges of the three principal stress axes (57 red; S2
green and S3 blue) versus time with their respective uncertainties and time period overlaps
(upper two panels) calculated using MSATSI (Martinez-Garzon et all, |2014). Stress ratio
value, R=(51-52)/(51—S3), of each epoch is shown versus time (lower panel). Stereonets
show representative principal stress geometries for specific time periods. Vertical dashed
lines indicate the time of occurrence of a number of large regional earthquakes in the South
Island (numbers indicate the regional earthquake details in Table 1- M7.8 Dusky Sound
2009, 2— M6.1 Fiordland 2009, 3— M7.2 Darfield 2010, 4— M6.2 Christchurch 2011, 5— M6.5
Cook Strait 2013, 6— M6.5 Lake Grassmere 2013, 7— M6.1 Fiordland 2013, 8- M6.2 St.
Arnaud 2015, 9- M7.8 Kaikoura 2016).

A limitation of the temporal analysis described above is that spatial variation in stress

can be interpreted as temporal variation because the focal mechanisms analysed occur
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in different locations or different times (e.g. |Townend and Zoback (2001, 2006)). To
ensure that strictly time-dependent changes at fixed points in space are analysed, we
focus on four geographic clusters. In order to make sure whether there is any clear
effect in the stress parameters that might be related to the large regional earthquakes,
we define the epochs of each cluster before and after their origin times. We divide the

epochs around the five regional earthquakes with the largest seismic energy density
values (Table [4.2)).

The spatio-temporal variations of the stress parameters are summarised in Fig. [4.6]
Overall the stress parameters are uniform, not showing any major changes in either
time or space. Two observations that can be made from Fig. are: 1) an increase in
R values after the Dusky Sound earthquake in the two central subregions (clusters B
and C; Fig. ; 2) a decrease in the Spyq. angle after the Kaikoura earthquake and
a concomitant increase in R value for the southern central cluster (cluster C; Fig. [4.6)).
However, the limited number of focal mechanisms after the Kaikoura earthquake limit
further interpretations. Another pattern observed from Fig. highlights the impor-
tance of the dense seismic network of seismometers in providing enough observations
(e.g. the northeastern cluster, A, has only enough data after the deployment of the
ALFA-08 temporary seismic in that region, and the southwestern cluster, D, has sys-
tematically more observations after the southern expansion of the SAMBA network in

2014).
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4.5 Discussion

4.5.3 Shear and normal stress components along the Alpine
Fault

To further examine the stresses acting on the Alpine Fault specifically, we calculate
the shear and normal stress components on the fault assuming a representative fault
plane geometry with a strike of 055° and dip of 50°. This average fault structure is
inferred from results obtained by seismic tomography (Guo et al., 2017)), surface struc-
tural (Norris and Cooperl, |1997), reflection (Stern et al., [2000) and geodesy (Beavani
et al.,, 1999). A number of tests were performed with different dip angles between
50 and 60° and the results were consistent with each other. To estimate the stress
components on the fault plane, we cluster all the focal mechanisms determined in this
study and calculate the stress orientations using the same Bayesian approach as above
(Arnold and Townend, 2007). Details of the calculation of the shear to normal stresses
with the assumed Alpine Fault plane are described in Appendix [C] The normal stress

component, ,, is given by the following relation:

on=T-n (4.2)

where T is the traction vector on the normal unit vector n of the inferred Alpine Fault

plane. The shear stress component is then given by:

Tn=T — o (4.3)

The distribution of the shear to normal stress ratio, 7,/0,, along the length of the
Alpine fault is shown in Fig. [4.7 Tests with different fault plane dip angles were per-
formed dip angles larger than 70° and smaller than 50° all gave results where all the
measurement values had larger normal than shear stress components. We do not ob-
serve any dominant pattern of the distribution of the shear to normal stress ratio along
the length of the central Alpine Fault. Considering the relative small number of obser-
vations (i.e. 19 stress inversions) used here and the assumptions used to estimate the
structure of the Alpine Fault in depth (e.g. inferred dip angle, uniform fault geometry)
the following interpretations can be made. Relative magnitudes of the shear to normal
stress ratios appear to be 7,/0, > 1 near Aoraki/Mount Cook (Fox Glacier; Fig. |4.7))
while 7, /0, < 1 is observed further to the northeast (Whataroa; Fig. . These rel-
atively high shear to normal stress ratio values near Aoraki/Mount Cook imply that

the current stress orientation there might be more favourable for fault reactivation.
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Figure 4.7: Distribution of the normal, o, (red), shear stress, 7, (blue), component and
their ratio 7, /0, values projected along the length of the inferred Alpine Fault plane (6=55°,
d=>50°). Circle sizes represent the perpendicular distances from the inferred fault plane (see
legend in lower graph).

4.6 Conclusions

We present the longest focal mechanism data set constructed for the central Alpine
Fault to date, which encompasses almost a decade of microseismicity. We calculate
845 focal mechanisms, the majority of which occur within the southeastern side of the
Alpine Fault (hanging-wall) and correspond to strike-slip faulting. Maximum horizon-
tal compressive stress orientations vary from 99° to 144° with a mean value of 121+£11°
at the 80% confidence level and are relatively uniform and consistent in space. This
results in a high angle of ~65° between the average Spq. and the strike of the Alpine
Fault, which suggests that the central section of the Alpine Fault is unfavorably ori-
ented for failure. Temporal variations in the stress parameters are minor and show
no trend to the occurrence of large regional earthquakes. Variations of shear to nor-
mal stress ratio along an inferred Alpine Fault structure at depth do not show any
clear pattern. Cumulative seismic moment release is relatively uniform near the Alpine
Fault, and does not show any trend that could be related to fault-perpendicular or

fault-parallel distances.
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5 Crustal thermal structure and exhuma-

tion rates near the central Alpine Fault

This chapter discusses some implications of the microseismicity catalog constructed in
Chapter [3] for the crustal thermal structure of the crust near the central Alpine Fault
and for exhumation rates. The chapter is subdivided into eight main sections. The
first is the abstract followed by a general introduction to the work. The following three
sections provide a description of the seismicity data set and the analysis performed
on it, a description of the crustal thermal structure calculated, and the exhumation
estimates based on seismicity observations alone. The final, three sections introduce the
thermochronology data, outline the optimization process used, and show and discuss

the modelling results.

5.1 Abstract

The hypocenters of 7,719 earthquakes that occurred in the central Southern Alps be-
tween late 2008 and early 2017 and published thermochronology data from near the
central Alpine Fault are used to investigate exhumation rates and the thermal structure
of the crust, in the hanging wall of the fault. We obtain an initial estimation of the
distribution of orogenic uplift rates and crustal thermal structure by fitting the seis-
micity observations to a 1-D thermal model. We then combine both the seismicity and
the independent thermochronological ages with a simple model of thermal structure
beneath the central Southern Alps to estimate local exhumation rates. As calculated,
exhumation rate estimates vary from 1 to 8 mm/yr, with maximum values observed in
the close vicinity of Aoraki/Mount Cook, which are consistent with geologic and geode-
tic observations. We calculate a temperature for the brittle-ductile transition in the
range 440-457 °C, which is consistent with the temperatures expected for feldspar-rich

crustal lithologies.
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5.2 Introduction

We use the distribution of hypocentral depths of crustal seismicity and thermochronol-
ogy data as constraints with which to examine the thermal structure of the crust of
a young transpressive active orogen, the central section of the Southern Alps, South
Island, New Zealand. The Southern Alps orogen is formed by the interaction between
the Australian and Pacific plates (Walcott), |1998) and is bounded to the west by the
Alpine Fault, a major active plate boundary oblique strike-slip fault of ~800 km length
(Wellman and Willet},[1942)). The orogen is structurally and kinematically highly asym-
metric, exhibiting high rates of uplift, exhumation, rainfall and erosion within a thin
layer between the Alpine Fault and the Main Divide (Koons et al., [2003)).

Rapid exhumation rates have previously been computed for the Southern Alps from
geological (Norris and Cooper), 2001}, |Little et all 2005; Herman et al., 2007, 2009;
Wellman|, 1979; |[Kamp et al), 1989) and geodetic data (Beavan et al., [2010, 2004).
Wellman/| (1979) derived vertical rates in the central Southern Alps of as much as 10
mm/yr using Quaternary faulting measurements. Fission track dating studies (Kamp
et al., |1989; |Tippet and Kamp, |1993) highlighted the relation between zonations of
cooling ages and exhumation rates in the Southern Alps. |Little et al.| (2005) mapped
contours of fission-track, Ar/Ar, and K-Ar ages in several different minerals to estimate
uplift rates near the central Alpine Fault and found a maximum vertical exhumation
rates of ~6-9 mm/yr near Fox and Franz Josef Glaciers. |Beavan et al.|(2010)) calculated
the relative vertical component of velocity across the Southern Alps using 10 years of
continuous and semi-continuous GPS data, and determined a peak uplift rate of ~5
mm/yr near the Main Divide on a transect across the Southern Alps (Beavan et al.,
2004]).

One of the first thermal structure models of the Southern Alps was suggested by |Koons
(1987)) that considered the Alpine Fault as a vertical discontinuity, uplift rates of around
10 mm/yr east of the fault, a 4 Myr age for exhumation of the Southern Alps and heat
transfer taking place by conduction. Koons’ (1987) model suggested a ~5 km zone of
rapid uplift adjacent to the Alpine Fault. The crust there has reduced strength due to
thermal weakening that produces a high-strain zone. More recent thermal models (e.g.
Allis and Shal, 1995} (Shi et al., [1996; |Toy et all 2010} |Cross et all 2015 |Sutherland
et al., 2017) all indicate high temperatures at shallow depths near the Alpine Fault,
particularly in a narrow zone of 10—25 km width immediately southeast of the fault’s
surface trace. A manifestation of theses enhanced temperatures is the existence of hot
springs in the area (e.g. Allis et al., [1979; |Cox et all 2015).

Temperature, along with other parameters (e.g. strain rate, fluid pressure, and rock

composition), play an important role in controlling the distribution of seismicity with
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depth (Chen and Molnar, (1983} |Sibson, (1984} |Scholz, 1990)). Temperature increases
with depth, which means that at a certain depth, or a range of depths, in the crust
rocks transition from brittle to ductile rheological behaviour (brittle ductile transition
zone; BDT) and are unable to withhold brittle deformation (i.e. earthquakes; |Cheni
and Molnar, |1983). This depth roughly corresponds to the lower limit of the seismo-
genic layer, hereafter referred to as the seismicity “cut-off depth” (Sibson) 1982, 1984;
Jackson), 2002} |Scholz| [1988)). Therefore the distribution of the hypocentral depths can

provide direct observational constraints on the strength and temperature of the crust.

Here we investigate the thermal structure of the crust in the Southern Alps using
seismicity (Chapter [3} [Michailos et al], [2019) and thermochronology observations as
constraints. This is the first study to combine short-term (late-interseismic) seismicity
data with the longer-term thermochronology data that is expected to further constrain

the crustal thermal model and the vertical kinematics of the orogen.

5.3 Earthquake hypocenters analysis

We analyze the distribution of the 7,719 hypocentral depths from the relocated micro-
seismicity catalog of Chapter |3| (Michailos et all 2019)) that covers the central section
of the Alpine Fault for the time period between late 2008 and early 2017. As described
in Chapter (3] this earthquake catalog was created by combining raw seismic waveform
data from five different temporary deployments and five permanent GeoNet seismic
sites. It includes the largest number of high precision earthquake locations to date for
the central Southern Alps region (location uncertainties are generally smaller than 0.5
km in both horizontal and vertical directions). The GeoNet catalog in the same area
and for the same time period contains around 2,151 locations of mostly fixed depths
(Fig.[5.1)). Therefore, this large and highly accurate seismicity dataset provides us with
a unique opportunity to examine the crustal thermal structure near the central Alpine
Fault in a unprecedented detail. We include all the relocated earthquake locations
and do not perform any declustering as we have not observed any major aftershock se-
quences, and seismicity mainly consists of swarms of low-magnitude earthquakes during
the last eight years (Boese et al., [2012; |Michailos et al., | 2019; |Boese et al., 2014).

Upper and lower seismicity cut-off depths

To investigate the seismicity in space, we divide the study area into sub-regions using
a recursive quadtree clustering algorithm following the method described by |Townend
and Zoback| (2001, 2004). The sub-regions obtained with this method consist of a mesh

of square bins that are smaller and denser where there are more earthquakes (Fig. [5.3)).

93



5.3 Earthquake hypocenters analysis

Depth (km)
— —
Ul o

N
o

=== Mean (9.3 km)

25¢ . 90th perc (16.0 km)
E= This study
1 GeoNet

30y 100 200 300 2400 500

Number of events

Figure 5.1: Histogram of earthquake hypocentral depths for the relocated central South-
ern Alps microseismicity (2008—2017) earthquake catalog used in this work (grey). Along
with the earthquake depth distribution histogram for the GeoNet catalog (for comparison
purposes) for the same area and time period (orange).

By doing so, we take into consideration the lateral variations of hypocentral depths.
We examine the distribution of seismicity in depth (Figures and of Appendix@
and parameterize the cumulative distribution of hypocentral depths, including location

uncertainties, that lie within each bin.

We use cumulative distribution functions of hypocentral depths for earthquakes in
each bin to calculate the upper (z1099) and lower (zp) limits of seismicity in each bin.
Specifically, we fit a linear regression line to the cumulative distribution functions
bounded from 10 to 90 % of the cumulative distributions (Fig. p.2). We exclude the
upper and lower subsets of the cumulative distributions for the following reasons: 1)
the top limits of these distributions are expected to be poorly located as earthquake
locations tend to be less accurate at shallow depth (<5km); and 2) the bottom limit
of these distributions is likely related to different tectonic processes below the brittle-

ductile transition (i.e. in the deeper ductile part of the crust that is not of interest here;

Fig. and c).
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Figure 5.2: Cumulative distribution function of hypocentral depths within bins 17, 41, 64
and 74 (spatial distribution of the bins is shown on Fig.|5.3|). Red lines depict linear regression
that fits the 10-90 % interval of the observations. The 10-90 % interval is bounded by the
black dashed lines. Red and black squares show the lower seismicity cut-off depth (0%) and
the upper seismicity cut-off depth (100%) calculated by the predicted values from the linear
regression, respectively.

Using these fitted linear regression lines we estimate values for the lower seismicity cut-
off depth (0%) and the upper seismicity cut-off depth (100%), as well as the standard
errors. Figure shows four distinct hypocentral distributions with their fitted linear
regression lines and the upper and lower seismicity cut-off depth estimates. We exclude
bins that have <30 observations, which are mainly located at the periphery of the
seismic network, because their cut-off depth estimates have large uncertainties (e.g. bin
74; Fig. [5.3d). Details for the rest of the bins can be found in Figures and of

Appendix [D]

Seismicity cut-off depths

The results obtained from analysis of hypocentral depths along the central Southern
Alps are summarised in Fig.[5.3] Three sections of the region exhibit distinctly different

distributions of hypocentral depths.
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In the northeastern section of the central Southern Alps (near Harihari and Ross,
Fig. , lower seismicity cut-off depths are >15 km, reaching in some of the bins up
to 23 km depths, which is slightly deeper than typical crustal seismicity depths (e.g. 5-
20 km; |Bourguignon et al., |2015). Upper cut-off seismicity depths are all <10 km
(Fig. resulting in seismogenic crustal thickness generally greater than 15 km. In
contrast, in the southwestern part of the central Southern Alps (near Fox Glacier and
Franz Josef Glacier, Fig. the lower cut-off seismicity depths are generally shallow
(<12 km) in the vicinity of Aoraki/Mount Cook. Upper cut-off seismicity depths near
Aoraki/Mount Cook are mostly <5 km, which outlines a relatively thin seismogenic
layer in the upper part of the crust. In the middle of the examined region (close to
Whataroa, Fig. bins 25, 41, 42, 43 and 44) lower cut-off seismicity depths vary from
15 to 17 km, and the upper cut-off depths are 10-12 km. This highlights a particularly
thin seismogenic layer, but located deeper in the crust (>10 km), with an absence of
seismicity in the shallow part of the crust (<10 km). This region of deeper seismicity
corresponds to the previously identified Whataroa seismic gap (Leitner and Eberhart-
Phillips, 2001} |Boese et all 2012; |Michailos et al., 2019). In general, seismogenic
layer thickness in the central Southern Alps is <12 km (Fig. of Appendix [D)). The
maximum and minimum seismogenic layer thickness values are observed northeastern
of Harihari (>20 km) and around Aoraki/Mount Cook (<5 km), respectively.
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5.4 1-D thermal modeling

5.4 1-D thermal modeling

To calculate the crustal thermal structure we assume 1-D steady state exhumation.
The depth to the base of the block is constant (Zpasg). Material moves through
the block at a constant rate such that the flux in equals the flux out. The base
and top of the block have constant temperatures of Tgasrg and Ty, respectively. We
assume a constant temperature of 13°C at the upper boundary (Zo; sea level) and
do not include considerations related to variations of temperatures caused by thermal
diffusion with the circulation of meteoric fluids (Cox et al., |2015; |Sutherland et al.
2017). This assumption was applied farther south in the Southern Alps by |Upton and
Sutherland| (2014) and |Sutherland et al.|(2009). Effects of lateral strain rate variations
are neglected in our model. We also infer a topographic steady state, where rock uplift
rates are equal to exhumation rate, which is applicable for uplifting regions with high
erosion rates (Adams, [1981; |Herman et al., 2007, 2009).

The 1-D temperature-depth profile is given by the following second-order differential

Equation:

d*T drT drT

where z is the depth in (km),  is the thermal conductivity, C' is the volumetric heat
capacity, H is the volumetric heat productivity, v is the exhumation rate, T is the
temperature, and ¢ is the time. At steady state, trying a solution of the form 7" = Ae"™

yields the general solution:

C H
T(z,v) = A; + Agexp (?Uz) + T (5.2)

where Ay, A; are the solutions of the second order differential Equation when applying

two boundary conditions (z = Zy, T =Ty and z = Zgase, T = Teask):

(Tease — To) — 2=(Zpase — Zo)

Ay = 5.3

’ exp (2 Zpase) — exp (£22) (5:3)
H

Al = TO - AQ exXp (@Z(]) - _ZO (54)
K Cv

The analytical solution of the 1-D thermal structure depth profile can be found in the
Appendix [D] We use the following boundary conditions and assumptions:

1. A thermal conductivity of 3.2 Wm™'K~!, a volumetric heat productivity of

3.0x107% Wm~3 and a thermal diffusivity of 2.0x107% m?s~!, respectively, mea-
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sured on rock samples from typical lithologies of the Alpine Fault hanging-wall
(Janku-Cdpovd, 2018).

2. A temperature of Ty=13°C at sea level, which is close to the mean annual tem-
perature and imposed as the upper boundary condition (Sutherland et al., [2009;
Upton and Sutherland), |2014)).

3. A temperature of Tppr=450°C, at the brittle ductile transition zone (Scholz|
1988; |Stbson, [1984), though we later allow this to vary.

4. A decollement depth of Zgasr=35 km, imaged with geophysical techniques dur-
ing the SIGHT experiment (Stern et al.l 2007; |Davey et al., [2007)).

5. A temperature of Tg5r=550°C for the depth of the decollement, based on ther-
mobarometric estimates from high-grade mylonites exhumed in the hanging-wall
from the lower part of the crust due to the convergent component of slip (7oy
et al., 2010; | Vry et al.l 2004 Norris and Toy, 2014} | Upton et all 1995; Toy et al.,
2008)).

Solutions are shown in Fig. [5.4, The general shape of the temperature profiles with
depth, derived here (Fig. , are in general agreement with those previously suggested
by (Toy et al.,[2010;|Cross et al.,[2015;|Koons,|[1987). They exhibit a high upper-crustal
geothermal gradient and a lower geothermal gradient in the deeper parts of the crust.
Temperature profiles corresponding to rapid uplift rates exhibit an inverted shape in
deeper parts of the model (Fig. [5.4). This is because heat production occurs during
advection, as the tectonic processes occur much more rapidly than the loss of heat
by conduction |Koons| (1987). This thermal feature of the model is consistent with a
prograde metamorphism during advection (e.g. fluid inclusions and peak temperature
of ductile deformation; |Upton et al. 1995; |Toy et al., 2008)).

5.5 Thermochronology data

Thermochronology data provide measurements of the timing and rates at which rocks
cool as they move towards the surface during exhumation (Dodson, [1973). The age
estimates are based on the natural occurring radioactive decay or spontaneous fission
of a parent nuclide and the accumulation of a corresponding daughter product such as
new nuclei (e.g. (U-Th)/He dating) or crystal damage (e.g. fission-track) (Peyton and
Carrapal, 2013).

At high temperatures and/or depths, the system is reset and daughter products do

not accumulate in the system. For example, He atoms are not retained (U-Th/He
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Figure 5.4: Temperature and depth profiles for an exhuming block in the central Southern
Alps region with varying exhumation rate values (0, 2, 4, 6 and 8 mm/yr). Grey and black
dots represent the two boundary conditions used for the surface and the depth of the decolle-
ment, respectively. Previous temperature profiles from |Cross et al.| (2015) and |Toy et al.
(2010) are also shown in grey dotted and dashed lines, respectively.

dating) or fission tracks are healed (annealed). With decreasing temperatures and/or
depth, a temperature or depth range exists over which daughter products start to be
retained in the system (Reiners and Brandon) [2006). These temperature ranges are
called the partial retention zones (PRZ; (U-Th)/He) and partial annealing zones (PAZ;
fission-track). The annealing process for crystal damage occurs over a range of tem-
peratures for different thermochronometers (e.g. Apatite fission-track, AFT, 80-110°C;
Zircon fission-track, ZFT, 190-230°C and Zircon (U-Th)/He, ZHe, 140-180°C; |Reiners
et al., 2004; | Tagamal, 2005} |Gleadow and Duddy, [1981). Using the cooling age infor-
mation a single temperature on the cooling path can be defined; this is known as the
effective closure temperature, T. (Dodson, 1973; |Reiners and Brandon), 2006). Thus,
by considering multiple thermochronometric systems with contrasting closure temper-
atures in coalition, detailed time-temperature paths can be constructed for samples
and converted into exhumation rates. Table summarises the closure temperatures

as a function of cooling rate for different thermochronometers (Reiners and Brandon,
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2006).

Table 5.1: Effective closure temperatures (T.) as a function of cooling rates for ZHe, ZFT,

and AFT thermochronometers adopted from (Reiners and Brandon), 2006]).

Cooling rates AFT ZFT ZHe
(°C/Myr) (°C) (°C) (°C)

0.1 80 190 140

1.0 100 210 160

10.0 120 230 180

100.0 145 255 205

There are a total of 194 thermochronological AFT, ZFT and ZHe age estimates avail-
able across the central Southern Alps conducted by previous studies (Fig. [5.6}

et al., 2007, 2009; | Tippet and Kamp), |1993; |[Ring and Bernet, 2010; | Kamp et al., |1989;

\Batt and Braun), 1999; |Batt et al., 2000; Seward), |1989)).

Including the thermochronology data in our model, which cover a long-term period of

the kinematics of the orogen, makes the assumption of a steady state in our models

problematic. This is because the geothermal structure is changing with time and it

was less likely to be in steady state in the past, due to an acceleration in exhumation

rates and plate convergence with time. To cope with this issue, we only consider ages

less than 10 Ma (132 out of the total of 194; Fig. [5.5)).
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Figure 5.5: Histogram of apatite fission track (AFT), zircon fission track (ZFT), and zircon
U-Th/He (ZHe) thermochronological ages (Ma) near the central Alpine Fault, same data as

in Fig. [5.6]
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Figure 5.6: Maps showing the spatial distribution of thermochronological ages near the central Alpine Fault (Herman et al.| 2007, 2009} | Tippet and
|Kamp| 1993 |Ring and Bernet| 2010} Kamp et al.| 1989} |Batt and Braun||{1999| Batt et al.| 2000} Seward)| 1989), coloured according to their estimated
ages (see color scales). (a) AFT is apatite fission track. (b) ZFT is zircon fission track, and ZHe is zircon U-Th/He. HF is the Hope Fault.
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5.6 Regional exhumation rate

We calculate a model of the crustal thermal structure using 45 seismicity and 132 ther-
mochronology observations. A major advantage of incorporating the thermochronology
observations is that the models will better constrain the longer-term vertical kinematics
of the orogen. In addition, because the thermochronometers are independently esti-
mated based on their corresponding closure temperatures, we can solve for the Tgpr

temperature as well as for the exhumation rates.

We define a grid of 55 points: five lines of 11 points parallel to the Alpine Fault, with
a spacing of ~20 km. We use a relatively coarse grid for simplicity. The 22 points
at the northwestern-most and southeastern-most lines are assigned fixed exhumation
rates of 0.1 mm/yr, while the 34 points in the interior have adjustable exhumation
rate parameters (including a Tgpr temperature parameter throughout the model).
The model has two fixed parameters that are based on independent geological and
geophysical studies (e.g. Zpasp=35 km, Trasp=550°C; |Vry et all 2004; Toy et al.,
2010; |Stern et al., [2007; |Davey et al., [2007).

We create an interpolated 2-D surface of the exhumation rate values within the limits
of the grid to define exhumation rate, v”"*? at the location of each thermochronolog-
ical or seismicity observation. In the case of thermochronology observations, we use
exhumation rate to estimate the temperature profile with depth at the location of the
datum using Equation [5.2] Having estimated the temperature profile and knowing the
effective closure temperature of each thermochronometer, we obtain the total amount
of exhumation, Z., that has occurred since the cooling age. We calculate the predicted

age, APrd using the following Equation:

Z.+7T

Upred

Apred — (5.5)

where T is the elevation at which the thermochronology sample was collected. The

thermochronology observations misfit, ()7, is then calculated:

m (Aqbs _ Apred)g
Qr=>) — — J (5.6)
j=1 J

Here m is the number of thermochronology observations and o; is the error measure-

ment of each observation.

In the case of the seismicity observations, we again estimate the temperature profile,
using Equation and obtain the predicted depth of the brittle-ductile transition, ZP"¢?

according to the value of Tgpr (that is adjustable during the optimization iterations).
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The effects of lateral strain rate variations are not considered when calculating ZPr*?.

We calculate the misfit between observed and predicted brittle-ductile depths as:

n

obs __ pred 2

ok
=1 i

where n is the number of seismicity observations and o; is the standard error of
Z100=22 (the line fitting the cumulative distribution of the hypocentral depths; Sec-
tion .

To compute the total misfit of each iteration of the optimization process we need to
combine two different types of uncertainties. On the one hand, seismicity uncertainties
are estimated taking into account the lateral variability of seismicity depths within
bins (i.e. real spatial variability; Section . On the other hand, thermochronology

uncertainties represent analytical measurement errors.

In order to cope with this discrepancy between the nature of the uncertainties of the
two different datasets, we introduce a regularization parameter « that controls the
weight attached to the two types of misfits when minimizing the total misfit. The total

misfit is calculated as below.

Q=aQr+ Qs (5.8)

We calculate four different models with varying « values (three for steady state and
one with an initial state for the thermochronology data). The first model has a=1.0,
meaning that both datasets have equal weight; the second has an a« = n/m and removes
the weight from the different number of observations; and the third model has an «
value that normalises the different type of uncertainties and the different size of the two
datasets (i.e. seismicity and thermochronology) so that o Qr = Qs («=0.70). Finally,
the fourth model assumes an initial geotherm established before the exhumation process
in the Southern Alps orogen started. Therefore, in this model when calculating the
temperature-depth profile, using Equation [5.2] the exhumation rate is set equal to a

small value (i.e. vP"°¢=0.0001 mm/yr).

5.7 Model results

5.7.1 Exhumation rates based on seismicity

As an initial model, we only use seismicity observations to obtain estimates of ex-

humation rates. Since seismicity observations span a short time scale, compared to
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thermochronology data, the steady state assumption is likely to be valid. We use
the lower seismicity cut-off depth values (zp) and assume that they correspond to the

brittle-ductile transition at Tgpr.

Rearranging Equation [5.2] and setting T=Tppr and Z=z, we solve for the exhumation
rate, v. For the assumed Tgpr temperature of 450°C, we obtain an exhumation rate
estimate for each bin containing >30 earthquakes that lies in the hanging wall of the
Alpine Fault. We exclude bins on the periphery of the seismic network (bins 5, 6, 26, 29,
62, 76; Fig.[5.3). Details of these estimates are summarised in Table of Appendix@
However, even in the case in which a bin contains a large number of earthquakes that
does not necessarily accurately constrain the seismicity cut-off depths. This issue is

dealt by following the analysis described in Section |5.3|

Exhumation rates calculated as outlined above, using the temperature depth profiles
vary from 1 to 11 mm/yr (Fig. [5.7). We observe the highest exhumation rates (>6
mm/yr) near the vicinity of Aoraki/Mount Cook. These exhumation rates are in close
agreement with the lowest hornblende cooling ages related to exhumation rates of up
to a maximum value of ~6-9 mm/yr by |Little et al. (2005). The most striking aspect
of Fig. is the large difference in exhumation rate (~8mm/yr) over a relatively short
along-strike swath (<100 km) of the Alpine Fault.

5.7.2 Exhumation rates on base of seismicity and thermochronol-

ogy

Figures [5.8H5.11| summarise the results obtained from the four different models con-
sidered. All models, including the fourth which is based upon a different assumption,
provide very similar patterns of exhumation rate variation in the Southern Alps. In
particular, exhumation rates vary from 1-8 mm/yr along the length of the central
Alpine Fault, with the highest values (6-8 mm/yr) observed close to Aoraki/Mount
Cook. The lowest exhumation rates (<2 mm/yr) are consistently observed in the
northeastern part of the examined region (near Harihari and Hokitika; Fig. [5.8a) for
all the models. In the southwestern part of the examined region (near Haast; Fig. ),
exhumation rates are generally >1 mm/yr for the first three models (i.e. steady state
models with varying « values) and significantly larger (2-3 mm/yr) in the last model
that considers an initial geotherm (exhumation rate = 0.0 mm/yr; Fig. prior to
the exhumation initiation. The distribution of the residuals for the all the models
(Fig. [5.8b, [5-9b, p.10b, p.11p) exhibits a detailed local variability in the central part of
the examined region (more observations) indicating a good fit between the models and
the observations. Long-wavelength signals are mostly observed in the periphery of the
examined region. The residuals of the third model (Fig. [5.10b) has the lowest values.
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Figure 5.7: Contoured distribution of the exhumation rates along the central Southern Alps
based on seismicity and assuming that the base of the seismicity corresponds to a temperature
of Tppr=450°C. Circles represent the exhumation rate calculations obtained from the bins

defined in Fig. [5.3|that contain >30 observations and their colors denote the exhumation rate
values (see color scale). Orange diamonds depict the distribution of the GPS sites.

Our exhumation rate findings are consistent with those suggested by [Wellman| (1979));
|Tippet and Kamp| (1993)); |Little et al. (2005), who each inferred rapid uplift and ex-
humation rates in the central part of the Southern Alps using geological data (e.g. Qua-
ternary faulting, fission track ages). In particular, [Little et al| (2005) suggested max-

imum uplift rates of ~6-9mm/yr in a small region near Franz-Josef and Fox glaciers

that is in close agreement with our modeled results here. Moreover, our final results,
from model 3, are very similar to the geodetically estimated uplift rates of ~5mm /yr
obtained by Beavan et al| (2010) along the GPS transect across the Southern Alps
(Fig. [5.12). Exhumation rate estimates calculated here (Model 3) follow the same pat-

tern as the geodetic observations and have slightly larger values (~1.3 mm/yr; within

the geodetic observations confidence limits).
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The earthquake hypocenter temperatures obtained from the three steady state mod-
els (Fig. , , ) based on both seismicity and thermochronology data are
very similar to each other. Their Tygin, Thedqian and Tepr values are 491-509°C, 387—
393°C and 442-444°C, respectively. Earthquake hypocenter temperatures from the
fourth model (Fig. [5.11)), incorporating the initial geotherm before the initiation of
the exhumation in the Southern Alps, exhibit slightly hotter temperatures (T, edian=
396°C, Typin= 496°C and Tppr=457°C; Fig. m) compared to the results from the
first three steady state models. These earthquake hypocenter temperatures and the
Tgpr are slightly hotter than expected for crust composed mainly of quartz-rich rocks
(i.e. 300-350°; |Sibson), 1984). However, these temperature ranges are similar to those
expected for a crust consisting of feldspar-rich rocks (i.e. ~450°; |Sibson/, [1984; |Bonner
et all |2003)). This is consistent with the presence of feldspar-rich mafic rock compo-
sition in some parts of the crust (e.g. Pounamu Ultramafic Belt; |Norris and Cooper,
2007)). Another explanation for these relatively hot earthquake hypocenter tempera-
tures is the existence of locally increased strain rates (Bourguignon et al., [2015; |Lamb
and Smath, 2013). An increase in strain rate results in an increase of the Tppr value
((Stbson, (1984)).

Fig.|5.13|shows a cross-section of the seismicity hypocenters and the 100, 200, 300, 400
and 500 °C isotherms along cross section A—A’ marked in Figure [5.10 The distribu-
tion of the isotherms depends upon the temperature at the brittle-ductile transition
defined by the models. We use the value of Tgpr=440°C that we obtained from the
three steady-state models. We observe a dense distribution of the isotherms beneath

Aoraki/Mount Cook that correlates with the shallow seismicity there.

Having established the thermal structure, we can obtain an approximation for the
geothermal gradients at the locations of the seismicity observations (where Zpasg
is known). The geothermal gradient estimates range from 16 to 74°C/km, with the
highest values coinciding with the areas of high uplift and shallow seismicity cut-off
depths. The range of these estimates lies within those obtained by |Sutherland et al.
(2012) in the DFDP-1B borehole at Gaunt Creek (62.6+2.1°C/km). However, our
geothermal gradient estimates do not agree with the extreme geothermal gradient of
1254+55°C/km observed in the DFDP-2B borehole at Whataroa Valley (Sutherland
et al., 2017). This difference in the geothermal gradient near Whataroa is due to the
local topographically driven fluid movement that accumulates the heat into the valleys
(Townend et all 2017; |Sutherland et all 2017), a feature that we have not included in

our modeling as it was considered to be beyond the scope of this study.
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Figure 5.8: Summary of results from the first model that includes both the seismicity
and thermochronology observations equally weighted in the optimization process (Modell;
a=1.0). a) Contoured distribution of the exhumation rates along the central Southern Alps
based on seismicity and thermochronology data. Circles represent the models grid points and
their colors denote the uplift rate values (see color scale). Orange diamonds depict the distri-
bution of the GPS sites. b) Spatial distribution of the standard residuals of both seismicity
and thermochronology observations. c¢) Temperature distribution of individual earthquakes.
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In general, well performing models have misfit values (@) that are approximately equal
to the size of the dataset used. However, this is not the case here, where the values
range from 32,000 to 48,000 corresponding to relative large residuals >2. This occurs
for two main reasons. First, the models presented here are simplified and coarse and
therefore cannot depict the real local variation in exhumation rates (i.e. small-scale
faulting is impossible to be captured by our models). Second, due to limitations in
the seismicity data used here. The time interval covered by the earthquake data is too
short to establish the real variability of the exhumation rates. In addition, assuming
steady state for the whole of the examined region in the central Southern Alps might
also be problematic. Steady-state is suggested to apply only locally in the region of
rapid exhumation (Koons|, (1987, |Allis and Shil, [1995)). However, the simple crustal
thermal structure constructed here can provide a good estimation the broader picture

of the distribution of exhumation rates, which matches the goals of the present work.
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Figure 5.12: Cross-section of interpolated exhumation rate (dashed grey line) estimates from
model 3 along the GPS transect across the Southern Alps (Beavan et al. [2004)). Vertical rate
GPS estimates (red dots with 95% confidence limits) are obtained from Table 1 of |Beavan
et al|(2010). The locations of the permanent GPS sites are shown in Figures |5.8H5.11
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5.8 Conclusions

This study marks the first attempt to combine two different types of data (i.e. seismicity
and thermochronological) in order to calculate a crustal thermal model and estimate
the exhumation rates in the central Southern Alps region. Our approach enabled us to
also estimate the temperature at the lower cutoff depth of the seismicity (Tppr=440—
457°C). The most significant finding to emerge from the modeling performed in this
study is the exhumation rate estimates and their variation (1-8 mm/yr) along the
length of the Alpine Fault. These results are in good agreement with existing geologi-
cally (Little et al., 2005) and geodetically (Beavan et al.,2010) determined rates. The
highest uplift rates are observed near Aoraki/Mount Cook.

Further analysis of the distribution of the hypocentral depths in the central Southern
Alps region, highlights the previously observed seismicity patterns (Boese et al.; 2012}
Bourguignon et al., 2015 |Michailos et al.,|2019). These can be summarised as follows:
1) a lack of seismicity in the lower part of the crust (> 10 km) near Aoraki/Mount
Cook; 2) a lack of seismicity in the upper part of the crust (<10 km) near the Whataroa

valley; and 3) a relatively thick seismogenic layer (> 20 km) near Harihari and Ross.
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6 Synthesis

The following is a summary and synthesis of the main results. The chapter begins with
a description of the main research findings along with their implications, significance,
and limitations. Finally, some future work suggestions are provided. These results
have either been published or are being prepared for publication in international peer-

reviewed journals.

6.1 Summary of key results

Chapter @: Variations in seismogenic thickness along the central Alpine

Fault, New Zealand, revealed by a decade’s relocated microseismaicity

This study has highlighted a major variation in the seismicity characteristics along the
length of the Alpine Fault by constructing the largest and most complete, to date, mi-
croseismicity earthquake catalog. Overall, 9,111 absolute earthquake hypocenters were
located, of which 7,719 were relocated with double-difference techniques (Waldhauser
and Ellsworth| 2000). Uncertainties of the relocated hypocenters are in general, less

than 500 m on both vertical and horizontal directions.

e Seismicity near Aoraki/Mount Cook exhibits extremely shallow hypocentral depths
(<10 km) and low—magnitudes (M}, <1) (black cross; Fig. [6.1)). Approximately
70 km to the northeast (between Harihari and Ross; Fig. the seismic char-
acteristics are notably different. Earthquake magnitudes are generally larger
(M}, >2) and hypocentral depths extend to deeper parts of the crust as much as
22 km.

e These two distinct seismic zones, described above, occur on either side of the
previously identified Whataroa seismic gap (Leitner and Eberhart-Phillips, [2001;
Boese et al.,2012), a seismically quiescent region. Seismic activity there is almost

absent down to hypocentral depths of around 7—10 km (WG; Fig. [6.1]).

e Seismogenic cut-off depths range from less than 10 km near Aoraki/Mount Cook
to more than 20 km in the northeast (Fig. [6.1)).
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e A rough estimate of a seismic moment release of 7.3 to 7.9 M,, was estimated for
a potential earthquake rupturing the whole length of the central section of the
Alpine Fault.

Local magnitude scale

Another important result from Chapter [3]was the establishment of a new updated local
magnitude scale for the central Southern Alps region that is corrected for geometric

spreading, attenuation and site terms.

e This new local magnitude scale provides a more accurate attenuation parameter
(n = 0.01 — 1.20 x 1072 km™') for the central Southern Alps region and is
calibrated using independently calculated M, magnitudes obtained by GeoNet.

e Earthquake magnitudes range from —1.2 to 4.6 with a magnitude of completeness,

M.=1.1 and a b-value of 0.85 £ 0.003.

Chapter : Detailed spatiotemporal properties of the tectonic stress regime
along the central Alpine Fault

The stress regime within the crust near the central Alpine Fault was investigated in the
present thesis by creating the largest focal mechanism dataset to date in this region.
This consists of 845 focal mechanism solutions for earthquakes with magnitudes larger

than My >1.5 and representative errors varying from 20 to 38°.

e The majority of these focal mechanisms (62%) exhibit strike-slip faulting that
is in accordance with the general transpressive tectonic regime of the central
Southern Alps.

e Using a Bayesian stress inversion technique (Arnold and Townend) 2007)) an av-
erage maximum horizontal compressive stress, Symayx, orientation of 121+11° and

stress ratio, R, values generally larger than 0.5 were obtained.

e Detailed spatiotemporal examinations of the variation of the stress parameters
showed little to no change (variability in the Sppa, values mostly lies within
the uncertainties of the calculations) and no trend related to major regional
earthquakes (e.g. M7.8 Dusky Sound, M7.2 Darfield, M7.8 Kaikoura). This
suggests a remarkably uniform stress regime along the central section of the

Alpine Fault in both time and space.

e This remarkably consistent Spnax orientations form a high angle of ~65° with

the Alpine Fault, implying a misoriented fault.
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e Shear to normal stress ratio values calculated along a representation of Alpine

Fault structure at depth do not show any clear pattern.

Chapter @: Crustal thermal structure and exhumation rates near the cen-
tral Alpine Fault

Using the prior knowledge that there is a region of rapid uplift rates in the central
Southern Alps, suggested by a number of previous studies (e.g., Wellman|,|1979; | Tippet
and Kamp\ (1993; Little et al. [2005; Beavan et al., [2010), we use the distribution of
the hypocentral depths of the seismicity and thermochronology ages as constraints to

calculate a 1-D temperature model and obtain exhumation rate estimates.
e The highest exhumation rates are observed near Aoraki/Mount Cook (7-11 mm/yr)
and coincide with the regions exhibiting shallow seismicity cutoff depths (Fig.[6.1)).

e We observe a significant variation of exhumation rate estimates of up to 7 mm/yr
on the Southern Alps along the length of the Alpine Fault (Fig. .

e We provide an estimate of the temperature at the brittle-ductile transition zone,

Tgpr, ranging from 440 to 457°C within the different models created.

e Individual earthquake hypocenter temperatures reach values of up to 491-509°C,

suggesting a more feldspathic rock composition in the crust.
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6.1 Summary of key results
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Figure 6.1: Cross-section of temperature in degrees centigrade (100, 200, 300, 400, and 500 °C isotherms; red dashed lines) and interpolated exhumation
rate estimates (black dashed line) along line A—A’ shown in Figure [5.10|that summarises the results of Model 3 in Chapter E Relocated earthquake

hypocenters within 10 km on either side of the cross-section are also displayed and scaled by magnitude.

Stars show locations of low-frequency

earthquakes (Baratin et al.| 2018). Aoraki/Mount Cook is marked by a cross. WG = Whataroa gap. Light grey line depicts the topography.
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6.2 Implications and contribution of results

Comparison to previous microseismicity catalogs

The earthquake catalog presented here is the most comprehensive to date in the cen-
tral Southern Alps, which is enabled mainly by the long duration and continuity of
the SAMBA network. Fig. and Table highlight the difference in the number of
earthquake locations and magnitude distributions with respect to the previous studies
of |Boese et al.| (2012) and |Bourguignon et al.| (2015) and GeoNet catalog. The cat-
alog here has the lowest magnitude of completeness (M.=1.1) and more earthquake
locations than all of the previous seismicity studies combined. Our catalog comple-
ments the findings of previous studies (e.g. |Leitner and Eberhart-Phillipsl 2001} |Boese
et al., 2012; |Bourquignon et al.,|2015; |Feenstra et all|2016) by providing a broader pic-

ture of the seismic deformation distribution, particularly, on the along-strike seismicity
characteristics (Fig. [6.1]).

Even though the earthquake catalog constructed here is the longest to date in the
region it still only provides a snapshot of the active seismic deformation with respect
to the typical seismic cycle of the large Alpine Fault earthquakes (i.e. 250-300 years;
Howarth et al., 2018).

New local magnitude scale

The attenuation parameter, 7, calculated here is relatively larger than the one used by
GeoNet (Ngeoner = 6.7 x 1073 km_l). This discrepancy in the attenuation parameters
is due to the fact that the attenuation parameter used from GeoNet was estimated by
Robinson| (1987) for the Wellington region. This implies that GeoNet magnitudes in
the central Southern Alps region are underestimated. For this reason we established a
new magnitude scale here that provides an objective and systematic way to quantify
the size of earthquakes in the central Southern Alps. A more accurate attenuation
parameter can contribute towards better rupture simulations (Bradley et al. 2017)

and hazard planning in the region (Orchiston et al., [2018)).

Earthquake distribution

A major feature of the distribution of the seismic deformation is the lack of seismicity
in beneath Aoraki/Mount Cook (Fig. [6.1). This feature raises questions about the
nature of the tectonic processes that control the distribution of the seismic deformation
and cause this discrepancy along the length of the Alpine Fault. The distribution of

seismic deformation at depth is known to depend on a number of factors that include
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Figure 6.2: Comparison of magnitude frequency distribution of earthquakes located within
the limits seismic network, between this study (grey) to the ones located by
red), by |Bourguignon et al| (2015 blue) and by GeoNet for the same time period.
GeoNet earthquake local magnitudes M, are shifted by —0.54 to be equated to M,
as magnitude scale derived here is based on M,, values. Refer to Figure caption for
more details.

the type of faulting, the petrology, the water composition, the fault geometry, the fluid
pressure, the strain rate and the temperature (Sibson| 1984; |Scholz, [1998). As it has
been described in Chapter [3] we have attributed the lateral variations of >10 km in the

seismogenic cut-off to changes arising from variations in temperature and exhumation

rates.

To check this interpretation, we performed modelling of the crustal thermal structure
(Chapter [5)), where temperature and uplift rates are adjustable parameters. The ther-
mal structure model constructed here consists of the first attempt in the region to
combine two different types of data (i.e. seismicity and thermochronology). Thus it
incorporates the longer-scale geological observation to obtain a broader and more ac-

curate picture on the tectonic processes taking place. The exhumation rates obtained

were in good agreement with existing geologically ((Little et al. [2005) and geodetically

(Beavan et al., 2010) determined rates. Earthquake hypocenter temperatures of up to

491-509°C were obtained, which appear to be slightly hotter than what is expected
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for crust composed by quartz-rich rocks (i.e. 300-350°; |Sibson, [1984)), suggesting for a
more feldspar-rich mafic rock composition in some parts of the crust (i.e. ~450°;|Sibson,
1984; |Bonner et al., 2003). The elevated temperatures, along with the anomalously
shallow seismicity near Aoraki/Mount Cook, however, most are most likely due to a
combination of more parameters such as the existence of locally increased strain rates
and /or high pore fluid pressures as suggested by |Stern et al. (2001) for the low-velocity
zone observed beneath Aoraki/Mount Cook during the SIGHT project (Davey et al.l
1998; |Okaya et al., 2002)).

Implications for rupture simulations

Paleoseismological evidence suggests that past Alpine Fault earthquakes (Howarth
et al., 2018)) and references therein, have had both single and multi-segment ruptures.
This observation along with the anomalously shallow seismogenic crust beneath Ao-
raki/Mount Cook highlighted here, raises the question whether this narrow patch of
seismogenic crust beneath Aoraki/Mount Cook has the potential to operate as a barrier
and thus, stop a propagating rupture. Preliminary seismic moment release estimates
calculated here showed small differences in the M, values when including or excluding
the area covered by the gap of seismicity. These rough estimates are based on a number
of assumptions such as the rupture being constrained within the limits of the seismo-
genic layer. However, whether large earthquakes sometimes or always rupture the deep
creeping section of the Alpine Fault is unresolved (Jiang and Lapustal, 2016; |Shaw and
Wesnouskyl, [2008; | Beeler et al.,2018). To examine this question in more detail, further
work is required including a number of different rupture simulation models including
and excluding this gap of seismicity and its affects on the radiation patterns and local

ground shaking.

Relation to low-frequency earthquakes

The central Alpine Fault is locked above a range of depths (10-20 km) determined
by the seismicity cut-off depths and geodetic locking depths (Wallace et al., 2007
Lamb et al., 2018)). Beneath those depths the deformation is accommodated by steady
creep and phenomena such as tremor (Wech et al., 2012, 2013) and low-frequency
earthquakes, LFEs, (Chamberlain et all 2014; |Baratin et al., 2018). LFEs occur at
depths between 17 and 42 km beneath Aoraki/Mount Cook (Fig. [6.1). At the same
area, the seismogenic cutoff depths are generally less than 10-12 km. This results in
a gap of 5—7 km between the deepest earthquakes and the shallowest LFEs. This gap
between the two types of observations might exist due to incomplete data or due to
the detection and location methods used. To provide another explanation for this gap

between the hypocentral depths of the earthquakes and the LFEs, we consider a similar
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example from the San Andreas fault (Harrington et all 2016). |Harrington et al. (2016))
suggested that if the gap was real, the strain in this zone might be accommodated
by a mechanism controlled by the period of the earthquake cycle (Rolandone et al.
2004)) (i.e. earthquake hypocentral depths tend to be deeper during the coseismic and
the postseismic periods). In the case of the Alpine Fault, being in a state of late
interseismic period, established by a remarkably consistent paleoearthquakes record
(Howarth et all 2018), the observation of the gap between the deeper seismicity and
the LFEs is in agreement with the suggestion of |Harrington et al.| (2016)).

Sub-crustal earthquakes

A distinct seismicity feature in the central Alpine Fault, that is relatively less frequent,
is the occurrence sub-crustal earthquakes. We located at least 30 deep crustal/upper
mantle earthquakes, with hypocentral depths ranging from 40 to 80 km. These deep
crustal /upper mantle earthquake locations contributed to a recent publication by |Boese
et al.| (2018) that reviews current knowledge on the lower—crustal and upper—mantle
deformation in the Alpine Fault in the central South Island, adding this new sub-
crustal earthquakes to an already existing sub-crustal earthquake catalog created by
Boese et al|(2013).

6.3 Future work suggestions

The present study has expanded our understanding of the distribution of seismic de-
formation near the central Alpine Fault significantly, by providing a large amount of
observations. This large dataset can form the basis to further research a number of
the deformation characteristics, including the occurrence of any repeating seismicity,
the calculation of an updated tomography model and more. These suggestions are

summarised below:

Matched-filter techniques and repeating seismicity

A natural progression of this work is to further expand the earthquake catalog, using
matched-filter detection methods. The use of the matched-filter techniques has been
proven to be effective in detecting near-repeating seismic signals (e.g. |Chamberlain
et al., 2017c; \Shelly et al., 2016aj; |Shelly, 2017; |Yao et all, 2017; |Schaff and Richardsl,
2011). Events located here can be used as templates to detect similar seismic signals
in the area and obtain an even more complete picture of the seismic activity and
its characteristics. An even longer earthquake catalog could provide more definitive

evidence for the seismicity characteristics observed near the central Alpine Fault.
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Further to this, research can be carried out to look for any repeating highly similar
seismic signals (repeating earthquakes) within the earthquake catalog constructed here.
Looking for repeating earthquakes can provide a means of discriminating between the
locked and creeping section of the faults and possibly quantify the total amount of creep
taking place (Bohnhoff et all 2017; |Nadeau and Johnson) |1998; |Schaff and Richardsl,
2011)).

Focal mechanisms for smaller magnitude events

Whilst this study provided the longest focal mechanism catalog to date (i.e. 845 solu-
tions), it only partially revealed any temporal variations in the stress regime. Currently
only around 10% of the earthquake catalog has focal mechanisms solutions associated
with them. Using cross-correlation methods (Shelly et al., 2016b), focal mechanisms
of smaller-magnitude earthquakes can be determined which would help to examine the

stress regime in a more detailed manner.

Earthquake catalog extension

Seismic data from SAMBA seismic network between early 2017 and late 2018, that
are archived on IRIS, have not been analysed for earthquake detection and location.
Following the workflow described in Chapter [2| can form a basis for extending the

earthquake catalog for an additional of almost two years.

Imaging of the Alpine Fault structure at depth

Precise seismic tomography can provide important information about the fault’s struc-
tures beneath the central Southern Alps. The latest 3—D P and S wave velocity model
in the region was calculated by double-difference body wave tomography (Guo et al.l
2017), and used 29,417 and 5,145 P and S arrival times, respectively. The catalog
created here contains a total of 83,138 P and 67,119 S wave time arrivals and cov-
ers a more extended region. Using this larger number of arrival times, body wave

tomography can provide an updated more detailed 3—D velocity model for the region.

In addition to seismic tomography, the identification of Fault Zone Head Waves (FZHW)
has been proven to provide useful insights on velocity contrasts at large strike-slip faults
(e.g. Andreas fault, San Jacinto fault zone; |Ross and Ben-Zion, [2014). FZHW are the
P wave phases refracting on strike-slip fault interfaces in a similar way as the P,
phases refract along the Moho. Earthquakes located close to the Alpine Fault within
the catalog created here, along with a recent (9 June 2019) M5.5 earthquakeE], which

'https://www.geonet.org.nz/earthquake/2019p428761
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6.4 Concluding statement

is inferred to have occurred on the Alpine Fault, 40 km northeast of Milford Sound
provide a unique opportunity to examine the velocity contrasts of the two interfaces

and provide a more detailed structure of the fault at depth.

6.4 Concluding statement

The results from this thesis have contributed the longest and most complete micro-
seismicity earthquake catalog, to date, for the region near the central Alpine Fault.
The distribution of the earthquake hypocenters within this catalog have updated the
current knowledge of the along-strike variations in the active seismic deformation on
a major continental plate boundary. The longest focal mechanism record is also pro-
vided here, which outlines a remarkably consistent stress regime in both time and
space. This study has also examined the crustal thermal structure by modelling two
different types of data (i.e. seismicity and thermochronology) in order to constrain the
vertical kinematics of the central Southern Alps orogen. Finally, these results provide
the framework for additional research on the state of the crustal seismic deformation

near the central Alpine Fault.
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B Supporting Information for Chapter :
“Variations in seismogenic thickness along
the central Alpine Fault, New Zealand,
revealed by a decade’s relocated micro-

seismicity”

Introduction

This section contains four tables and accompanying text and seven figures. Table
shows the details of previously created earthquake catalogs compared to the one con-
structed here. Tables and show the values of the parameters used in the
triggering algorithm. Tables outlines the values used in the amplitude picking
algorithm. Tables |B.5| and summarize the parameters used for the NonLinLoc

location analysis and for the weighting scheme in hypoDD, respectively.

Figure [B.1| shows the data continuity of the seismic sites used in this study. Three
figures (B.2, [B.3| and [B.4) show details of the magnitude estimations: Figure
displays the residuals versus the hypocentral distances, Figure shows the station

correction values and Figure is a scatter plot of the magnitude calculations using
the two different datasets described in the Methods section. Figure depicts a
comparison of the local magnitudes obtained by |Boese et al. (2012) and the magnitudes

calculated in this study.

Figure highlights the details of the absolute earthquake locations obtained using
NonLinLoc and a 3-D velocity model (e.g. distance to closest station, azimuthal gap,
RMS, number of P— and S—wave picks). Figures to are complementary maps
to Figure[B.6] Figures to are cross sections of the seismicity along the Alpine
Fault obtained using different velocity models and location methods. Figures [B.12
to |B.15| are cross sections of the seismicity along and across the Alpine Fault near
Aoraki/Mount Cook overlaying the 3-D P— and S—velocity model of |Guo et al.| (2017).

We also include the caption and description of the relocated earthquake catalog con-

structed as described in the main article; this dataset is uploaded as a separate file in
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the electronic appendices (Dataset B1).
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Text B1l: Comparison of earthquake catalog to pre-

viously created

Table summarizes some of the details of the previously compiled earthquake cat-
alogs in the central Southern Alps in comparison with the catalog created here. The
main sources of discrepancies when comparing earthquake catalogs derive from incon-
sistent earthquake locations due to different picking methods, velocity models, location
methods and seismic network edges. Another source of discrepancy arises from incon-
sistent magnitude of completeness, M., values due to different detection methods and

seismic network distributions.

The magnitude of completeness differs between the catalogs (maximum M, in GeoNet’s
catalog; M = 2.6), and implies that the majority of the events from the microseismicity
catalogs of (Boese et al., 2012; |Bourguignon et al., 2015) would be missing if this
completeness was used for the whole duration of a merged catalog. However, even if
all the earthquake locations are retained regardless of the M, and is also assumed that
all events in the composite catalogue are unique the maximum number of locations
would still be significantly smaller than the number of earthquakes located in this
study (~5,800 compared to ~9,000 of this study).

Table B1.

Table B.1: Comparison of Southern Alps earthquake catalog details

Time period spanning Number of earthquakes Number of total seismic sites Magnitudes M,

Boese et al.|(2012) Nov. 2008 — Dec. 2009 1700 13 -0.3 -4.2 1.4
Bourguignon et al.|(2015) Oct. 2008 — Oct. 2010 1300 10 -0.05-3.5 1.5
Feenstra et al.{(2016) Jan. 2012 — Jan. 2014 645 21 - -

GeoNet Oct. 2008 — Mar. 2017 2151 5 1.03-5.95 26
All previous studies Oct. 2008 — Mar. 2017 5796 (5 - 25%) - 2.6
This study Oct. 2008 — Mar. 2017 9111 71 (15-42%) -1.2 - 4.6 1.1

*Number of stations operating at the same time.
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Figure B.1: Continuity of the SAMBA (red), GeoNet (orange), WIZARD (purple), DFDP-10 (black), DFDP-13 (blue) and ALFA-08 (cyan) seismic
sites from November 2008 to March 2017. The black lines show the operating (up) times of each station. Many of the stations have intervals of data
loss due to several problems (e.g. lightning strikes, power failures, extremely low temperatures) caused by the extreme conditions in the Southern
Alps. Vertical lines divide the dataset into four subsets for the cross-correlation calculations.
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Text B2: STA /LTA triggering method

The network trigger function used here is designed to allow the user to set parameters
like the STA and LTA values, triggering thresholds, bandpass filters individually for
each station. This function is available on the open repository Python package EQ-
corrscan ((Chamberlain et all [2017c). Parameter names in tables B2 and B3 are the

same as in the EQcorrscan documentation E|

Table B2.

Table B.2: Parameters used in the short-term average to long-term average (STA/LTA)
network trigger function in EQcorrscan.

Parameter Description Value
thr_coincidence_sum Minimum number of seismic stations required to keep a trigger 4
moveout Time window in seconds to look for triggers in the detection stage 8
max_trigger length ~ Maximum trigger length in seconds 5

Table B3.

Table B.3: Site-specific parameters for short-term average to long-term average (STA/LTA)
used in EQcorrscan’s network trigger function. Parameter station is the name of the seismic
site. sta_len and lta_len are the lengths in samples of the short and long time average windows,
respectively. thr_on and thr_off are the values that switch a single station trigger on and off,
respectively. lowcut and highcut define the low and high values for the bandpass filter applied.
The network trigger was applied to the vertical components of the seismometers.

station stalen Italen throon throff lowcut highcut

COSA 0.3 10 8 3 6 25
EORO 0.2 10 9 3 7 35
FRAN 0.3 10 7 3 4 20
GOVA 0.2 10 7.5 3 8 25
LABE 0.3 10 6.5 2.5 3 30
MTFO 0.3 10 10 3 3 20
POCR2 0.2 10 10 3 7 22
WHAT?2 0.2 15 3 2.5 25
WHYM 0.2 10 3 6 25
REYN 0.2 15 10 3.5 3.5 10
COVA 0.2 10 7 3 7 25

'https://eqcorrscan.readthedocs.io/en/latest/submodules/utils.trigger.html
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TURI 0.4 7 14 4 3 15
UMAT 0.3 10 10 2.5 5 25
BLO 0.2 10 7 2.7 5 25
BON 0.3 12 7 25 8 25
DRC 0.3 10 10 3 5 25
GCK 0.3 10 13 4 5 25
NOL 0.3 12 7 3 5 25
POE 0.3 10 15 4 5 25
WHB 0.3 10 15 4 8 25
ERE 0.3 10 15 4 7 25
ONE 0.3 10 8 3 5 25
VBV 0.3 10 7 3 5 25
GHU 0.3 12 7 3 5 25
WNQ 0.3 10 8 3 5 20
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Text B3: Amplitude picks for local magnitudes

We obtain the amplitude picks for magnitude calculation automatically using a function
available on the open repository Python package EQcorrscan (Chamberlain et al., 2017c).
This function works in the following way. First, a filter is applied to the waveforms, which
is important for small-magnitude earthquakes. The poles and zeros of this filter are tracked
and removed from the picked amplitude. Then a Wood-Anderson filter is applied to pick the

amplitudes. Parameter names in tables B4 are the same as in the EQcorrscan documentation

B

Table B4.

Table B.4: Parameters used in the automatic amplitude picking function in EQ-
corrscan.

Parameter Description Value
winlen Length of time window in seconds to make the pick 1
pre_pick Time before the S-wave pick to start the cut window in seconds 0.1
pre_filt Option to apply a pre-filter or not True
lowcut Lowcut in Hz for the pre-filter 1
highcut Highcut in Hz for the pre-filter 20
corners Number of corners to use in the pre-filter 4
velocity Option to make the pick in velocity space or not (Wood-Anderson is in displacement) False

Zhttps://eqcorrscan.readthedocs.io/en/latest/submodules/utils.mag_calc.html
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Figure B2.
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Figure B.2: Magnitude residuals versus hypocentral distances for all available events calcu-
lated using the new local magnitude scale for the central Southern Alps region.
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Figure BA4.
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Figure B.4: Comparison of My, estimates from the 74 event My, dataset and the 4000 plus

74 combined dataset. The RMS scatter is less than 0.1.
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Figure B5.
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Figure B6.
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Figure B.6: Location uncertainties in the horizontal direction and depth, distribution of the
hypocentral distances to the closest station, azimuthal gap, RMS values and number of P
and S wave picks per earthquake given by NonLinLoc.
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Figure B7.
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Figure B.7: NonLinLoc earthquake hypocenters (red stars) of a selection of deep events,
with their probability density functions (68% confidence level; blue dots) in the northeast
side of the composite seismic network used here. (Top left) Map view of epicenters. Inverted
triangles depict the position of the seismic sites. (Top right) Cross-section of the events in
map-view in the north-south direction. (Bottom left) Cross-section of the events in map-view
in the west-east direction.
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Figure B8S.

! ! ! ! ! ! _42.5°
QEEET_ S Depth (km) &
0 5 10 15 20 25 Z
.!—|F
50 km ’
A) NLL earthquake locations with distance /
| to the closest station > 20 km . L _43°
i -|F -43.5°
. - —44°
I I I I I I
169° 169.5° 170° 170.5° 171° 171.5°
L L L L L L _42'50
T Depth (k) ;
0 5 10 15 20 25
50 km
B) NLL earthquake locations with
|azimuthal gap > 180° [ _43°
| g L e | -435°
. a}:;’ % "\'".‘\ A
R
T Jﬂouq’d 0pK’
o . A. o0 : "q oy
] . o ® | _44u

169° 169.5° 170° 170.5° 171° 171.5°

Figure B.8: Distribution of NonLinLoc earthquake locations for comparison to Fig.
showing (A) events with large station-event distances (>20km) and (B) events with large
azimuthal gaps (>180°).

147



Table B5

Table B.5: Basic control options and values used for locating earthquakes with NonLin-
Loc (Lomaz et al., 2000). LOCSEARCH has three possible search types (i.e. GRID,
grid search; M ET, Metropolis; OCT, Octtree) and it defines the type of search ap-
plied. Parameter initNumCells represent the initial number of Octtree cells in the
x, y, and z directions. Parameter minNodeSize defines the smallest node side length
to be calculated, octtree search is terminated after a node with a side smaller than
this length is generated. maxNumNodes is the total number of nodes to be processed.
numdScatter determines the number of scatter points generated by the Octtree search.
LOCMETH defines the location algorithm used (options: GAU ANALYTIC; EDT,
Equal Differential Time). mazDistStaGrid is the maximum station to center of the
initial grid search distance (very large value for no maximum). Parameters minNum-
berPhases and maxzNumberPhases are the minimum and maximum number of P phases
used for the location, respectively (-1 for no maximum). minNumberSphases defines
the minimum number of S phases used (-1 for no minimum). VpVsRatio is the Vp/Vg
ratio value to be used (<0.0 to use the S-travel times). LOCGRID determines the
size and attributes of the initial 3-D search grid to be performed. zNum, yNum and
zNum stand for the number of nodes along x, y and z axes, respectively. zOrig, yOrig
and zOrig determines the grid origin relative to the geographic origin relative to East,
North and Down directions, respectively. dx, dy and dz are representing the grid
spacing along x, y and z axes. All distances are in km. Further details for the NonLin-
Loc programs can be found in the NonLinLoc Software Package Control File website:
http://alomax.free.fr/nlloc/soft6.00/control.htmll

NonLinLoc program Choice Parameters and values

LOCSEARCH - Search Type ocT initNumCells © = 50
mnitNumCells y = 50
mitNumCells z = 30
minNodeSize = 0.001
mazNumNodes = 200000
numdScatter = 1000

LOCMETH - Location Method GAU ANALYTIC mazDistStaGrid = 9999.0
minNumberPhases = 4
maxNumberPhases = -1
minNumberSphases = -1

VpVsRatio = -1
LOCGRID - Search grid description PROB DENSITY  zNum = 130

yNum = 330
zNum = 53
x0rig = -60
yOrig = -120
20rig = -3
de = 1.

dy = 1.

dz = 1.
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Table B6

Table B.6: Input parameters for the weighting scheme in HypoDD (Waldhauser| 2001)).
NITER is the number of iterations for each set of weights. WTCCP and WTCCS are
the weights applied to the cross-correlation P-wave and S—wave data, respectively.
WTCTP and WTCTS are the weights applied to the catalog P-wave and S—wave
data, respectively. WRCC and WRC'T are the cutoff thresholds for outliers of the cross-
correlation and catalog data. WDCC and WDC'T are the maximum event separation
distance (km) for the correlation and catalog data. DAMP is the damping factor
that damps the hypocentral adjustments if the adjustment vector becomes large or
unstable. Damping values here were chosen after some initial test checking on the
condition number (CND). CND values are expected to be between 40 and 80.

Cross data Catalog data
NITER WTCCP WTCCS WRCC WDCC WTCTP WTCTS WRCT WDCT DAMP
5 0.01 0.005 10 -999 1 0.5 10 10 100
5 0.01 0.005 8 -999 1 0.5 6 8 100
5 0.01 0.005 6 7 1 0.5 6 6 100
5 1.0 0.5 5 5 0.01 0.005 6 6 100
5 1.0 0.5 4 3 0.01 0.005 6 6 100
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Text B4: Comparison between different velocity mod-

els and location methods

To check if the seismogenic zone beneath Aoraki/Mount Cook depends on the velocity model

we repeated the location process in two separate ways:

1. We used the same initial earthquake locations from HYPOCENTER. We then obtained
the absolute earthquake locations with NonLinLoc and a 1-D velocity model. Finally,
we obtained the relative earthquake locations using hypoDD the same 1-D velocity

model.

2. We also relocated the earthquake locations obtained from HYPOCENTER, omitting
the NonLinLoc step, using HypoDD and a 1-D velocity model.

The relative earthquake locations obtained in both cases show the same almost 10 km dif-
ference in the seismogenic cut-off depth beneath Aoraki/Mount Cook. We note that the
1-D relocations have a similar structure for deeper seismicity, however the shallow seismicity
distribution is different (the Whataroa gap is not clearly depicted in these two cases). For
case 1, this happens because the 3-D velocity model used contains more information about
the velocity structure at depth and for case 2 because the linearized inversions have limited

constraints for shallow seismicity.
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Figure B.10: Cross sections of absolute earthquake locations along the Alpine Fault obtained using NonLinLoc (Lomaz et al.| 2000) and the 3-D

velocity model of (Guo et al.| [2017) with respective magnitudes. The locations of the cross sections are labeled with capital letters in Figure 3.5.
Earthquakes within 10 km on either side of the cross section are shown. Stars show the locations of low-frequency earthquakes (Baratin et al.| [2018).

Inverted triangles depict the seismic sites within each cross section. Aoraki/Mount Cook is marked by a black diamond.
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Figure B12.

Figure B.12: Cross sections of 3-D P wave velocity model of (Guo et al., 2017) at Y = 10
km and Y = 20 km with the earthquake hypocenters obtained using hypoDD (white circles).
The cross-sections are made using the same gridding as used for the 3-D velocity model by

\Guo et al| (2017) and their Figure 1. The black star indicates the position of Aoraki/Mount
Cook.
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Figure B13.
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Figure B.13: Cross sections of 3-D S-wave velocity model of (Guo et al) [2017) at Y = 10
km and Y = 20 km with the earthquake hypocenters obtained using hypoDD (white circles).
The cross-sections are made using the same gridding as used for the 3-D velocity model by
|Guo et al| (2017) and their Figure 1. The black star indicates the position of Aoraki/Mount
Cook.
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Figure B14.
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Figure B.14: Cross sections of 3-D P-wave velocity model of (Guo et al., [2017) at X = -10
km and X = -14 km with the earthquake hypocenters obtained using hypoDD (black circles).
The cross-sections are made using the same gridding as used for the 3-D velocity model by

\Guo et al.| (2017) and their Figure 1. The black star indicates the position of Aoraki/Mount
Cook.
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Figure B15.
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Figure B.15: Cross sections of 3-D S-wave velocity model of (Guo et al) 2017) at X = -10
km and X = -14 km with the earthquake hypocenters obtained using hypoDD (black circles).
The cross-sections are made using the same gridding as used for the 3-D velocity model by
|Guo et al|(2017)) and their Figure 1. The black star indicates the position of Aoraki/Mount

Cook.
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Additional Supporting Information (Files uploaded
separately)

1. Captions for Dataset Bl

Data Set B1.

Dataset B1. Dataset Bl of the electronic appendices contains the relocated earthquake
catalogue (hypoDD), constructed using the methods described in the main article. Uncer-
tainties were not obtained for all of the relocations. The earthquakes with no uncertainty
values have a dash (’-"). Column descriptions are the following:
1. YYYY — Year
2. MM — Month
3. DD - Day
4. HH - Hours (UTC time)
5. MM — Minutes (UTC time)
6. SS — Seconds (UTC time)
7. Lat — Latitude in degrees
8. Lon — Longitude in degrees
9. Depth — Hypocentral depth in kilometers
10. Mag — Local magnitude calculated
11. Hor unc — Horizontal uncertainty obtained by 200 bootstraps

12. Ver unc — Vertical uncertainty obtained by 200 bootstraps
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C Supporting Information for Chapter :
“Detailed spatiotemporal properties of

the tectonic stress regime along the cen-
tral Alpine Fault”

Introduction

This supplementary material contains one table, three text sections and seven figures. Table
C1 presents the stress parameter details each cluster of focal mechanisms obtained with

k-means.

Figure C1 summarises the focal mechanism solution uncertainties. Two figures (C2 and C3)
classify the type of faulting according to the rake values and the distribution of the B, T
and P principal axes, respectively. Figures C4 and C5 outline the focal mechanism details.
Figure C6 is adopted from (Boulton et all 2018) and shows the three dimensional stress
analysis calculations for the central Alpine Fault. Figure C7 shows the variation of the type
of faulting and magnitudes with time. Figure C8 depicts the Syimax orientations for clusters

defined using the k-means method.

We also include the caption and description of the focal mechanism earthquake catalog con-
structed as described in the main article; this dataset is uploaded as a separate file in the

electronic appendices (Dataset C1).

Figure C1.
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Figure C1: Histograms of the distribution of the uncertainties (top) and number of polarities
(bottom) of the focal mechanism solutions calculated using the Bayesian approach of

et ] (2005).
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Figure C3.
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Figure C3: Focal mechanism classification diagram of the distribution of B, T and P principal
axes for all focal mechanisms. Circle size is proportional to their magnitudes and colors
represent the earthquake’s hypocentral depths (see color scale on the right).
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Figure C4.
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Figure C4: Focal mechanism details. Subplots examine the relations between a number of
focal mechanism parameters (i.e. focal mechanism error, magnitude, number of polarities
and azimuthal gap).
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Figure C5.
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Figure C6: Three dimensional stress analysis calculations for the central Alpine Fault. Figure
adopted from |Boulton et al.|(2018). A) Three dimensional Mohr circle for stress shape ratio
$=0.5. B) Definitions of stress shape ratio, @, and Qptima; for varying friction coefficient
values. C) Contour plot for @ values for a fault plane oriented 055°/45° SE and principal

stress orientations S1=SHma,=0/117°, S9=S,, and S3=0/207° calculated by

@012)
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Text C1: Polarity tests

Prior to calculating the focal mechanisms using P wave polarities, the seismic instruments
were meticulously tested for any systematic polarity errors or inconsistencies. To do this,
we use the first arrivals of three teleseismic events recorded by our composite network and a

number of explosions from a quarry located near Whataroa (Appendix E).

First motion polarities are critical for an accurate determination of focal mechanisms deter-
mined using P wave polarities. To check the polarities of the SAMBA, GeoNet and ALFA-08
network seismic sites we use the first onsets from a number of strong teleseismic events. In
particular, we use the Mindanao region (Philippines) earthquake on October 4, 2009 with
a magnitude of M = 6.6 M, and the Banda Sea region (Indonesia) on December 10, 2012
with a magnitude of M = 7.1 M,,. We found that all DFDP-10, half of the WIZARD instru-
ments and the four southern SAMBA sites at Copland Valley, Mt. Baird, Solution Ranges
and Lansborough (COVA, MTBA, SOLU, LARB) show reversed polarities on the vertical
components. We also observed that some sites (e.g. MTFE, REYN, WHAT, POCR) had
noisy conditions and the polarity recordings were emergent and in some cases inconsistent.

Thus we did not use polarity picks from these four seismic sites.

Text C2: Spatial variation of Sy,,,, using k-means

The k-means algorithm, looks for similarities within a given data set of earthquake locations
without using any labels. The only attribute defined beforehand is the number of clusters
that the data set will be divided to. First, the cluster centroids are randomly decided. Then,
the algorithm goes through each of the earthquake locations (longitude, latitude and depth)
and depending on the distance from the previously defined centroids assigns them to one of
the clusters. At the same time, the cluster centroids are moved to the mean value of locations

of the clusters. This process is repeated until there is no change in the clusters centroids.

Fig. @ illustrates the orientation of the maximum horizontal compressive stress Sgmqes With
80% confidence intervals using the k-means clustering algorithm for focal mechanisms with
hypocentral depths smaller than 25 km. Bowties showing the Sg,q. orientations are colored
according to the clusters median hypocentral depth. Sg.n.. has an average value of 121 +
10°, which is in general agreement with previous studies (Boese et al., 2012; |Warren-Smith
et al., 2017; | Townend et all |2012)). There is no significant variation of the Spq. relative
to the Alpine Fault or the hypocentral depth. Table summarizes the cluster and stress

inversion details using the k-means clustering algorithm.
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Figure C8: Distribution of stress directions along the central and southern Alpine Fault.
Focal mechanisms are clustered in three dimensions (latitude, longitude and depth) using
k-means algorithm. Bowties indicate the direction and 90th percentile error for the direction
of the maximum horizontal compressive stress (Sgmq.) and are colored according to the
median value of the cluster’s hypocentral depths (see color scale). Numbers indicate the
number of the bin details of which are presented in Table Results from previous studies
are also shown. White bowties with red, green, and black outlines show the stress directions
calculated by |Boese et al|(2012), Townend et al. (2012), and |Warren-Smith et al.| (2017a)),

respectively. Arrow indicates the local velocity of Pacific Plate relative to Australia [~39.5
mm/yr in Fox Glacier;](DeMets et al.,[2010)).
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Text C3: Normal and shear stress component calcu-

lations along the Alpine Fault

We wish to compute the components of shear and normal stress acting on the Alpine Fault at

various locations, and make use of three right—handed coordinate systems defined as follows:

1. Principal stress coordinates (S), with axes (§1, $2, §3) corresponding to the maximum,

intermediate, and minimum compressive stresses, respectively;

2. Fault coordinates (F), with axes (fl,fg,fg) = (fg,fg,fg X f(;) corresponding to the
strike vector, down—dip vector, and downward—pointing fault normal n = fg X ﬁ;,

respectively.

3. Geographic coordinates (G), with axes (§1,§2,93) = (N,E,f)) corresponding to the

north, east, and down directions, respectively.

Focal mechanism stress inversions, obtained using the Bayesian approach of [Arnold and
Townend, (2007), yield a reduced form of the stress tensor S = 1/(S; — S3)[S — S3 I] that
depends only on the stress ratio R = (S; — S2)/(S1 — S3) and the three angles specifying the
orientations of the principal stress axes. With respect to principal stress coordinates, the

reduced stress tensor is:

For simplicity, we omit reference to the word ”"reduced” and refer to Sg as the stress tensor.

The stress tensor is expressed in the principal stress axes (S) coordinate system and specifi-

cally by the orientations of the three principal stress axes 51, S and §3.

We construct two transformation matrices that relate geographic and principal stress coordi-
nates (Rgg) and geographic and fault coordinates (Rgr) to transform the stress tensor into
the fault coordinates defined above, via geographic coordinates. These matrices are defined
so that, for example, a vector specified with respect to principal stress coordinates, xg is
represented with respect to geographic coordinates as xg = Rgg xg. The transformation
matrix Rgg between S and G is an orthogonal matrix with columns that are the representa-
tions of §1, S9, and §3 with respect to G. Similarly, the transformation matrix Rgr between
F and G is the orthogonal matrix with columns that are representations of fl, fg, and fg

with respect to G. Accordingly,

cost]cospy costlgcoOspa COst3 COSP3

A~

Rgs = <:§1 S9 83)(; = | sint;cospy sintgcosps  sintscosps

sin pq sin po sin p3
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where t; and p; are the trend and plunge of the ith principal stress, and

cos —sinfcosd sinfsind
RGF:(fl fg fg)GZ sinf cosfcosd —cosbcosd

0 sin & cos o

where 6 and ¢ are the strike and dip of the fault.

Using these rotation matrices, we can express S with respect to fault coordinates via successive

rotations:

Sr =RraeScRE¢
= RGrScRar
=RL:RasScRERGr
We assume an average strike of §=55° and a dip of =50° proposed by |Guo et al| (2017)
based on the presence of velocity contrasts and the alignment of Fault Zone Guided Wave

earthquakes. The normal unit vector on the inferred plane of the fault is defined by the

following:

cosf —sinfcosd sinfsind 0
ng =Rgrp -np=|sinf cosOcosd —cosblcosd 0
0 sin cosd 1

That gives the normal vector, fig, of the inferred plane for the Alpine Fault in respect to the

geographic coordinate system that is in the following formula.

sin 6 sin &
ng = (nn,ng,np) = | —cos@sind

cos d
Using Cauchy’s formula we then compute the traction vector on the normal unit vector ng
of the inferred Alpine Fault plane.
T =ng-Sg

We can now compute the normal stress component, o, on the inferred fault plane using the
following equation:

on =1 ng

The shear stress component vector, 7,, on the inferred fault plane can be calculated using
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the following:

#%=T—o0n-fha

=T -T nghg

The magnitude of the shear stress component can be given by:

Tn =/ (T8 + 75 +72)
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Data Set C1.

Dataset C1. Dataset C1 of the electronic appendices contains the focal mechanism infor-
mation of the relocated earthquake locations, constructed using the methods described in the

main article.

1. YYYY — Year

2. MM — Month

3. DD - Day

4. HH - Hours (UTC time)

5. MM — Minutes (UTC time)

6. SS — Seconds (UTC time)

7. Lat — Latitude in degrees

8. Lon — Longitude in degrees

9. Depth — Hypocentral depth in kilometers
10. Mag — Local magnitude calculated
11. Str — Strike of the first nodal plane of the focal mechanism in degrees
12. Dip — Dip of the first nodal plane of the focal mechanism in degrees
13. Rak — Rake of the first nodal plane of the focal mechanism in degrees
14. Fme — Error estimation of the focal mechanism
15. Hor unc — Horizontal uncertainty obtained by 200 bootstraps

16. Ver unc — Vertical uncertainty obtained by 200 bootstraps
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D Supporting Information for Chapter :
“Crustal thermal structure and exhuma-

tion rates near the central Alpine Fault”

Introduction

The section here contains five figures and a table that summarise initial processing steps that
are described with detail in Chapter 5| The analytical solution of the 1-D thermal profile is

also provided here.
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Figure D3: Cumulative distribution function of hypocentral depths that have at least 10 observations (boxes 1-30). Red line depicts a linear regression
line that fits the 10 to 90 % interval of the data. Red squares show the z0 and z100 predicted values from the linear regression lines.
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Text D1: Temperature profile with depth calcula-

tions

The 1-D thermal structure used in the present thesis (Chapter |5)) is described by the following

second-order differential equation:

d2T dT dT
IS LI e Lo D.1
vz T O T =0 (D.1)

where T is the temperature, z is the vertical distance, t is the time,  is the thermal conduc-
tivity, C is the volumetric heat capacity, H is the volumetric heat productivity, and v is the

exhumation rate. Assuming steady state, a solution has the following form:

d’T dT
—Cv— =_—-H D.2
w dz? v dz (D-2)

Trying a solution of the form T' = Ae"? yields the auxilary equation
kr? — Cur =0 (D.3)

which has the two roots r = 0, % and hence the complementary function is determined to

have the following form:

T.= A1 + Age%z (D4)

Substitution in Equation yields the general solution:

o, H
T = A]_ + AQ@ e az (D5)

This can be verified in the following way:

e,
d2T 02U2 Cv
42 Az 2 € ’ (D.6)
d*T dr 021)2 Cu, Cv co, H
Koo~ Ckvd— = A CU(Ag—e w7+ a) -H

Applying the boundary conditions z = zg and T' = T} yields:

Cv H
To= A1+ Ase = %0 + o0 (D.7)
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and z = z1; and T = T} yields:

Cv H

Subtracting Equation [D.7] from we obtain the following:

Cv

v H
T -1 = A2<6%21 — eTZO) -+ a(zl — Zo) (Dg)

(T1 — To) — &5 (21 — 20)

Ay = o, e(%zo) (D.10)
and from Equation [D.7]
v H
A1 = T() — Age(%ZO) — EZO (D.ll)
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Figure D5.
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Figure D5: Map showing the spatial distribution of the difference between the lower cut-off

depths and the upper cut-off depths of the seismicity, which represents the thickness of the
seismogenic part of the crust near the central Alpine Fault.

Table D1.

Table D.1: Details of the linear regression lines parameters obtained for boxes with enough
observations. Parameter bin is the number of the bin obtained using the quadtree gridding
algorithm. N is the number of the observations within each box. zg and z199 are respectively
the predicted lower and upper cutoff hypocentral depths for each box. The line of the slopes
gives an indication of the thickness of the seismogenic part of the crust within each box.

Bin N Upper Lower Line slope Uplift
6 176 3.88  17.21 -0.13 3.03
11 &84 5.83  11.79 -0.06 4.23

182



Supporting Information for Chapter 5

12
13
14
15
16
17
18
21
22
23
24
25
26
27
30
31
32
37
38
39
40
41
42
43
44
45
93
o4
95
o6
57
o8
99
60
61
63
64
65
66
67
68

107
50
56

280

175

149

677
49

115

585
80

154
74

182
98

115

108

318

124
90

406

130

142

157
80

146
o7

170

155

321

115
48

233
63

124

299

212
95
67

100
85

2.76
5.28
1.64
2.77
1.51
2.07
2.27
4.91
6.99
247
6.6
8.93
13.31
5.86
1.86
1.92
0.61
3.49
6.97
5.1
6.99
9.94
12.02
10.89
10.27
7.9
0.13
-1.87
6.64
1.52
4.44
3.06
6.55
7.26
-0.99
8.33
1.52
8.57
8.4
3.73
0.14

12.54
12.19
9.29
7.11
11.16
5.82
7.63
10.8
11.2
7.91
13.22
16.23
23.88
23.47
7.85
6.58
8.49
8.96
13.1
9.97
13.5
14.75
16.8
15.61
16.88
13.95
16.71
15.25
19.17
19.21
17.04
22.38
18.05
20.28
15.8
19.34
21.3
15.04
16.46
17.3
23.36

-0.1
-0.07
-0.08
-0.04

-0.1
-0.04
-0.05
-0.06
-0.04
-0.05
-0.07
-0.07
-0.11
-0.18
-0.06
-0.05
-0.08
-0.05
-0.06
-0.05
-0.07
-0.05
-0.05
-0.05
-0.07
-0.06
-0.12
-0.17
-0.13
-0.18
-0.13
-0.19
-0.11
-0.13
-0.17
-0.11

-0.2
-0.06
-0.08
-0.14
-0.23

3.83
3.93
5.95
8.36
4.54
10.78
7.66
4.74
4.54
7.26
3.43
2.32
1.11
1.21
7.36
9.17
6.65
6.15
3.53
5.34
3.33
2.82
2.12
2.52
2.12
3.13
2.12
2.62
1.41
1.41
2.02
0.51
1.72
1.11
2.42
1.31
0.81
2.72
2.22
1.92
0.21

183



71132 2.76 13.97 -0.11 3.13
73 132 5.62 19.36 -0.14 1.31
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E Polarity tests

First motion polarities are critical for an accurate determination of fault plane solutions.
Hence, we need to be very careful and check that the polarities recorded by all instruments
are correct (not reversed). As some instruments may have been wrongly plugged, resulting

in systematically wrong polarities.

The composite seismic network used in the present study comprises of 74 seismic sites from
five different temporary arrays (SAMBA, ALFA-08, DFDP-10, DFDP-13 and WIZARD)
and five GeoNet seismic sites. These temporary arrays operated in different time periods
from late 2008 to early 2017. Information about the instrument’s orientations is available
in their dataless seed files obtained from IRIS-DMC (Incorporated Research Institutions for
Seismology Data Management Center). We found a number of sites with reversed polarities.
All DFDP10 sensors were found with reversed polarities in addition to four SAMBA sites
(southern sites; COVA, MTBA, SOLU, LARB). Also, the ten short period instruments from
WIZARD are also reversed.

We have an initial estimation of whether a seismometer is reversed or not. To make sure
that these information are correct we also compare the first onsets at all seismic sites from
teleseismic events. We looked through a number of teleseismic events that occurred from late
2008 to early 2017 had a minimum magnitude of 6.5 and lied within the following coordinates
(Latitude from -50 to 20 and longitude from 110 to 180; Fig. [E.1)).

Polarity tests for DFDP10 and all SAMBA sites (apart from MTBA, SOLU and LARB) have
already been tested by the previous PhD study of Carolin Boese. Consequently, we know that
the DFDP-10 array sensors (short-period Mark Products L22-3D), deployed from January to
May 2010, had reversed vertical-component polarities. The surface SAMBA seismic sensors
(Mark Products L4-3D) temporary installed at Whataroa and Potters Creek (WHAT, POCR)
were also found to have reversed vertical components. One of these senors was later deployed
at Copland Valley seismic site (COVA), so this site has reversed polarities compared to the
rest of the SAMBA sites.

To check the polarities of the ALFA network seismic sites we use the first onsets from the
Mindanao region (Philippines) earthquake on October 4, 2009 with a magnitude of M =
6.6 M, (Fig. . All polarities at the ALFA-08 sites are consistent with the ones from
the SAMBA and GeoNet sites (Fig. . We next use another teleseismic earthquake, that
occurred in the Banda Sea region (Indonesia) on December 10, 2012 with a magnitude of M
= 7.1 M,, to examine the polarity recordings from the WIZARD seismic sites (Fig. [E.4)).
Broadband WIZARD seismic sites are consistent with the SAMBA seismic sites (Fig. [E.5))
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while the short-period seismic sites either show ambiguous first onsets or are reversed.

Finally to test the consistency of the DFDP-10 and DFDP-13 seismic sites polarity recordings
we use the first onsets from a number of blasts from the Whataroa quarry (Fig. and [E.7))

due to their proximity to the quarry. All four DFDP-13 seismic sites show consistent polarities

when compared to the SAMBA sites, while a number of DFDP-10 seismic sites are found to

give reversed polarities.

Polarity recordings could not be picked reliably due to noisy conditions from the following

sites: REYN, MTFE, ROTO and NOLA.

120° 140° 160° 180°
200 | - | | | 200
: /X MR ' 5 Rl
e an ,2009/1/‘0/04/10:-58, M=6.6. = G
g i . . | . a
T ¢ .
0 - - 0
5
—20° e L _20°
\'c:n
2 7
—40° 0: % - —40°
e '
500 km
o
| | | - |
120° 140° 160° 180°

Figure E.1: Earthquake locations and focal mechanism solutions for teleseismic events used

for polarity tests.
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Polarity Tests

CAMEL.HHZ

CASH.EHZ

HATT.HHZ

MTHA2.EHZ

TURL.HHZ

UMAT.EHZ

0 10 20 30 40 50 60 70
Time (s) from 2009-10-04T11:07:23.425000Z

Figure E.2: Unfiltered waveforms from ALFA-08 seismic sites showing the first arrivals of
the teleseismic event that occurred in the Mindanao region (Philippines), at 10:58 (UTC) on
October 4, 2009, with a moment magnitude of 6.6 M,,.
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Figure E.3: Unfiltered waveforms from SAMBA and GeoNet seismic sites showing the first
arrivals of the teleseismic event that occurred in the Mindanao region (Philippines), at 10:58
(UTC) on October 4, 2009, with a moment magnitude of 6.6 M,,.
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Figure E.4: Unfiltered waveforms from WIZARD seismic sites showing the first arrivals of
the teleseismic event that occurred in the Banda Sea region (Indonesia), at 16:53 (UTC) on
December 10, 2012, with a moment magnitude of 7.1 M,,.
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Figure E.5: Unfiltered waveforms from SAMBA and GeoNet seismic sites showing the first
arrivals of the teleseismic event that occurred in the Banda Sea region (Indonesia), at 16:53
(UTC) on December 10, 2012, with a moment magnitude of 7.1 M,,.
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Figure E.6: First arrivals from blast in Whataroa quarry I
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Figure E.7: First arrivals from blast in Whataroa quarry II
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