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Abstract

The high-temperature, fluid-dominated Ngatamariki geothermal field is located in

the central Taupo Volcanic Zone, North Island, New Zealand, and is used to gen-

erate electricity via an 82 MW power plant. Injection wells have been in operation

since June 2012. During June and July 2012, injection well NM8 was injected with

with cold water in order to improve reservoir permeability. Geothermal stimula-

tion and production may trigger microearthquakes by fluid flow through the reser-

voir. Close clustering of microseismic events’ hypocentres relative to the source-

receiver distance results in many events having similar waveforms. We capitalize

on this relationship by using a matched-filter detection method in which high-

quality seismograms corresponding to a well-recorded earthquake (“templates”)

are cross-correlated against continuous data to reveal additional earthquakes with

similar characteristics. Clustering of the detections’ hypocenters also implies that

small variations in travel times between two events corresponds to small differ-

ences in hypocentral locations, which is the foundation of the double-difference

relocation method.

Using an 11 station seismic network, we detect 863 events via cross-correlation

of 110 matched-filter templates during the two months stimulation testing. We

locate each of these detections using a double-difference relocation method by

which events are relocated based on relative travel times. The locatable seismic-

ity delineates: a northern Ngatamariki cluster, a southern Ngatamariki cluster,

and a cluster to the south, at the neighboring Rotokawa field. Seismicity in the

northern Ngatamariki cluster (522 events) is of greatest interest for this project

due to its proximity to well NM8 and temporal signature relative to injection.

The seismicity cluster centers around well NM8 at a depth of 2.1 km below sea

level. Events in this cluster extend to up to 2.5 km from the injection well. An

increase in seismicity near NM8 lags behind the onset of injection by 4–8 days. In

contrast, a seismicity-rate decrease coincides with injection shut-in without any

time lag. Local magnitudes in this cluster span the range −0.09 ≤Ml ≤ 1.66 with

a completeness magnitude of 0.25. Seismicity within 200 m of NM8 is induced
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by thermal stresses caused by the difference in temperature between the injectate

and the reservoir. Seismicity further than 200 m, but still within this cluster,

from NM8 is induced via pore fluid pressure increases from the injected fluid. The

coupled mechanism acts on two different length scales and is known as a thermo-

poroelastic mechanism. The matched-filter detection of microseismic events allows

interpretation of extent of injection well stimulation and the relationship between

injection and seismicity.
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Chapter 1

Introduction

1.1 Motivation and objectives

This study aims to characterize seismicity induced by geothermal resource ex-

ploitation. Our goal is to use a matched-filter methodology to detect and locate

small magnitude earthquakes, or microearthquakes (≤ 3ML) within a geothermal

field during a time of cold water fluid injection. We use two months of data prior

to and after the first stimulation of the Ngatamariki geothermal field to examine

the relationship between seismicity and injection.

The North Island of New Zealand sits just west of the Hikurangi Margin where

the Pacific Plate subducts westward underneath the Australian Plate (Figure 1.1)

(Wilson et al., 1995). Extension from back-arc rifting in the central North Is-

land gives rise to the prominent Taupo Volcanic Zone (TVZ)(Figure 1.2) (Stern

et al., 2010, Wilson et al., 1995, Wilson and Rowland, 2016). Volcanism in the

TVZ commenced approximately 2 Ma and continues today (Wilson et al., 1995).

Starting in the 1950s humans began to exploit the region to produce geother-

mal energy (Chambefort et al., 2016, Wilson et al., 1995). Continual exploration

into the geothermal resources of TVZ resulted in establishing 20 geothermal fields

throughout the region (Figure 1.3) (Bibby et al., 1995). The high-temperature,

fluid-dominated Ngatamariki geothermal field is used to generate electricity via an

82 MW binary power plant, which was commissioned in 2013 (Chambefort et al.,

2014). Due to the reservoir structure of Ngatamariki, injection of fluids back into

the deep geothermal aquifer increases the efficiency of power production and sus-

tains the vitality of the resource (Chambefort et al., 2014, Clearwater et al., 2015).
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During June and July 2012, cold water was injected into Ngatamariki injection

well NM8 in order to improve permeability through thermal stimulation of the

reservoir (Clearwater et al., 2015, Grant et al., 2013). It is well documented that

seismicity is often induced from fluid injection related processes, such as thermal

contractions and pore fluid pressure increase. Our aim is to apply a matched-filter

methodology, a technique that is gaining popularity in seismology (Gibbons and

Ringdal, 2006), to create a catalogue of microearthquakes during the stimulation

period.

Specific goals for this project include: (1) determine a robust matched-filter thresh-

old, (2) adapt a matched-filter methodology to detect microearthquakes within

a background signal, (3) apply a double-difference relocation method to obtain

precise relative locations for clusters of seismicity, and (4) use a singular value de-

composition method to determine relative magnitudes of events with highly similar

waveforms. Upon achieving these goals we will be able to determine the viability of

these methods at the Ngatamariki geothermal field and characterize detected mi-

croseismicity that occurred during June–July 2012. We aim to determine whether

or not seismicity is induced, and if it is, then to determine its mechanism.

1.2 Tectonic setting

New Zealand sits at the boundary between the Australian and Pacific Plates (Fig-

ure 1.1). There are three main areas of interaction between these two plates that

are directly relevant to New Zealand: (1) northern subduction along the Hiku-

rangi Margin, (2) the transpressional Alpine Fault, and (3) southern subduction

along the Puysegur subduction system. South of the South Island, the Australian

Plate subducts towards the northeast beneath the Pacific Plate (Cole and Lewis,

1981, Norris et al., 1990). The plate interface transitions to the dextral, trans-

pressional Alpine Fault, which runs down the length of the South Island. Relative

plate motion across the Alpine Fault provides stress to uplift the Southern Alps

(Norris et al., 1990). Northward still, the Pacific Plate subducts beneath the

Australian Plate along the northern Hikurangi Subduction Zone. Subduction is

slightly oblique, with 35 mm/yr in the parallel to the margin and 6 mm/yr nor-

mal to the margin, with a resultant vector of 45 mm/yr (Stern et al., 2010). The

Hikurangi margin sits east of the North Island, running roughly parallel to the

eastern coastline (Figure 1.1) (Cole and Lewis, 1981).
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Figure 1.1: Map view of New Zealand Tectonics displaying the Hikurangi
Margin, Alpine Fault, and Puysegur Margin. The Central Volcanic Zone (CVZ),
TVZ, and cross section trace (A-B)(Figure 1.2) are displayed atop the North
Island. Plate motion rates are from Stern et al. (2010).

Oblique subduction of the Pacific Plate underneath the Australian Plate along the

Hikurangi Margin causes active volcanism and back-arc rifting (Cole and Lewis,

1981). Volcanism is the result of released water from hydrated minerals within

the subducting slab, which lowers the melting point of rocks in the overlying

continental lithosphere (Wilson et al., 1995). Accompanying the volcanism is

a zone of back-arc extension dominated by northeast trending normal faulting,

known as the Central Volcanic Zone (CVZ) (Figure 1.2) (Cole and Lewis, 1981,

Stern et al., 2010).
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Figure 1.2: Cross section across the Hikurangi margin (A-B) illustrating the
back-arc rifting resulting in the extension of the CVZ and TVZ.

1.2.1 Taupo Volcanic Zone

The eastern segment of the CVZ wedge is known as the Taupo Volcanic Zone

(TVZ) - an area of high heat flow and comprising andesitic to rhyolitic volcanics

(Wilson et al., 1995, Wilson and Rowland, 2016). The TVZ is the location for

the majority of New Zealands’s Pliocene and Quaternary volcanic rocks (Wilson

et al., 1995). Early andesitic activity in the area dates to 2 Ma, whereas rhyolitic

activity commenced later at approximately 1.6 Ma (Wilson et al., 1995, Wilson

and Rowland, 2016).

The TVZ is divided into three spatial sections and three temporal sections (Figure

1.3)(Wilson and Rowland, 2016). The Northern Section of the TVZ is dominated

by andesite-dacite cones, and extending off shore north of the North Island. The

Central TVZ comprises siliceous volcanics, geothermal activity and extensional

faulting (Figure 1.3)(Wilson and Rowland, 2016). The Southern TVZ is similar to

the Northern TVZ in lithology – primarily andesite-dacite, while the landscape is

dominated by large composite cones and minimal hydrothermal activity (Wilson

et al., 1995, Wilson and Rowland, 2016).

Wilson and Rowland (2016) describe the three temporal stages in TVZ’s evolution.

The Old TVZ (2 Ma to 350 ka) is primarily buried, but outcrops are seen in the

western edges of the TVZ and in drill cores. Comprehensive stratigraphy for the
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Old TVZ has not been established (Wilson and Rowland, 2016). Activity during

the Young TVZ (350 ka to 61 ka) accounts for major structural and defining

characteristics of the TVZ, the earliest of which was the eruption of the ignimbritic

Whakamaru Group. The youngest period of activity is the Modern TVZ (61 ka

to present) (Wilson and Rowland, 2016). The Modern TVZ contains features

that have great impact on the geothermal activity of the Central TVZ, including

frequently active rhyolitic volcanism (Bibby et al., 1995, Wilson and Rowland,

2016).

1.2.2 The Ngatamariki geothermal field

The Ngatamariki geothermal field is located northeast of Lake Taupo in the Cen-

tral TVZ (Figure 1.3). Here we present three main aspects about the field: (1)

geology and structure, (2) hydrology, and (3) geothermal features (Figures 1.4,

1.5, 1.6, and 1.7).

Ngatamariki sits atop Torlesse greywacke, a Mesozoic metasedimentary basement

rock that was emplaced during subduction (Chambefort et al., 2016, Price et al.,

2015, Wilson and Rowland, 2016). The oldest volcanic unit at Ngatamariki is

the Reporoa group (1.8 Ma), whose largest member is the Tahorakuri forma-

tion (Chambefort et al., 2016, 2014). The Reporoa group comprises all volcanic

and sedimentary formations between the Torlesse Greywacke basement and the

Whakamaru Ignimbrites. The Tahorakuri formation includes a 1500 m-thick sili-

cic pyroclastic deposit and overlying lacustrian sediments and tuffs. The lower

pyroclastic deposit is defined by three ignimbrite units, all of which have un-

dergone hydrothermal alteration. These ignimbrites are dated at 1.8, 0.9, and

0.7 Ma, respectively and together are approximately 900 m thick. Sedimentary

rocks overlaying the ignimbrites are hydrothermally altered, poorly sorted, coarse

grained sandstone and carbonaceous lacustrine mudstone/siltstone (Chambefort

et al., 2016, 2014).

The 0.4 Ma Whakamaru Group is a 500 m-thick, crystal-rich volcanic deposit

erupted from the Whakamaru caldera. This major stratigraphic unit covers Ngata-

mariki and the entire TVZ (Chambefort et al., 2014). It comprises two units: (1)

strongly welded, lithic-poor pumice and (2) non-welded, lithic-rich pumice(Chambefort

et al., 2016, 2014). The Whakamaru Group is devoid of hydrothermal alteration

(Chambefort et al., 2016).
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Figure 1.3: An overview of the geothermal fields of the TVZ (Chambefort
et al., 2016, adapted). Each geothermal field of the TVZ is highlighted in
orange. Ngatamariki sits in the Central TVZ northeast of Lake Taupo. The
cross-sections D and 3 are illustrated in Figure 1.6.

Overlying the Whakamaru group are three younger units: the Waiora, Huka Falls,

and Oruanui formations (Chambefort et al., 2016). The 0.25 Ma Waiora Forma-

tion is an interbedded tuff overlain by rhyolitic lavas of variable thickness that is

interbedded with fine-grained, dark siltstone (Chambefort et al., 2016, 2014). The

Huka Falls formation is a sequence of lacustrine mudstone, siltstone and tephra

formed 0.25 Ma. The Oruanui formation is an even younger surficial deposit of

reworked material (Chambefort et al., 2016, 2014).

Ngatamariki is unique among TVZ geothermal fields due to the presence of an

intrusive complex (Chambefort et al., 2016, Wilson and Rowland, 2016) The in-

trusive bodies reach depths as shallow as 2000 meters below sea level (mbsl)

(Chambefort et al., 2016, 2014). The complex includes three bodies ranging in

age from 0.55-0.72 Ma. The two shallowest units are microdiorite and quartz dior-

ite. The microdiorite has a uranium-lead (U-Pb) date of 0.72 Ma, whereas the
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Figure 1.4: An overview geologic map of the Ngatamariki geothermal field
depicting geothermal wells, active faults, and volcanic features (Chambefort
et al., 2016). The cross-section marked with the dashed line is illustrated in
Figures 1.5 and 1.7.

quartz diorite has been dated with an argon-argon (Ar-Ar) method to be 0.55 Ma

(Chambefort et al., 2014). The deepest intrusive body is a tonalite that is dated

at 0.66 Ma (Chambefort et al., 2014).

The intrusive complex is inferred to have provided a heat source for now relict hy-

drothermal alteration during emplacement (0.70-0.55 Ma). Arehart et al. (2002)

describe the intrusive complex’s presence as evidence for a paleo-geothermal sys-

tem. There is a lack of alteration of Whakamaru Ignimbrite compared to the

upper Reparoa Group, implying the diorite’s produced heat had decreased by 330

ka (Arehart et al., 2002, Bertrand et al., 2015, Chambefort et al., 2016). As an

active system, the diorite lasted at most 250 kyr: 550 ka (intrusion age) to 330ka

(Whakamaru Group age) (Arehart et al., 2002, Milicich et al., 2014). This is evi-

dence disproving the hypothesis that this intrusive complex is the heat source for
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Figure 1.5: Cross-section of the Ngatamariki geothermal field depicting
geothermal wells and general lithology (see Figure 1.4 for location) (Cham-
befort et al., 2016). Descriptions of the geologic units can be found in Section
1.2.2.

the current geothermal system (Arehart et al., 2002, Bertrand et al., 2015, Boseley

et al., 2010).

Although the intrusive complex may have been presumed as the source of geother-

mal heat at Ngatamariki, the lack of alteration by and age of the aforementioned

intrusive complex implied that this was not the source. A recent 3-D magnetotel-

luric survey of the area by Bertrand et al. (2015) illuminated a large conductive

body beneath the Whakapapataringa Rhyolite Dome to the west of the field (Fig-

ure 1.3), and centered at approximately 5 km depth (Figure 1.6) (Bertrand et al.,

2015). Bertrand et al. (2015) interpret this conductive zone to be a crystallizing

magma body causing convection of high-temperature magmatic fluid and attribute

it as the source of current geothermal energy at Ngatamariki.

The hydrology at Ngatamariki can be interpreted with reference to three aquifers.

According to Boseley et al. (2010), these are a high-temperature (260–300oC),

high-permeability deep aquifer, an intermediate aquifer at 160oC, and a shallow

15oC aquifer (Figure 1.7). These three aquifers are separated by smectite-rich

clay layers, which are confirmed by resistivity data (Bertrand et al., 2015, Boseley

et al., 2010, Chambefort et al., 2016). Isotherms (Figure 1.7) indicate a significant
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Figure 1.6: Orthogonal cross sections showing electrical resistivity beneath
the Ngatamariki geothermal field (see Figure 1.3 for location) (Bertrand et al.,
2015). Bertrand et al. (2015) name the deeper conductive body (labeled D3) as
the source of the geothermal resource beneath Ngatamariki.

release of fluids from the high-temperature reservoir to the intermediate aquifer in

the central field. Injection wells are needed at Ngatamariki to prevent downflow

of fluid from the intermediate aquifer and cooling of the reservoir by pressure

draw-down from production (Chambefort et al., 2016, Clearwater et al., 2015).
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Figure 1.7: Cross-section of the Ngatamariki geothermal field depicting
geothermal wells and hydrologic structure see Figure 1.4 for location) (Cham-
befort et al., 2016). There is a prominent leak at the central area of the field
between the geothermal reservoir and the intermediate aquifer.
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Background

2.1 Geothermal fields and stimulation

Temperature increases with depth below Earth’s surface. This phenomenon is

represented as the geothermal gradient, or the change in temperature over depth.

On average, the geothermal gradient is 30oC/km, yet it can reach levels over

100oC/km (Grant and Bixley, 2015). A high geothermal gradient is often caused

by shallow magma bodies (Barbier, 2002). Heat may be transferred from these

heat sources into adjacent pressurized fluids, or into a geothermal reservoir. By

drilling into the geothermal reservoir, humans extract this heat and use it to

produce power, termed ‘geothermal energy production’ (Barbier, 2002).

Geothermal fields can be divided into two categories based on the type of hy-

drothermal fluid in the reservoir: water-dominated or vapour-dominated (Barbier,

2002). Vapour-dominated fields contain dry steam at high pressures. A cap rock

is necessary in these fields to keep steam from escaping at the surface (Barbier,

2002). Although vapour-dominated fields are not as common as water-dominated

fields, they can generate significant amounts of energy (Barbier, 2002, Grant and

Bixley, 2015). Water-dominated fields can be subdivided into hot water fields

(containing water up to 100oC) or wet steam fields (containing pressurized water

above 100oC) (Barbier, 2002, Grant and Bixley, 2015). Ngatamariki is a wet steam

field, a high-temperature, fluid-dominated geothermal resource (Chambefort et al.,

2014). The most commonly exploited geothermal fields contain wet steam.

11
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Figure 2.1: Diagram of a geothermal binary power plant with Ormat technol-
ogy [http://www.ormat.com/solutions/Geothermal_Binary_Plant, 2016].
The power plant at Ngatamariki comprise a single binary unit able to produce
82 MW of power (Clearwater et al., 2015).

Extracting heat from a reservoir generally requires the installation of production

and injection wells by rotary drilling to penetrate the deep aquifer (Figure 2.1)

(Barbier, 2002, Grant and Bixley, 2015). Production wells draw heated, pres-

surized fluid from the reservoir and injection wells pump cooled water or brine

back into the reservoir (Barbier, 2002, Clearwater et al., 2015). In the case of

Ngatamariki, a binary plant, fluid is drawn up through the production well and

is used to heat and vaporize a secondary, more volatile fluid. The vapours from

the secondary fluid drive a turbine, are condensed and are pumped back into a

heating chamber (Figure 2.1). The cooled geothermal field is injected back into

the reservoir (Grant and Bixley, 2015). Injection is used to aid in production and

keep the geothermal resource viable by maintaining fluid pressures and aquifer

volume (Clearwater et al., 2015).

It is standard practice is to inject cold water into the reservoir before geother-

mal production begins to improve the performance of geothermal injection wells

(Clearwater et al., 2015, Grant et al., 2013). This injection improves reservoir

permeability by cooling the rock mass adjacent to the well, thereby expanding

http://www.ormat.com/solutions/Geothermal_Binary_Plant
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fractures in the reservoir host rock (Grant et al., 2013). This process is known as

“stimulating” the reservoir (Clearwater et al., 2015). This differs from hydraulic

fracturing in which fractures are created and expanded by using significantly higher

pressure during injection. To quantify how well an injection well performs, we use

a quantity termed the Injectivity Index, or just injectivity, II. Formally, II is de-

fined using the injection flow rate W and the well head pressure, WHP (Clearwater

et al., 2015).

WHP = Pr − ρgZ +
W

II
+KW 2,

where Pr is reservoir pressure, ρ is density, g is acceleration due to gravity, Z

is downhole depth, W is mass flow rate, and K is a coefficient that describes

frictional forces (Grant et al., 2013). As the injection continues over time, II will

increase as a power of time t (Figure 2.2) (Clearwater et al., 2015, Grant et al.,

2013). II is measured in (t/hr/bar). That is,

II = Ctn, such that C ∈ R, n ∈ [0.4, 0.7]

Clearwater et al. (2015) shows empirically that n = 0.7 for Ngatamariki (Figure

2.2). There are areas of the stimulation curve, where the trend of II does not

agree with a slope of 0.7. This is ascribed to transient phases in stimulation and

not true stimulation of the reservoir (Clearwater et al., 2015). Most importantly,

the permeability in fractured, hydrothermal rock increases when a front of colder

temperature is applied via injection of cold water (Clearwater et al., 2015, Grant

et al., 2013). This increase is caused by thermal contraction of reservoir rock,

which can be more significant than fluid pressure at driving fractures open (Grant

et al., 2013).

2.2 Exploration and production at Ngatamariki

Geophysical study of the TVZ began in the 1960s with an electrical resistivity sur-

vey spanning the entire zone with the intention of resource identification (Boseley

et al., 2010). An observed low-conductivity anomaly indicated the need for fur-

ther investigation at Ngatamariki (Boseley et al., 2010, Chambefort et al., 2016,

Clearwater et al., 2015).
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Figure 2.2: Log-log scatter plot of NM8 Injectivity Index during the 31 day
stimulation period (Clearwater et al., 2015). The plot shows that injectivity is
proportional to nth power of time, II= tn or in log-log space, log(II) = n log(t).

Exploration at the Ngatamariki geothermal field began in 1980 with the drilling

of four wells (NM1-NM4) using rotary drilling and abundant coring (Figure 2.3)

(Chambefort et al., 2016). Wells NM2 and NM3 encountered a high permeability

geothermal resource at temperatures above 280oC (Figures 1.4 and 1.7) (Boseley

et al., 2010, Chambefort et al., 2016, Clearwater et al., 2015). In 2004, Mighty

River Power (MRP) gained access to the field along with Tauhara Development

Limited and Rotokawa Joint Venture Limited and drilled three more wells (NM5-

NM7) in order to delineate the resource. From 2008 to 2010, multiple conceptual

models were developed in order to build constraints on the resource extent (Bose-

ley et al., 2010, Clearwater et al., 2011, Dempsey et al., 2013). Additionally, in

2010 MRP and Tauhara North No. 2 Trust were granted resource consent to with-

draw 60,000 tonnes/day of geothermal fluid (Chambefort et al., 2016, Clearwater

et al., 2015). In the same year, Boseley et al. (2010) performed a smaller scale

magnetotelluric, survey which revealed a 7 to 12 sq. km conductive anomaly.

In 2011, MRP commenced construction of the 82 MW plant and began rotary

drilling of four more wells (NM8-NM11) (Chambefort et al., 2016, Clearwater
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1960's

1980's

2004

2008 - 2010

2010

2011

2012

2013

Short-wavelength DC Elecectrical Resistivity surveys of the Taupo-Waiotapu 
region indicate a shallow conductor beneath Ngatamariki

Rotary drilling and coring of the four initial wells (NM1-4). NM4 intersects 
intrusive layer, and NM2 and 3 interstect high-permeability, high-tempera-
ture (>280oC) resource

MRP , Tauhara Development Limited, and Rotokawa Joint Venture Limited 
gain access to Ngatamariki and continue explortation by drilling NM5-7 in 
order to determine the resource extent

Conceptual models of Ngatamariki are developed ( Urzua-Monsalve et al., 
2008; Bignal et al., 2009; Bosely et al., 2010)

• Commence construction on the 82 MW binary power plant

• Rotary drilling of four additional wells for production and injection (NM8-11)

• MRP and Tauhara North No. 2 Trust establish resource sonset to extract up 
to 60,000 tonnes per day of geothermal fluid from Ngatamariki
• Bosely et al. perform a magnetotelluric survey , which helps better con-
strain the conductor to 7-12 km2.

Begin to stimulate injection wells in order to improve injectivity of the reser-
voir while continuing drilling of NM8-11. 

MRP commissions the 82 MW Ormat binary power plant

Figure 2.3: Timeline for development at the Ngatamariki geothermal field.

et al., 2015). Starting in June 2012 with the completion of the first injection

well, NM8, MRP started stimulation tests to asses and improve injectivity of the

reservoir (Clearwater et al., 2015, Dempsey et al., 2013). NM9 and NM10 were

subsequently stimulated via injection of cold river water. In 2013, the plant was

commissioned and production commenced (Clearwater et al., 2015).
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2.2.1 Injection well NM8

NM8 sits at the northern end of the Ngatamariki geothermal field and reaches

3600 m depth (Figure 1.5) (Chambefort et al., 2016). It was constructed as an

injection well and completed in May 2012. The formations that NM8 intersects are

detailed in Section 1.2.2. NM8 underwent stimulation from June 7 through July

8, over which the Injectivity Index improved from 0.4 to 2.7 t/hr/bar, following

a stimulation slope of n = 0.7 (Section 2.1) (Clearwater et al., 2015). Although

permeability at the base of the well is low due to its position within the intrusive

pluton, feed zones higher along the borehole allow for stimulation to be effective

(Clearwater et al., 2015). A feed zone is an area that allows for exchange between

the fluid within the well and the fluid in the reservoir. When injecting cold fluids,

this allows fluid release into the reservoir before reaching the bottom of the well

(Glynn-Morris et al., 2011).

2.3 Overview of induced seismicity sources

Induced seismicity is the process by which human activity causes significant enough

perturbations in the stress field to cause a fault to slip, or a fracture to open,

resulting in an induced earthquake. Humans may induce earthquakes in myriad

ways including mining, building reservoirs, and injecting fluid below the surface.

Here we present an overview of the mechanisms of induced seismicty and the

human activities that contribute to causing seismicity.

2.3.1 Mechanisms of induced seismicity

An earthquake is a release of energy at the time slip occurs along a failure plane.

Failure occurs when the shear stress τs exceeds a scalar multiple of the normal

stress σn and the cohesion of the parent rock Cf (Mossop, 2001, Shapiro, 2015).

τs ≥ µsσn + Cf

The equation for τs is called the Coulomb failure criteria, and if a fault were to

fail due to these conditions, we call this Coulomb failure. Under a given stress

regime, a fault plane may fail if it is in a favourable orientation, otherwise it will
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not fail at all. Reducing normal stress by subsurface injection of cold fluid may

cause a fault to fail. We consider two possibilities by which this is achieved: (1)

a reduction for effective normal stress due to the increase of pore fluid and (2)

thermal contraction due to temperature differences between the injected fluid and

the reservoir (Bodvarsson, 1972, Mossop, 2001, Shapiro, 2015).

Addition of fluids into a system, reduces σn, so that for a pore fluid pressure of pf ,

the effective normal stress becomes σeff = σn − pf (Shapiro et al., 2003, Shapiro,

2015). Injected fluid causes diffusion of pore fluid pressure from the well into the

surrounding reservoir (Shapiro, 2015). Being diffusive, the radial extent (R) of

a pore fluid pressure front in an isotropic medium, a time t after injection at a

point can be described as R =
√

4πDt, where D is the hydraulic diffusivity of

the reservoir (Shapiro, 2015). Hydraulic diffusivity is a measure of how easily a

fluid can move through a medium, and is measured in m2/s. Once injection starts,

it is common to see microseismicity induced between the source of fluid and the

radial front of pore fluid pressure (Figure 2.4) (Shapiro et al., 2003, Shapiro, 2015).

Shapiro (2015) provides a overview of many case studies for which microseismicity

is induced by an increase in pore fluid pressure, via poroelastic stresses. We can

estimate hydraulic diffusivity based on the envelope method illustrated in Figure

2.4. This method of diffusivity determination is only an estimate because in reality,

hydraulic diffusivity is represented by a matrix, and will only be represented by

a scalar if the reservoir is isotropic with respect to fluid flow. For this reason, we

do not require 100% of the events to fall within the front of pore fluid pressure

(Figure 2.4), as they could potentially be occurring in a fast-direction of fluid flow

(Shapiro and Dinske, 2009, Shapiro et al., 2003, Shapiro, 2015).

Pore fluid pressure increase can cause earthquakes regardless of the temperature

of the reservoir. However, at Ngatamariki the temperature difference between

injected fluid and the reservoir provides another mechanism of induced stress per-

turbation (Bodvarsson, 1972, Clearwater et al., 2015, Grant et al., 2013, Sewell

et al., 2015, Sherburn et al., 2015b). When a cool injectate is introduced into a hot

geothermal reservoir, temperature advects and carries heat to the reservoir and

host rock (Bodvarsson, 1972, Mossop, 2001). As the reservoir cools, pre-existing

fractures contract, reducing the normal stress by increasing the volume of the

cracks and hence decreasing density. Thermal contraction has been shown to be

significant enough to cause seismicity (Bodvarsson, 1972, De Simone et al., 2013,

Sewell et al., 2015, Sherburn et al., 2015b). Sherburn et al. (2015b) and Sewell et al.
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Figure 2.4: Example of a diffusion envelope for microseismicity during hy-
draulic fracturing experiments at Fenton Hill, New Mexico. Events are plotted
by when they occurred from the start of injection versus how far from injection
they occurred. The curve represents the extent of a fluid pressure front extend-
ing radially from the point of injection assuming a hydraulic diffusivity, D, of
0.17 m2/s (Shapiro et al., 2003)

(2015) attribute induced microseismicty at the Rotokawa geothermal field, adjoin-

ing Ngatamariki to the south, to be caused primarily from thermal contraction

as opposed to pore fluid pressure (Figure 1.3, labeled “RK”). During June–July

stimulation testing at NM8, injected fluid was approximately 20oC, whereas the

reservoir is approximately 300oC (Clearwater et al., 2015, Dempsey et al., 2014).

This is enough temperature difference to induce seismicity via thermal contraction

(Sewell et al., 2015, Sherburn et al., 2015b).

2.3.2 Locations of induced seismicity

Here we consider the variety of anthropogenic sources for induced seismicity –

including reservoirs, mining, and injection.
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Reservoirs: Studies of induced seismicity started in the 1930s with the reporting

of increased seismicity following construction of water reservoirs. Until recently,

the largest earthquake induced by reservoir loading was in Koyna, India, with a 6.5

Mw event (Gupta and Rastogi, 1976). In 2008, the 7.9 Mw Wenchuan earthquake

surpassed the Koyna event as the largest recorded reservoir induced event (Kerr

and Stone, 2009). Reservoirs induce seismicity by increasing the pore fluid pressure

at depth (Gupta and Rastogi, 1976, Kerr and Stone, 2009).

Mining: Mining offers several mechanisms for inducing seismicity, including chang-

ing the overburden stress by removing material, explosive blasts, and mine collapse.

For example, in the 1970s Witwatersrand gold fields in South Africa were being

excavated by removal of tabular sections of rock (Cook, 1976). Stress changes

resulted from the collapse of voids left by mining, causing a high rate of seismicity

within a few hundred meters of the mine (Cook, 1976). The largest known min-

ing induced event is a magnitude 5.4 Mw event in 1989 induced by rockbursts in

Volkerhausen, Germany (Bennett et al., 1994, Knoll, 1990). Bennett et al. (1994)

show that the Volkershausen events had implosive components in their sources,

implying an induced mechanism.

Injection: Healy et al. (1968) describes a correlation between earthquakes oc-

curing in 1968 near Denver, Colorado and the injection of wastewater. By 1976,

the U.S. Geological Survey performed an experiment at the Rangley Oil Field,

Colorado to gain insights into the induced seismicity that Healy et al. introduced

(Raleigh et al., 1976). Raleigh et al. (1976) confirmed the Healy et al. (1968)

hypothesis that earthquakes can be triggered by increased pore fluid pressure. In-

jection has induced earthquakes in boreholes as deep as 9.1 km during Germany

Continental Deep Drilling Program (Harjes, 1997). Earthquakes were induced

just above the base of the injection well and closely followed typical behaviour of

seismicity induced by pore fluid pressure (Harjes, 1997, Shapiro, 2015).

The TVZ: Several studies have analysed induced seismicity related to geothermal

production and injection. Although little work has been published on induced

microseismicity at Ngatamariki, there have been several studies across the TVZ

and at Ngatamariki’s neighbouring field, Rotokawa (Figure 1.3) (Sewell et al.,

2015, Sherburn et al., 2015b).

Large-scale geothermal energy production in the TVZ began in the 1950s, but

injection did not commence until the 1980s at Wairakei (Sherburn et al., 2015a).
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Injection here has dual purposes, namely the disposal of geothermal brine and

to maintain the viability of the geothermal resource. Most modern fields rely on

deep injection, far below the depth that production wells draw fluid from. This

eliminates interaction with intermediate and shallow aquifers which may cause

fluid discharge at the surface (Sherburn et al., 2015a).

Sherburn et al. (2015b) and Sewell et al. (2015) present a detailed study of micro-

seismicity at the Rotokawa geothermal field from 2008 to 2012. They show that

there is a significant spatiotemporal relationship between injection/production and

the occurrence of microseismicity. Using the microseismicity, they mapped and

characterized the Central Field Fault, a feature that acts as a conduit along its

strike, but a as a barrier to fluid moving normal to strike (Sewell et al., 2015,

Sherburn et al., 2015b). Additionally, due to changing of injection and produc-

tion, Sherburn et al. (2015b) and Sewell et al. (2015) observe that the locations

of seismicity changed with differing injection well sites. Lastly, Sherburn et al.

(2015b) and Sewell et al. (2015) attribute the mechanism of seismicity to thermal

stresses caused by cold fluid injected into the hot reservoir rock (Section 2.3.1).

2.3.3 Detection of induced seismicity

In order to study the possible effects of anthropogenic factors on seismicity, we need

to have a catalogue of earthquakes to consider. Historically, earthquake signals

are detected within a background signal without knowing the source parameters or

the waveform of the event (Gibbons and Ringdal, 2006). To detect an earthquake

within a background signal, one would compare the power of the time series over a

short time interval (STA) with the power of the time series over a long time interval

(LTA). The ratio is known as the short term-long term average (STA/LTA), and

described in terms of the signal-to-noise ratio (SNR) (Freiberger, 1962). When

the power in the short term is subsequently large relative to the power over the

long interval, or the SNR is large enough to surpass a threshold, then there is a

detection (Figure 2.5). The STA/LTA method has been used extensively since it

was introduced by Freiberger (1962). This is a suitable method for detecting strong

signals, but once the signal-to-noise ratio (SNR) becomes too weak, the STA/LTA

method is no longer effective (Gibbons and Ringdal, 2006). The STA/LTA method

will no longer be able to reliably distinguish a signal from noise.
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Figure 2.5: STA/LTA methodology schematic. An example of a signal is
plotted above with examples of a short-term and long-term window. Power
of the signal is calculated for each short-term and long-term window, which is
displayed below. An event is said to occur when the extrema in the STA is large
enough relative to the LTA, the timing of which is illustrated by the dashed line.

Geothermal areas are known to have high levels of seismic noise (Clacy, 1968,

Douze and Sorrells, 1972, Goforth et al., 1972). We are interested in small mag-

nitude earthquakes (< 3 ML), which have low SNR in a highly noisy geothermal

area. One solution for detecting small events in noisy signals is to use waveform

cross-correlation of the background signal with a known, filtered earthquake sig-

nal, or template (Anstey, 1964, Chamberlain et al., 2014, Gibbons and Ringdal,

2006, Schaff and Waldhauser, 2010, Shelly et al., 2007, Van Trees Jr et al., 1968).

As will be described in Chapter 3, cross-correlation quantifies the similarity be-

tween two signals. Cross-correlating the template with the background signal will

quantify if at any point in time the background signal displays similarity to the

template. This is known as a matched-filter methodology (Figure 2.6) (Anstey,

1964, Shelly et al., 2007, Van Trees Jr et al., 1968). Matched-filtering is widely

used in the larger scientific/mathematic/engineering fields; however, widespread

use in seismology is more modern (Brown et al., 2008, Chamberlain et al., 2014,

Gibbons and Ringdal, 2006, Schaff and Waldhauser, 2010, Shelly et al., 2007).

Several studies have used matched-filtering to detect low-frequency earthquakes

on local networks in Japan, the Alpine Fault, and Alaska (Brown et al., 2008,

Chamberlain et al., 2014, Shelly et al., 2007). Here, we use methods developed by
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Figure 2.6: Matched-filter methodology schematic.

Shelly et al. (2007) and Chamberlain et al. (2014) which implement the matched-

filter routine using Matlab. Low-frequency earthquakes differ from microseismicity,

but the matched-filter method can be applied to either. Geothermal fields are also

a suitable place to use matched-filtering due to the low SNR of most seismic

signals of interest. Rowe et al. (2002a) adapts cross-correlation to make precise

phase arrival picks for earthquakes in the Soultz geothermal reservoir. Rawlinson

(2011) applies the matched-filter methodology (based on the method developed

by Rowe et al. (2002b)) to the Rotokawa geothermal field (Figure 1.3). Our study

aims to continue the process of adapting matched-filter methods for use in the

TVZ.



Chapter 3

Data and Methodology

In Chapter 3, we describe the data available and the methodology we use for

analysis. We use two types of data: (1) seismic waveform data and (2) geothermal

field data. Seismic data consists of day long seismographs and timing of known

events, whereas geothermal field data consists of locations and amounts of fluid

release into the subsurface.

The methodology description begins with an precise definition of cross-correlation,

followed by a flow of the matched-filter method. We give a detailed explanation of

the methods presuming the reader has a university level of mathematical knowl-

edge. For further explanation of concepts upon which we build the methods, see

Lyons (2010).

3.1 Data

3.1.1 Seismic data

Mighty River Power (MRP) began operation of the Ngatamariki seismic network

in 2012 just before stimulation of NM8 (Figure 3.1). At the time, the network

consisted of seven stations (labeled ‘NS’, Figure 3.1). MRP also operates the

Rotokawa network immediately south of Ngatamariki (labeled ‘RT’, Figure 3.1)

(Sherburn and Bourguignon, 2013). Instruments in the Rotokawa and Ngata-

mariki networks are Geospace GS-11D 4.5 Hz seismometers with a 200 Hz sample

rate (Rawlinson, 2011). GS-11D instruments have highest response at frequencies

23
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between 4.5 to 100 Hz (Table 3.1). Since installation in 2012, the Ngatamariki and

Rotokawa networks have been operated independently, despite their close proxim-

ity (Figure 3.1) (Sherburn and Bourguignon, 2013). MRP supplied continuous

seismic data from the ten stations that were operating in June and July 2012 for

this project (Steven Sewell, MRP, pers. comm., 2015). These data are in com-

pact miniSEED format and segmented into day-long intervals (00:00 to 23:59) by

station and component.

We use additional data from the New Zealand National Seismograph Network

station Whakapapataringa, or WPRZ (Figure 3.1) (Petersen et al., 2011). Wave-

form data from all stations in the national network are available through GeoNet

(www.geonet.org.nz). Station WPRZ began operation in March 2010 and com-

prises a Lennartz LE-3DliteMkII short-period instrument with a sampling rate of

100 Hz (www.lennartz-electronic.de, 2015). The Lennartz instrument is low-

power and low-noise; it has the highest response at frequencies from 1 to 100 Hz

(www.lennartz-electronic.de, 2015).

Table 3.1: Seismic stations around Ngatamariki

Station Latitude Longitude Elevation (m) Instrument

NS02 −38.5543 176.1623 375 Geospace GS-11D
NS03 −38.5233 176.2092 327 Geospace GS-11D
NS04 −38.5425 176.2257 345 Geospace GS-11D
NS06 −38.5655 176.1945 407 Geospace GS-11D
NS07 −38.5608 176.2270 345 Geospace GS-11D
NS08 −38.5303 176.1855 345 Geospace GS-11D
NS09 −38.5755 176.1628 451 Geospace GS-11D
RT02 −38.6017 176.1765 346 Geospace GS-11D
RT07 −38.6045 176.2065 320 Geospace GS-11D
RT11 −38.5993 176.1942 330 Geospace GS-11D

WPRZ −38.5197 176.1623 519 Lennartz LE-3DliteMkII

In order to apply the matched-filter method, we require a set of known seismic

events (Shelly et al., 2007). The Institute of Geological and Nuclear Sciences

(GNS Science) carries out detection and location routines using the Mighty River

Power’s Ngatamariki and Rotokawa networks (Figure 3.1) (Sherburn and Bour-

guignon, 2013). Detection is performed automatically using an STA/LTA method

(Sherburn and Bourguignon, 2013). Initial locations are also computed automat-

ically. Events detected by STA/LTA with more than 10 phase arrivals (across

components) undergo manual phase-pick refinement (Sherburn and Bourguignon,

www.geonet.org.nz
www.lennartz-electronic.de
www.lennartz-electronic.de


Chapter 3. Data and Methodology 25

#*

#*

#*

#*

#*

#*

#*

#*
#*

#*

#*

GF

GFNM10

NM8

WPRZ

RT11
RT07

RT02

NS09

NS08

NS07
NS06

NS04

NS03

NS02

176.22°176.19°176.16°

-3
8.

5°
-3

8.
55

°
-3

8.
6°

0 1 2 3 40.5
km

² _̂

175°170°

-3
5°

-4
0°

-4
5°

GF Injection Well
Fault

#* Seismometers
Template events

Figure 3.1: Map of the Ngatamariki geothermal field. Seismometers, two
relevant injection wells (NM8 and NM10), and a priori known template events
are shown.Faults were provided from (Langridge et al., 2016)



Chapter 3. Data and Methodology 26

2013). Next, in order to improve locations, GNS Science researchers perform

waveform cross-correlation using BCSeis, a method developed by Du et al. (2004).

This generates lag times between pairs of events that are subsequently used for

double difference relocation (Du et al., 2004). The double-difference methodology

determines more accurate relative locations for a set of closely clustered events

(Waldhauser and Ellsworth, 2000). The known events, or templates are shown on

Figure 3.1.

3.1.2 Geothermal field data

There are 11 wells at Ngatamariki which intercept the geothermal reservoir (Fig-

ure 1.4) (Chambefort et al., 2016). Four wells (NM6, NM8, NM9, NM10) are

currently used for injection while three (NM5, NM7, NM11) are used for produc-

tion (Boseley et al., 2010, Chambefort et al., 2016). Rotary drilled holes often

deviate from vertical. Three of the wells at Ngatamariki (NM5, NM9, NM10)

deviate significantly (Chambefort et al., 2016). It is important to know each well’s

orientation at depth when considering induced seismicity. A well is not always

entirely impermeable along its length (Glynn-Morris et al., 2011). Knowledge of

a feed zone location can be significant for inferring from where pore fluid pressure

or temperature changes emanate. Mighty River Power has provided depth profiles

and feed zone locations for all 11 wells at Ngatamariki, however we focus on NM8

and NM10 in this study. The principal feed zone for NM8 sits at 2000 meters

below sea level and is approximately 20 meters long (Steven Sewell, MRP, pers.

comm., 2015).

For the NM8 stimulation period (June – July 2012) MRP measured injection flow

rate (tonnes/hour) and well head pressure, or WHP (bars). These are both mea-

sured every five minutes throughout June and July 2012 (Steven Sewell, MRP,

pers. comm., 2015). We will compare these data with microseismicity rates in

order to infer whether seismicity is induced through exploitation or naturally oc-

curs.

Starting in May, MRP oversaw the drilling of injection well NM10, and in July

the borehole reached the level of the reservoir (Steven Sewell, MRP, pers. comm.,

2015). During drilling, operators pump fluid down into the borehole to aid in the

drilling process. Fluid flows down the drilling pipe, out through the bit, then back

up towards the surface. However, uncontrolled flow may leak into the surrounding
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Figure 3.2: Schematic of (a) partial and (b) total fluid loss during drilling
[http://petrowiki.org/Lost_circulation, 2016]

formation instead of circulating back towards the surface. This situation is called

partial, or total loss of circulation (Figure 3.2) (http://petrowiki.org/Lost_

circulation, 2016). In mid-late July, MRP experienced loss of drilling fluids into

the formation (Steven Sewell, MRP, pers. comm., 2015). Rate and cumulative

amounts of fluid loss were recorded during the occurrences. We will use these data

to compare with microseismicity rates near NM10.

3.2 Cross-correlation theory

Matched-filtering is based upon cross-correlation of a known signal, or template,

with the continuous background waveform, or image (Briechle and Hanebeck,

2001, Lewis, 1995). The following is a detailed, mathematical approach to cross-

correlating template g with image f at time τ .

We define a time series f(t) of length M as:

f(t) = t1, t2, t3, . . . , tM , such that ti ∈ R, i = 1, 2, 3, . . . ,M.

We will now show how to quantify the similarity of g(t) (template, of length N)

and f(t) (image, of length M), at time τ . This could be thought of as how far

apart g and f are from each other (i.e. Euclidean distance) (Lewis, 1995). The

http://petrowiki.org/Lost_circulation
http://petrowiki.org/Lost_circulation
http://petrowiki.org/Lost_circulation
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distance df,g(τ) is defined as:

d2
f,g(τ) =

∑
t

[f(t)− g(t− τ)]2,

where f is the image, and the sum is over times t under the interval containing

the template g at time τ . By the binomial theorem,

d2
f,g(τ) =

∑
t

[f 2(t)− 2f(t)g(t− τ) + g2(t− τ)]

The term
∑
g2(t−τ) is constant, and if

∑
f 2(t) is also constant, then the remain-

ing component of distance is:

c(τ) =
∑
t

f(t)g(t− τ)

There are however several disadvantages to using c(τ) for matched-filtering (Lewis,

1995).

1. If
∑
f 2(t) (the image energy) is not constant, then calculating c will be

skewed . For example, the correlation between the template and an exact

matching region in the image may be less than between the template and a

region with a large spike in amplitude.

2. The range of c(τ) is dependent on the length of the template, N .

3. c(τ) varies with changes in image amplitude.

A better approach to calculating similarity is by calculating the correlation coef-

ficient γ (Briechle and Hanebeck, 2001, Lewis, 1995):

γ(τ) =

∑
t

[f(t)− f̄τ ][g(t− τ)− ḡ]

{
∑
t

[f(t)− f̄τ ]2
∑
t

[g(t− τ)− ḡ]2} 1
2

,

where f is the image, ḡ is the template mean, f̄τ is the mean of f(τ) in the region

under the template, and

f̄τ =
1

N

τ+N−1∑
t=τ

f(t)

.
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The denominator represents the variance of the zero-mean image, f(t) − f̄τ , and

the shifted zero-mean template g(t − τ) − ḡ. Dividing by these values makes γ

independent of the amplitudes of the template and image (Briechle and Hanebeck,

2001). The normalization makes the correlation coefficient more robust than using

other methods for determining similarity (Briechle and Hanebeck, 2001).

Although γ a reasonable choice for comparing two signals, it is computationally

expensive. Recall that the length of f and g are M and N respectively. For each

time τ ∈ {0, 1, . . .M −N}, the mean image under the template region f̄τ , and the

energy of the zero mean image ef (τ) =
τ+N−1∑
t=τ

[f(t) − f̄τ ]2 must be calculated —

resulting in N(M −N + 1) additions and N(M −N + 1) multiplications (Briechle

and Hanebeck, 2001, Lewis, 1995). Instead of making these computations directly,

we can make modifications to the method in order to reduce computing power.

Consider the numerator of γ:

γnum(τ) =
∑
t

[f(t)− f̄τ ][g(t− τ)− ḡ].

Let f ′(t) = f(t)− f̄τ and g′(t) = g(t)− ḡ, we have

γnum(τ) =
∑
t

f ′(t)g′(t− τ)

This is the definition of convolution of the image f and the reversed template

g′(−t) (Lewis, 1995). As such,

=⇒ γnum(τ) = F−1[F(f ′)F∗(g′)],

where F is the Fourier transformation and F∗ is the complex conjugate transfor-

mation.

Extending the calculation of the numerator of γ into the frequency domain by

use of the Fast Fourier Transform (FFT) reduces the number of calculations to

12M log2M multiplications and 18M log2M additions/subtractions (Briechle and

Hanebeck, 2001, Lewis, 1995). With M >> N the complexity of the direct γ

calculation is N ·M multiplications and additions. The FFT method becomes

most efficient when N approaches the size of M and when N and M are both large

(Lewis, 1995).
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3.3 Preliminary processing

3.3.1 Picking phase arrivals and isolating template events

We start with a set of known template events and continuous data (see Section

3.1, Figure 3.1). In order to apply the matched-filter method, we need to extract

the template waveforms from each station in the network at which the event is

well recorded. We use phase arrival times (picked manually) in order to determine

how much of the waveform to extract, in order to define our template window.

We extract a 70 second long event waveform from every station and component

within our network (Table 3.1). The long event waveform starts 10 seconds before

and extends 60 seconds beyond the event origin time (Figure. 3.3).

Next, we bandpass filter the waveforms between 2 and 12 Hz and determine P-

and S-phase arrivals at each station for each template event. The lower limit of

the bandpass filter was chosen to eliminate noise below 2 Hz; however, Du et al.

(2004) notes that the method of cross-correlation presented here should not be

sensitive to the filtering bounds. Each phase is manually picked to yield the most

accurate phase arrival. P-phase arrivals were picked on the vertical component

and an S-phase arrivals on the clearer horizontal component. Although this does

not take shear wave splitting into account, because of noise levels it was more

accurate to pick on a single component. A quality marker is also assigned along

with the time for each pick. A quality marker denotes how confident we are in the

pick (integer 0 through 4, with 0 being the most confident). We also designate

whether the phase arrival is impulsive or emergent and whether the P-phase arrival

has upward or downward first motion. Although not every station gave a clear

recording of a particular event, we only proceed with template generation using

events that are well-recorded on at least five stations (i.e. with a pick grade ≤ 3).

The next step is to select the window size used for the template waveforms. Using

too short a window results in an over-abundance of false detections, whereas using

too long of a window of the template waveform will result in missed detections

(Baisch et al., 2008, Lees, 1998). We use a window that includes both P-and S-

phase arrivals to focus on finding families of detections that have similar waveforms

(Du et al., 2004, Lees, 1998). The matched-filter methodology we are using requires

that a constant window be chosen for each station across the network (Brown et al.,

2008, Chamberlain et al., 2014, Shelly et al., 2007). We elect to use a minimal
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window that includes both P- and S-phase arrivals. In order for the window to

contain these for all events at all stations, we select a 3 second window that starts

0.2 seconds before the P-phase arrival. We can use such a short window because of

the small station-event distances, the maximum of which is approximately 5 km,

corresponding to and S-P interval of approximately 2.8 seconds. Figure 3.3 shows

the template window selection for the vertical component of a template event.

3.4 Matched-filter methodology

Based on the understanding of the theory underpinning cross-correlation of a single

time series template with a single time series image at a particular time (Section

3.2), we now outline how we apply it to two months of seismic waveform data

and for all stations that recorded a template event. As noted above, the matched-

filter procedure we use was originally developed by Shelly et al. (2007) and further

developed by Chamberlain et al. (2014). The following is a detailed description

of the matched-filter process, illustrated in Figure 3.4. For convenience, we define

the term ‘station-component’ to mean, ‘each component at each station.’ For

example, instead of ‘for every component at every station...’, we state, ‘for every

station-component...’.

1. Template Creation: The waveform for each station-component has been

cut to a 3 second window to include both P- and S-phase arrivals. Each

station does not have the same P-phase arrival, thus each station may have

a different window start time (Figure 3.5). It is important to take this

delay into account during cross correlation so that we detect events with

similar differential travel times. Delay times are calculated for each station.

For station i, denoted stai, its associated delay time, delayi, is equal to the

difference in window start time between stai and the station with the earliest

arrival. In other words, let a template event be well recorded on n stations

and

S = {ti|ti = window start time for station i, i = 1, 2, ..., n}

Let tmin = min(S)

=⇒ tdelay = ti − tmin
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Figure 3.4: Flow diagram detailing the steps to perform the matched-filter
method

We store the delay times, the filter range over which we bandpass (2–12

Hz), the sample rate, and the waveform data for each station-component

for use during the cross-correlation stage. The waveform data are stored

in an m × n matrix, where m is the number of stations multiplied by the

number of components per station, and n is the number of samples in the

waveform for each component. In our case, we are using a 3 second window

down-sampled to 100 Hz when necessary. If the earthquake is well recorded

on all 11 available stations, the matrix representing the waveform data will

have dimensions 33× 300.
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Figure 3.5: Example of a template waveform (event20120616 232228.44) on
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(YYYYMMDD hhmmss.ss). The pertinent phase arrival (P-phase for vertical
components and S-phase for horizontal components) is marked in green. In this
example, station NS08 has a delay time of zero, as it is the nearest station to
the event in this case.

2. Cross-correlation against continuous data: We determine if the tem-

plate signal lives within the continuous data at any point in time (be-

sides when the template itself occurred). We adapt the normalized cross-

correlation calculation (from Section 3.2) to be performed on each station-

component. For each station-component, we read in the continuous wave-

form data for each day at that component and cross-correlate it with the

respective component in the template matrix. We correlate the template

with the continuous waveform data at every possible 3 second window, thus

calculating the correlation coefficient at each point in time. So each corre-

lation moves one sample further in time. The number of cross-correlation

coefficients (ccc) calculated is equal to the number of samples in a day (num-

ber of seconds in a day × sample rate, or 86, 400 seconds × 100 samples
second

=

8, 640, 000 samples).

We now have a vector of correlation coefficients for each station-component.

To determine whether or not we have a detection at any point in time, we

consider the network correlation coefficient, or correlation sum (Brown et al.,
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2008, Chamberlain et al., 2014, Shelly et al., 2007):

cccSum =
L∑
i=0

ccci

where ccci is the correlation coefficient for station-component i of the L

station-components that recorded the template event.

3. Determining a daily threshold value: Before we can say whether or

not we have any times in the network correlation sum that correspond to

detections, we need to compute a threshold for cccSum, above which a net-

work correlation sum value corresponds to a detection. The threshold we

use is based on the median absolute deviation (MAD) of the cccSum across

a day (Brown et al., 2008, Chamberlain et al., 2014, Shelly et al., 2007). The

median absolute deviation (MAD) is a statistic more robust to outliers than

the standard deviation, i.e. the MAD is influenced less by outliers (Brown

et al., 2008, Chamberlain et al., 2014, Shelly et al., 2007). MAD is a measure

of the distribution of a set of real numbers around its median (Brown et al.,

2008, Chamberlain et al., 2014, Shelly et al., 2007). Specifically:

Let nsta = number of station-components,

x = {xj : xj ∈ [−s, s], j = 1, 2, ..., 8, 640, 000}

and x̄ = median(x)

=⇒ MAD(x) = median({yj : yj = |xj − x̄|∀xj ∈ x})

We define our match-filter threshold T as

T = R×MAD(cccSum)

where R ∈ Q is determined empirically (See Section 3.5).

4. Identifying detection: Given a cccSum threshold of T , we define a de-

tection as the set of upper and lower bounds to the set (−T, T ) that are

contained in cccSum.

Let D = set of detections

=⇒ D = {xi : xi ∈ cccSum ∩ |xi| ≥ |T |}
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Figure 3.6: Correlation sum time series (blue) during 18 June 2012 for a
template occurring on 19 June 2012. Detections are based on a matched-filter
threshold of 7.6×MAD. Red highlights the detection times, where the cross-
correlation sum exceeds the matched-filter threshold.

In other words, detections are the extrema of the correlation coefficient sum

that exceed the threshold. The detection time is a point in time when there

is an extrema in the correlation sum (Figure 3.6). This does not necessarily

correspond to the time when each station-component best correlates to the

continuous data, due to slight differences in locations and travel times of the

template and the detection. This means that the detection time approxi-

mately equals the time at which the station-component with tdelay = 0 best

correlates with the continuous data. The other station-components are best

correlated at approximately tdelayi
+ tdetection, where tdelayi

is the delay time

for station-component i.

One constraint we put on detections for each template is that they must

be at least 3 seconds apart. That is, if we have a peak in the correlation

sum above the threshold, then that template cannot detect another event

for 3 seconds afterwards (Chamberlain et al., 2014, Shelly et al., 2007). We

impose this constraint so that we do not achieve false detections from later
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parts of the coda of a detection. Three seconds is chosen as it is the length

of the template.

5. Calculating detection phase arrival times: In order to calculate the dif-

ferences in travel times between the different station-components, we perform

a second, smaller scale cross-correlation at each detection time for each day.

For a particular detection time tdetection0 , we allow each station-component to

correlate independently within an interval centered around tdetection0 + tdelayi
.

Each template event is 3 s long, so we choose a 4.5 s window of continuous

data over which to correlate the template (Figure 3.7) (Chamberlain et al.,

2014). We chose this length to minimize the amount of time the window is

allowed to search over, therefore avoiding false phase picks, yet still allow-

ing the station-component waveform sufficient independence (Chamberlain

et al., 2014). For each station-component we identify the maximum correla-

tion coefficient over this window and the time at which it occurs.

Detections typically have a lower signal to noise ratio (SNR) than the tem-

plate. Consequently, stations that record the template well, may not record

low SNR detections well (i.e. the noise is too strong for the earthquake

signal to be well recorded, possibly due to low magnitude ML). In order

to deal with this problem, we only accept maximum correlation times from

the secondary correlation that correspond to correlation coefficients exceed-

ing 0.45, based on testing through this work and on the work by DeShon

et al.. For example, in Figure 3.7, the P-phase arrival recorded by station-

component NS04Z would be discarded since the waveform is not well cor-

related enough for it to be trusted. Only accepting picks from the highly

correlated station-components guarantees that the detection is well recorded

on all station-components we use to generate phase arrival times.

The maximum correlation time for station-component i, tmaxccci , corresponds

to the start of the template window. In order to get the relative phase arrival

for that particular station-component:

tdetection phase picki
= tmaxccci + ttemplate phase picki

An S-file is used to store pick times for a detection and can easily be read

and processed by seismic analysis program Seisan (Havskov and Ottemoller,

1999).
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NS02E 0.83

NS02N 0.87

NS02Z 0.87

NS03E 0.88

NS03N 0.85

NS03Z 0.60

NS04E 0.60

NS04N 0.64

NS04Z 0.43

NS08E 0.91

NS08N 0.91

NS08Z 0.93

WPRZE 0.91

WPRZN 0.89

WPRZZ 0.95

Seconds from 81961.055. Minor ticks at 1 second intervals.
0 1 2 3 4 5

Figure 3.7: Example of a detection from template event20120616 232228.44,
81962 seconds from the start of the day on 2012-06-15. The pertinent phase
arrival (P-phase for vertical components and S-phase for horizontal components)
is marked in green. The template waveform (red) is overlain on the continuous
data (blue) at the point of maximum correlation for each station-component.
Waveforms for station NS04 is the latest phase arrival and worst correlated.
Phase picks were not used for correlation coefficients less than 0.45. Correlation
coefficients are shown on the left next to the respective station names.
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3.5 Threshold testing

Recall from Section 3.4, step 3 that the matched-filter threshold is based on the

median absolute deviation of the correlation sum throughout the day, or R×MAD

(Brown et al., 2008, Chamberlain et al., 2014, Shelly et al., 2007). As explained

above, we define the MAD for setX = {Xi} to be MAD = mediani(|Xi–median(X)|)
(Shelly et al., 2007). For each day that matched-filtering is performed, we presume

the threshold may vary due to daily variation of correlation sum MAD, but the

R value remains constant. The R value is a function of the seismic noise levels of

our study area and the templates that we are using. We determine the R value

through a synthetic testing process (Chamberlain et al., 2014, Rawlinson, 2011,

Shelly et al., 2007). The synthetic test involves seeding varying sizes of template

waveforms into phase-randomized noise to create a new day-long waveform. Then,

using the same matched-filter routine described in Section 3.4, we search through

this constructed waveform at increasing R values and record when we get suc-

cessful detections of seeds and when we get false detections (Chamberlain et al.,

2014, Rawlinson, 2011, Shelly et al., 2007). We require an R value that results in

a threshold for which we have 95% confidence that a detection is true.

To begin the synthetic test, we start with a template and continuous waveform

data for the day the template occurred. We use the day of the template because we

know we can achieve a detection for this template at the noise amplitude on this

day (Figure 3.8) (Chamberlain et al., 2014, Shelly et al., 2007). For each station-

component, we randomize the phase of the continuous waveform in order to prevent

getting a true detection from an actual event that lives within the waveform for

the given day (Chamberlain et al., 2014, Rawlinson, 2011, Shelly et al., 2007).

We perform the phase randomization in the frequency domain by considering the

imaginary component of the fast Fourier transform of the continuous waveform,

randomizing the phase component, then performing the inverse Fourier transform.

In other words, for continuous waveform f ,

F = F(f)

r = |F | is the magnitude of the spectrum-amplitude component of f

φ = arctan
Im(F )

Re(F )
is the phase component of f
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Figure 3.8: An example of the synthetic testing for the matched-filter thresh-
old multiplier for template on 10/6/2012 showing (A) the phase randomized
noise frand, (B) the location and scaled amplitudes of the seeds (g′(t− τ)), (C)
the convolution of seeds and the noise (g′(t−τi)+frand), (D) the correlation sum
with threshold of 5.6× MAD in dashed line, and (E) a histogram of correlation
sum values according to their frequency. In (B) and (C) the red highlighted
sections of the time series correspond to successful detections, where as green
highlights correspond to false detections.

Let there be N distinct phases. We randomize the phase vector, denoted φrand

and combine it with the magnitude r.

φrand = {φrand,j : φrand,j is a random scalar between 0 and 1 , j = 1, 2, . . . , N}

φrand,j =
φrand,j − φ̄
φmax − φ̄

× φmax

φrand,N
2

+1 = φN
2

+1

This sets the nyquist frequency of the randomized phase to that of the original.

Frand = r × eiφrand

frand = F−1(Frand)
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Next we create a set of scalar multiples of the template that will be seeded at

random times throughout the randomized noise frand. We use 130 seeds, 10 of

whose amplitudes are scaled by a value between 1 and 0.1, 30 of whose amplitudes

are scaled by a value between 0.1 and 0.01, and 90 of whose amplitudes are scaled

by a value between 0.01 and 0.001. We multiply the template’s amplitude by a

scalar for each seed and then place the seed at a random time inside the day long

noise (Figure 3.8). The following describes the placing of a seed of template g.

For the ith seed event, let λi ∈ (0, 1] be a random scalar and τi ∈ [0, 86400] be

a random time, in seconds, from the beginning of the day. Let g′(t) = λi · g(t).

Then, consider the Dirac delta function δ(t−τi) at time τi. We convolve the scaled

template and the Dirac delta:

g′(t) ∗ δ(t− τi) =

∫ ∞
−∞

g′(T )δ(t− τi − T )dT

=

∫ ∞
−∞

g′(T )δ(T − (t− τi))dT

= g′(t− τi)

Finally, we sum the convolution with the phase randomized noise g′(t− τi) + frand

to get the seeded, scaled template within the noise.

For each randomization and seeding, we run though an array of threshold mul-

tiplier values R ranging from 5.0 to 10.0, in increments of 0.1. For the given

threshold multiplier value R we have a set of detections comprising a subset of

successful detections of seeds and a subset of false detections. To determine which

detections are successful, we compare the set of positions in time of the detections

to the positions in time of the seeds. A detection whose position matches a posi-

tion of a seed is termed a successful seed detection. The set of detections whose

position in time does not match any of the seeds is the set of false detections. To

prevent bias from a particular randomization or seed location, we perform this

analysis 5 times for each of the 110 templates, then average the results for each

threshold multiplier R.

We choose a particular threshold multiplier for the matched-filter threshold based

on a 95% confidence that a detection is true (Figure 3.9). We require that at the

chosen threshold multiplier, all templates satisfy the 95% confidence requirement.

To achieve this, we settle on a multiplier R = 7.6.
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Figure 3.9: Results from synthetic testing for determination of matched-filter
threshold scalar R. The scatter plot shows how the percentage of successful
detections varies with increasing R value. Each point represents the percentage
of successful detections for one of the 110 templates at the corresponding R
value. The color of the point corresponds to the minimum amplitude scalar λmin
detected by that particular template at that corresponding threshold. The scale
for λmin is to the right of the graph. In order for all templates to achieve 95%
successful detections, an R ≥ 7.6 is required. The value of R = 7.6 is highlighted
in grey for reference. This corresponds to a minimum detected amplitude of at
most 0.18 for all templates.

Besides the percentage of false detections, we can also calculate the detected mini-

mum amplitude scalar for each trial of the synthetic test, i.e. λmin =minimum(λi)∀i.
We seed such a large number of small scaled events (90 events scaled by 0.01 and

0.001) so that there are seeds with signal-to-noise values low enough that they are

not detected. By seeding many small events of decreasing value, we are confident

that the calculated minimum amplitude scalar is not inflated by the lack of a ‘small

enough’ seed.
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3.6 Multiplet construction

It is also useful to characterize the similarity between the original template events.

This is key to determining how many unique events we are actually using as

templates. Our basis of constructing families, or multiplets of template events,

involves taking two template events and cross-correlating all common stations

against each other. Each component is cross-correlated individually. One of the

wave forms from a given station-component is padded with zeros at the beginning

and end to make sure that we can get the maximum correlation, and to avoid

propagating errors made during the phase picking procedure. This allows one

template to act as the matched filter template, and the other zero-padded template

as the image.

For every possible pair of template events, we calculate the normalized correla-

tion coefficient for common stations. The normalized cross-correlation coefficient

is the network correlation sum between two template events, but normalized by

the number of shared station-components. Each normalized cross-correlation co-

efficient is stored in an square matrix of size 110× 110, where 110 is the number

of template events. Each row and column corresponds to a particular template;

the ith row and ith column representing the ith template. The correlation ma-

trix is symmetric and each diagonal entry equals 1, as this represents correlating

templates with themselves (Figure 3.10).

After correlating all templates against each other, we select the templates that

will be part of the first multiplet. This follows an iterative process that begins

with calculating the mean correlation coefficient for each template, mcci. The

template that has the largest mcci is designated master template for the multiplet

being constructed. We then look at all templates that correlate with the master

template beyond a certain threshold, equal to 1.1× mcc. These are the templates

that will join the master template in the current multiplet. With construction

of multiplet 1 complete, we repeat this with the set of remaining events. Again,

we correlate the templates against each other, then calculate the mean correla-

tion coefficient for each template, and set the template with the maximum mean

correlation coefficient as the master template for the second multiplet. We select

templates which correlate better than 1.1× mcc with the second master template.

Multiplet 2 comprises these templates. We continue this iterative process until we

only have a set of templates that do not correlate with any other template above
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Figure 3.10: Correlation matrix of showing the 110 templates correlated
against each template. Each row and respective column represents a single
template, i.e. the matrix is symmetrical. For templates i and j, the normal-
ized network correlation coefficient is located in row i, column j - or vice versa.
Warmer colors represent higher correlation, with the red diagonal being autocor-
relation with a coefficient of 1. The white outline groups each of the multiplets
to illustrate how the correlation coefficients within a multiplet compare to those
excluded from it.
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1.1× mcci. The threshold of 1.1× mcc is based on testing through this research.

Three multipliers (1.0×, 1.1×, and 1.5× mcc) were tested. When qualitatively

comparing the results of the three different mulitpliers, 1.1× mcc grouped the

templates in the most natural way.

3.7 Calculating local magnitude using singular

value decomposition

We calculate magnitudes for a subset of the matched-filter detections. Magnitudes

for highly similar waveforms are well suited to be calculated using a method based

on singular value decomposition (SVD). This method, developed by Rubinstein

and Ellsworth (2010), exploits the entire waveform, as opposed to other methods

which determine magnitude based on single parameters such as duration or ampli-

tude. The SVD calculation is implemented as part of EQcorrscan, a python pack-

age developed by Chamberlain and Badger (2015) to perform matched-filtering

and other related utilities. This method works regardless of frequency, so we con-

tinue to bandpass filter detection waveforms between 2-12 Hz. We ensure that

waveforms from individual station-components have cross-correlation coefficients

of at least 0.85 over a 3.5 second waveform in order for them to be considered in

the magnitude calculation (Rubinstein and Ellsworth, 2010).

The SVD method is a way to describe a matrix A by factoring it into three other

matrices U, V, and Σ. U and V are sets of basis vectors for the amplitude space

and the waveform space, respectively. A is expressed as:

A = UΣV ′,

where V ′ is the transpose of V . V is a matrix of waveforms that form a basis

for the space of detection waveforms. In other words, any detection waveform

in matrix A can be represented as a linear combination of waveforms from V .

When the waveform entries of A are highly similar, as is the case for our data set,

then most of the data comprising A can be described as a scalar multiple of the

first basis vector in V , denoted V̄1. When similarity is extremely high between

events, then basis vectors besides the first will simply describe the noise of each

seismogram. The relative importance of each basis vector, V̄i, is described by
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its corresponding singular value Σi. Large singular values correspond to more

influential basis vectors. The relative amplitudes of each basis vector are stored

in U . We can assume that the first basis vector describes the relative amplitude

(and seismic moment) of the seismograms of A due to the highly similar nature of

A’s waveforms (Rubinstein and Ellsworth, 2010). We repeat the decomposition of

A for each station-component available.

The relative amplitude for a single event may differ across the set of available

components. We combine all relative moments by assuming that the weighted sum

of the moments of two events at the same station is zero (Rubinstein and Ellsworth,

2010). For example, for moments m1 and m2 for events 1 and 2, respectively, let

the relative amplitudes be 1.37 and 1.0. We can sum their relative amplitudes to

make 1.37m1 − 1.0m2 = 0, or:

(1.37− 1)×

(
m1

m2

)
= d,

where d = [0]. Extrapolating this example to all considered events, we arrive at

the system equations:

KB = D,

where K is a matrix detailing the relative amplitudes, B is an unknown vector of

relative moments, and D is the zero vector (Rubinstein and Ellsworth, 2010). We

then solve for B using a least squares solution, giving us the local magnitudes of

the most highly similar matched-filter detections.

3.7.1 Gutenberg-richter distribution

According to Gutenberg and Richter (1944), a catalog of seismicity generally fol-

lows the Gutenberg-Richter relation: logN = a− bM , where N is the number of

events of magnitude M and a, b ∈ R. Figure 3.11 illustrates this relationship and

depicts the best fit line for the data, with equation: logN = a− bM . The b-value

describes the ratio of large-magnitude to small-magnitude events within a cata-

logue (Woessner and Wiemer, 2005). A b-value of 1 corresponds to the expected

magnitude distribution of seismicity in a tectonic setting (Gutenberg and Richter,

1944).
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Figure 3.11: Example of the Gutenberg-Richter relation for a catalog of earth-
quakes. The points represent the frequency of a given magnitude event. The
line follows the equation logN = a− bM for magnitudes above Mc

At small magnitudes the the log-linear relationship between magnitude and fre-

quency with constant b-value no longer applies (Woessner and Wiemer, 2005).

This is ascribed to catalogue incompleteness. In other words, not enough low-

magnitude events are detected (due to low SNR) in order to have a complete rep-

resentation of the catalogue. A catalogue is considered complete for magnitudes

for which the logN = a−bM relationship holds (Woessner and Wiemer, 2005); the

minimum magnitude for which this relationship holds is the completeness magni-

tude, Mc. Woessner and Wiemer (2005) give several methods for calculating Mc.

We use a method that determines Mc by calculating the maximum curvature of

the graph of logN against M (Figure 3.11). This calculation is performed by com-

puting the maximum value of the first derivative of the b-value. In other words,

we would calculate the maximum second derivative of the frequency magnitude

curve (Woessner and Wiemer, 2005)

3.8 Double-difference relocation

Poupinet et al. (1984) developed a method to calculate precise relative locations for

spatially clustered seismic events, known as double-difference relocation. Earth-

quake location is classified by hypocenter (x, y, z - usually latitude, longitude,

depth) and an origin time (t). These parameters are determined by seismic wave

arrival, typically from multiple stations and phases. With knowledge of seismic
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velocities at depth (a velocity model), we can estimate the travel time of a wave

passing through various layers of differing velocity (Figure 3.12, Table 3.2) Sher-

burn and Bourguignon (2013).

Using a matched-filter method to detect new events results in clusters of events

that have highly similar waveforms. This produces circumstances that are ideal for

using a double-difference location method. Microearthquakes are assumed to have

similar waveforms due to similar locations, source parameters, and focal mecha-

nisms. The HypoDD program uses a double-difference method, which uses small

difference in travel times between events to calculate small differences in loca-

tion (Figure 3.13) (Waldhauser and Ellsworth, 2000). Figure 3.14 illustrates how

double-difference relocations can add significant resolution to earthquake locations

(Poupinet et al., 1984, Waldhauser and Ellsworth, 2000). The double-difference

method gives relative locations of earthquakes based on the fact that the source-

receiver ray paths of two events are very similar when their hypocenter locations

are similar (Poupinet et al., 1984). This implies that any difference in travel time

is caused by spatial variation at the source, and not by velocity heterogeneities

along the ray paths (Waldhauser and Ellsworth, 2000).

Table 3.2: 1 dimensional P-wave velocity model for Ngatamariki (Zara
Rawlinson, pers. com. 2015)

Top of layer (km above sea level) P-wave Velocity (km/s)

1 1.5
0.2 2
0 2.5

-0.1 3
-0.2 4
-0.7 4.5
-1.1 4.7
-1.3 5
-2.7 5.3
-3.7 5.5
-5 6
-22 7.4

Waldhauser and Ellsworth (2000) took advantage of differential travel times from

cross-correlation of waveforms and/or standard travel time differences from cata-

logue phase arrivals. The double-difference method works by minimizing residuals

of event pairs at each recording station using a least squares (LSQR) approach
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Figure 3.12: A 1D Ngatamariki velocity model constructed with data from a
down hole check-shot survey of injection well NM9 (Figure 1.4) (Zara Rawlinson
,pers. comm., 2015) .

V1

V2

V3

receiver i receiver j

event k event l

dti
kl

dtj

kl

Figure 3.13: Schematic of the double-difference algorithm. The initial lo-
cations (solid circles) and relocations (open circles) are shown with the corre-
sponding travel times differences dtkli (difference in travel time for events k and
l at station i) via the ray path shown in solid line. The relocation vector is
shown between the original and relocated hypocenters.
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Figure 3.14: An example of improvement in resolution that can be achieved
with HypoDD (Waldhauser and Ellsworth, 2000).

or singular value decomposition (SVD). Although the SVD method is more ro-

bust and estimates uncertainties to a higher degree, the LSQR method is more

appropriate for larger data sets (> 100 events) since the LSQR approach is less

computationally expensive than the SVD approach (Waldhauser and Ellsworth,

2000).

The residual, r, is the difference between observed (tobs) and calculated (tcal) travel

times. For an event k measured at station i, rki = (tobs− tcal)ki . Residual minimiza-

tion reduces to a linear differential equation (Waldhauser and Ellsworth, 2000):

∂tki
∂m

δmk = rki (3.1)

where δmk = (δxk, δyk, δzk, δτ k) is the vector of perturbations in space (x, y, z)

and origin time (τ) of the event’s hypocenter. The difference in residuals between

a pair of events k and l (denoted drkli ) is:

drkli = (tki − tli)obs − (tki − tli)cal (3.2)

Taking the difference of equation (3.1) for event k from the synonymous version

for event l, we see that
∂tki
∂m

δmk − ∂tli
∂m

δml = drkli (3.3)
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Table 3.3: HypoDD parameter definitions

Parameter Meaning

MINWGHT min. pick weight allowed
MAXDIST max. distance in km between event pair and stations
MAXSEP max. hypocentral separation in km
MAXNGH max. number of neighbors per event
MINLNK min. number of links required to define a neighbor
MINOBS min. number of links per pair saved
MAXOBS max. number of links per pair saved

IDAT Type of data used. 2= catalogue times
IPHA Phase types used. 1= P; 2= S; 3= P&S
DIST max. dist [km] between cluster centroid and stations

OBSCC, OBSCT min. # of obs/pair for cross-corr. or catalogue data, respectively
ISTART Starting source for locations. 2= from network sources
ISOLV Method to solve system of equations. 2= LSQR

WTCTP, WTCTS Weights for catalogue P and S arrivals, respectively
WRCT residual threshold weight
WDCT max. distance [km] between pairs of events
DAMP damping factor for speed of solving LSQR method

Waldhauser and Ellsworth constructed a system of these equations for all possible

event pairs, resulting in:

WGm = Wd, (3.4)

where G is an M × 4N matrix comprising the partial derivative information, such

that M is the number of observations and N is the number of events. d is a

vector with the double-differences and m is a vector of length 4N comprising the

changes in hypocentral parameters δm. W is a diagonal matrix of weights for each

equation. Waldhauser and Ellsworth (2000) extended this system of equations by

adding the condition that
N∑
k=1

δmk = 0 (3.5)

The user has control of the parameters used to determine precise relative loca-

tions. The key parameters control the clustering (MAXNGH, MINLINK, MI-

NOBS, MAXSEP, OBSCC, and OBSCT), the method that the system of equa-

tions is solved (ISTART and ISOLV), the weighting parameters for P- or S-phase

arrivals (WTCTP and WTCTS), residual and distance cutoff factors (WRCT and

WDCT), and LSQR damping factor (DAMP) (Tables 3.3, 3.4 and 3.5). For more

in-depth description of the parameters, see Waldhauser and Ellsworth (2000).
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Table 3.4: Parameters used for ph2dt

MINWGHT MAXDIST MAXSEP MAXNGH MINLNK MINOBS MAXOBS

0 200 2 1000 10 9 33

Table 3.5: Parameters used for HypoDD earthquake relocation

IDAT IPHA DIST OBSCC OBSCT ISTART ISOLV

2 1 20 0 3 2 2

Iterations WTCTP WTCTS WRCT WDCT DAMP

5 1.0 -9 4 4 100
5 0.9 0.1 3 3 95
5 0.8 0.2 3 3 90
5 0.7 0.3 2 2 85
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Results

4.1 Template multiplets

We quantify the similarity between all 110 template events by calculating normal-

ized network cross-correlation coefficients (Section 3.5). As an example, Figure 4.1

shows cross-correlated templates 1 and 2 plotted against each other. Alternatively,

Figure 4.2 shows an example of two templates that are poorly correlated across

their shared stations.

Figure 3.10 shows the matrix of the normalized network correlation coefficients

from all 110 templates. We divide these templates, based on their correlation

coefficients, into 10 multiplets and one “group” of non-multiplet templates (those

that did not match well enough to be in any group). The non-multiplet events are

located throughout the study area (Figure 4.3).

At the Ngatamariki field, multiplets are spatially clustered in three areas, two of

which are in proximity to injection wells (Figure 4.3). There are four multiplets

(1, 3, 4 and 7) in the northern part of the field (Figure 4.3). Multiplet 1 (42

templates) is the closest to NM8, whereas multiplets 3 (nine templates) and 4

(seven templates) are slightly further. Multiplet 7 (four templates) sits north of

multiplet 1. Although multiplet 3 and 4 are near each other, with some overlap in

map view, the waveforms are distinct; normalized correlation coefficients between

templates in multiplet 3 and 4 do not exceed 0.45.

Multiplet 2 (23 templates) dominates the southern extent of the field near well

NM10; however, the events are not as well correlated within the multiplet as those

53
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of multiplet 1 to the north. Multiplets 5 (six templates), 8 (three templates),

and 10 (two templates) are also located near multiplet 2. Although we do not

consider them part of the same multiplet, Figure 3.10 shows that the waveforms

in multiplets 5, 8, and 10 are more similar to template waveforms in multiplet 2

than when comparing intermultiplet templates from multiplets 1, 3, 4, and 7.

We identify two other multiplets (6 and 9) that they are located outside of Ngata-

mariki and within the Rotokawa field. These events are poorly recorded on most

of the stations in the Ngatamariki network and are constrained primarily by Ro-

tokawa stations. We nevertheless use these events as matched-filter templates in

the analysis below.

We use all 110 template events in the matched-filter method, even though they

are grouped by similar waveforms. This will result in templates within a multiplet

detecting similar sets of events. We resolve this in Section 4.2. The reason we did

not use the alternative, which would be to use just “unique” templates to avoid

duplicating detections, is that we wanted to guarantee that detections were not

missed. Additionally, it is pertinent to check for duplicate detections regardless of

whether all template events were used in the match-filter method.

4.2 Matched-filter detection

We construct a time series of the correlation sum for each day from June through

July for every template (Figure 3.6). This time series is compared to the threshold

(dashed line in Figure 3.6) for a given template and day in order to find detections

(Section 3.4). The peaks in the correlation sum that exceed the threshold (Figure

3.6, highlighted in red) correspond to detections in the seismic waveform (Figures

4.4 and 4.5). Examining the waveform for a particularly dense interval of detec-

tions, we observe detection qualities (i.e. cross-correlation coefficients) vary over

a short time span (Figures 4.4 and 4.5).

The matched-filter template search yields hundreds of detections. A single tem-

plate detects as many as 570 seismic event, or as few as 16 (Table A). On average,

each template detects 237 events. Figure 4.4 and 4.5 illustrate how the correlation

sum varies with the quality and amplitude of detections. We observe that high

correlation values can result even with small amplitude detections.
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Figure 4.1: Example of two well correlated templates with waveforms for
common stations. Correlation coefficients (ccc), station name and channel initial
are displayed beside each pair of waveforms.

We also visualize the detections via a linear stack (for quality control purposes).

The stacked detections are only used for a qualitative quality assurance on the

matched-filter methodology and are further assessed beyond this. We linearly stack

a subset of the best correlated detections in order to compare many detections

from a particular template at a particular station (Figures 4.6 and 4.7 display

waveforms with normalized amplitudes). Based on the ease of visual inspection,

we have chosen to display 6% of the best correlated detections, which is just less

than Chamberlain et al. (2014) stack of 10% used for detecting low frequency

earthquakes. As expected, there is a high level of similarity between the detected

waveforms at a given station-component.

One challenge with using multiple templates with similar waveforms is that mul-

tiple templates detect the same events (Figure 4.8). We see that templates from

a common multiplet produce very similar detection times. Figure 4.8 illustrates

that templates from the two largest multiplets (1 and 2) detect events in clusters.

This is expected given the nature of the matched-filter methodology. Although

we can consider an individual template’s detections, it is necessary to consider the
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Figure 4.2: Example of two poorly correlated templates with waveforms for
common stations. Correlation coefficients (ccc), station name (e.g. ‘NS02’) and
channel (e.g. ‘E’) initial are displayed beside each pair of waveforms.

set of unique detections from all templates. Compiling the total overlapping set

of detections into this unique set requires a method of determining whether a pair

of detections are the same seismic event. We achieve this by comparing detections

pairwise in the time domain. We consider two events to be the same if the are

detected within 1.5 seconds of each other. For this time comparison, we use the

time of maximum cross-correlation across the network. That is, let events A and

B be detected by different templates at times TA and TB, respectively,

Event A = Event B ⇐⇒ |TA − TB| ≤ 1.5 seconds (4.1)

For a given template, we require that detections be at least 3 seconds apart – giving

confidence that our time threshold of 1.5 seconds to define unique detections is

reasonable and effective. One problem with this approach however is the scenario

where multiple events are truly simultaneous. The direct method of comparing

all detections with a 1.5 second threshold cannot cope with the case in which we

have events occurring simultaneously in different parts of the field. In this case,

our method would consider these events the same. We avoid this primarily by
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Figure 4.5: Detection examples from Figure 4.4. The template (red) is overlain
on the continuous waveform (blue) at the time of the detection. Station (Sta),
component (Cmp), and cross-correlation coefficient (ccc) are denoted to the left
of each waveform. The P-phase arrivals are marked with green, while S-phase
arrivals are marked in black. For (A)–(C) See Figure 4.4
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stacked waveform (blue) is overlain by the template waveform (red).
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the modal distribution of events in time between the clusters. The templates in

multiplets 1, 3, and 4 are detecting events primarily during June 15–27 and July 4–

10, where as templates in multiplets 2, 5, 8, and 10 detect mostly events July 17-29,

leaving only sporadic temporal overlap (Figure 4.8). To avoid the sporadic nature

of template detection outside of the primary detection time interval, we perform

the time comparison only between detections that were detected by templates in

the similar geographic region of the field.

We also observe that smaller magnitude templates detect more events (Figure 4.9).

For template magnitudes less than 1.5, we observe multiple templates of a similar

magnitude with sets of detections of varying sizes. For example, a template event

of magnitude 0.95 (index 27) detected 295 events, whereas a different template

event of magnitude 0.96 (index 29) detected 461 events. This type of occurrence

diminishes at template events above magnitude 1.5 (Figure 4.9). Although Figure

4.9 does not show a clear linear relationship, we do observe a general inverse

proportionality between template magnitude and number of detections. We note

that there is a sparse occurrence of template event magnitude greater than 1.75.

4.3 Double-difference microearthquake locations

The double-difference method is very sensitive to initial hypocenter locations and

program parameters (Waldhauser and Ellsworth, 2000). We attempt to compute

initial locations using a 1-dimensional velocity model (Sherburn and Bourguignon,

2013) and the Seisan Hypocenter utility (Figure 3.12, Table 3.2) (Havskov and Ot-

temoller, 1999). The utility uses a multistation approach to minimize residuals at

multiple stations for a single event while walking the hypocenter from an initial

location. This gives us a hypocentral cluster approximately 0.5–1.0 km from the

original locations of the template events and not near the injection wells. We

were not able to resolve this difference by systematically changing the HypoDD

parameters. In other words, the system of equations that HypoDD uses to calcu-

late the double difference locations is too dependent on the initial locations, and

using these unexpected initial locations computed in Seisan results in unsuitable

subsequent relocations. The original template locations are constrained enough so

that we know the true locations are significantly different than those we compute

with Seisan. Although we did not end up using initial locations generated from
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Seisan, the aforementioned calculation is described to provide full details of this

project’s methods.

To cope with this challenge, we use the original template location as the initial

location of a detection before applying the double-difference relocation method.

In this way, we use the robust template locations to our advantage and we are

able to calculate relocations that agree with the original template locations.

Double difference relocation results in hypocentral locations that are clearly de-

fined by three main spatial clusters in the field (Figure 4.10). The northernmost

cluster sits near well NM8. The 522 event cluster sits at approximately 2.1 km

below sea level. Earthquakes extend 2.5 km from NM8 (Figure 4.10 and 4.11).

Events spread out more readily from NM8 to the south, rather than the north,

with a linear feature visible on the N-S cross section of Figure 4.12. A possible

explanation for this is that the fault north of NM08 may act as a boundary to

fluid, pressure, and temperature movement. Seismicity near NM8 expresses itself

bimodally in time, where there are two stages of seismicity, the first of which is

from 15 June (time 2) – 25 June (time 3), and the second is from the 4 July (time

5)– 8 July (time 6) (times are denoted on Figure 4.13).
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Figure 4.10: Map of detections by double-difference relocation (red) with the
seismic network and injection wells NM8 (north) and NM10 (south). Spatial
clusters are outlined in blue.

The central area of seismicity contains 188 events and is located slightly west of

the southern Ngatamariki injection well, NM10 (Figure 4.10). Seismicity near

NM10 is less dense than the cluster near NM8. It’s centroid sits near the bottom

of the NM10 borehole at approximately 2700 mbsl. The cluster extends about

3 km to the east and is about 2 km wide in the north-south direction (Figure

4.14). Temporally, seismicty near NM10 is constrained to the last 17 days of July,

starting on 14 July (time 2) and continuing until the end of the month (Figure

4.15).

Further south is an area of seismicity outside the Ngatamariki geothermal field

(Figure 4.10). This is a poorly clustered group of 152 detections and is the least

dense of the three areas of seismicity. This zone of seismicity is deeper than the

other two clusters, centered at approximately 6 km below sea level. It is difficult

to define where the cluster stops due to its large, but sparse coverage. In the east-

west direction, the seismicity south of the field extends about 8 km and about 4 km

in the north south direction (Figure 4.11 and 4.16). In fact, this cluster is mostly

located within the Rotokawa geothermal field, not the Ngatamariki geothermal
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Figure 4.11: Map of relocated detections colored by day of occurrence. The
seismic network and injection wells NM8 (north) and NM10 (south) are dis-
played for reference. Spatial clusters are outlined in blue.

field (Figure 1.3). The cluster’s events occur well distributed in time across the

two months (Figure 4.17). There are two days, namely 7 June and 19 July during

which seismicity rate experiences a small increase of over 20 events per day.

In the following chapter, we will discuss how these clusters of seismicity correlate

to geothermal injection and other anthropogenic resource exploitations.

4.3.1 Uncertainty in earthquake location

There are two main sources of error when using a double-difference relocation

method: (1) errors in initial location and (2) relative relocation error. Here we

will discuss how we quantify these errors and how the errors impact the location

results.
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rate, (3) halt of injection and seismicity, (4) restart of injection, (5) restart of
seismicity, and (6) halt of injection and seismicity.
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Figure 4.14: Enlarged map of detections clustered near NM10. The seismic
network and injection well NM10 are displayed for reference. The color of an
events corresponds to the day it occurred.

As described in Section 4.3, determining reliable initial locations was a major

challenge of this project, which we solved by using letting the initial location of a

detection be that of it’s detecting template. We therefore use the original errors

on the template locations as errors on the initial detection locations. According

to Sherburn and Bourguignon (2013), the accuracy of template event locations is

a few 100 meters in map position and as much as 700 meters in depth.

We also consider the errors that result from the double-difference relocation. Hy-

poDD has two ways of solving the system of equations to determine relocations:
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Figure 4.15: Plot of detections (cumulative and per day) from detections
clustered near NM10. Here we compare to (A) NM10 drilling fluid loss and
(B) NM8 injection flow rate and well head pressure. The reason we compare
NM8 flow rate and WHP to seismicity near NM10 is to show that there is not
correlation between the two. Actual data from the NM 10 fluid loss rate data
set was spars and only exists at changes in slope of the graph. Times of interest
are numbered: (1) first instance of drilling fluid loss from NM10 and (2) increase
in seismicity rate.
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Figure 4.16: Enlarged map of detections located south of the Ngatamariki
geothermal field. The seismic network is illustrated in black. The color of an
events corresponds to the day it occurred.

singular value decomposition (SVD) and least-squares (LSQR)(Section 3.8) (Wald-

hauser and Ellsworth, 2000). The SVD method gives reliable errors, but can only

be used for systems of approximately 100 events or less (as noted by Waldhauser

and Ellsworth (2000)). Since we cannot obtain useful errors when processing all

of the detections at once, we process a subset of the detections to constrain the

double-difference errors. We relocate 132 events near NM8 using the SVD method

to obtain average errors in three directions (Table 4.1).

We can also inspect the residuals between calculated and observed differential
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Figure 4.17: Plot of detections (cumulative and per day) from detections in
the seismicity cluster south of the Ngatamariki geothermal field.

Table 4.1: Double-difference location errors

Direction Average error (m)

east-west 9.8
north-south 12.4

depth 30.3

travel times. Figure 4.18 illustrates the residuals for each station used to perform

the double-difference relocation of the 800 events. The residuals for all stations

do not exceed 2.0 ms. Certain stations such as NS04 and NS06 tended to perform

poorly in that many measurements were discarded. We can come to this conclusion

by noting that there are orders of magnitude fewer observations of differential

travel times on these two stations.
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axis gives the residual (ms) and the height of the column gives the frequency of
that residual.

4.4 Singular value decomposition magnitudes

We use an singular value decomposition method developed by Rubinstein and

Ellsworth (2010) to calculate local magnitudes (Ml, Secion 3.7 for 341 of the

detections from templates located near NM8 (Figure 3.1). The SVD method allows

only those detections with exceptionally high correlation to have a magnitude

calculated (Rubinstein and Ellsworth, 2010). Magnitudes range from −0.15Ml on

June 17th to 1.66Ml on June 23rd (Figure 4.19). We see that larger magnitude

events (> 1Ml) and smaller magnitude events (< 0.5ML) occur throughout the

stimulation period. Figure 4.20 illustrates that we have higher numbers of events

with smaller magnitudes. We plot the frequency-magnitude distribution for the

set of detections using the method of Wesnousky (1994) to define the Gutenberg-

Richter relationship of our catalogue, as discussed in Section 3.7.1(Figure 4.21).

We calculate a b-value of b = 0.989 using a completeness magnitude of Mc = 0.25.

Figure 4.21 shows how this b-value fits the frequency-magnitude. We observe that

the b-value is a better fit for smaller magnitudes. This is purposeful so that the
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the event’s magnitude.

larger magnitudes, for which we did not detect many, do not skew the computation

to find a b-value and inflate it unnecessarily.

4.5 Diffusion of seismicity

We compare the seismicity distribution with time by calculating the distance of

detections from injection well NM8 since the start of injection (Figure 4.22). For

each day we compute a box and whisker plot for the distribution of seismicity

and overlay this on top of the individual earthquakes. This shows the range of

seismicty by day along with the median and upper and lower quartiles of seis-

micity with distance. Additionally, Figure 4.22 shows the diffusion envelopes of

hydraulic pore fluid pressure front traveling from NM8 radially outward through

the reservoir assuming hydraulic diffusivity of D = 0.16m2/s, D = 0.05m2/s, and

D = 0.01m2/s. In the following chapter, we compare the pore fluid pressure front

with the time evolution of seismicity with distance to give insight into the possible

mechanisms of microseismicity near NM8.
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Figure 4.22: Scatter plot of radial distance of microseismicity from injection
well NM8 during stimulation. Earthquake detections near NM8 (grey circles)
are plotted by their distance from the location of fluid injection at the origin
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Chapter 5

Discussion

5.1 Induced seismicity

Determining whether seismicity is induced requires a proximity to a plausible

mechanism of seismicity in both space and time (outlined in Section 2.3). We

present arguments based on the results presented in Chapter 4 as to whether or

not the three clusters of seismicity are induced.

5.1.1 Seismicity near NM8

The northern most group of seismicity clusters around well NM8. This spatial

correlation to a source of injection, suggests that the seismicity could be induced

(Figure 4.10). Spatially, precise double difference locations show seismicity as

a cloud around NM8. Temporal seismicity trends provide compelling evidence

that this cluster is induced via injection. Figure 4.13, shows a strong correlation

between seismicity and injection. Figure 4.13 illustrates fluid injection in three

ways: (A) injection flow rate and well head pressure (WHP), (B) cumulative

injected volume, and (C) Injectivity Index, or II. Injection flow rate and well head

pressure are used to calculate II (see Section 2.1). We will refer to the times

highlighted on Figure 4.13 as T1, T2, T3, etc. to be clear about what point on

the curves we are referencing.

We see an eight day lag between injection flow rate commencing on 7 June, T1,

and a spike in seismicity rate on 15 June, T2 (Figure 4.13). We also see an

79
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increase in cumulative injected volume at time T1 and although II measurements

begin at time T1, data are increasing with time. On June 25th, T3, we observe

a halt in injection, as injection flow rate and WHP fall to zero. Simultaneously,

we observe a sharp decline in seismicity rate, without any lag, at T3. There is

void of data between T3 and shortly after T4 on the II curve, due to a lack of

measurements. On 30 June, T4, fluid injection restarts with an increase in flow

rate to approximately 150 t/hr. We observe a lag of 4 days before seismicity rate

increases on 5 July, T5. On 8 July, T6, we observe the same behaviour as the

earlier halt in injection: an immediate decrease in seismicity rate.

Injectivity Index increases with time throughout the stimulation period, except for

a two days before T5 (Figure 4.13) (Clearwater et al., 2015). The overall increase

in II is attributed to cooling of the rock near the well, which thermally expands

fractures and improves permeability (Clearwater et al., 2015, Grant et al., 2013).

As II increases, the permeability of the reservoir increases (Clearwater et al., 2015,

Grant et al., 2013). We see that seismicity rate increases along with II (Figure

4.13). Clearwater et al. (2015) attribute the decrease in II before T5 as a transient

phase of injectivity, and not reflective of real reservoir permeability changes.

Shapiro and Dinske (2009) derive numerically that in the case of constant fluid

injection rate (different from II), that the rate of seismicity should be proportional

to the injection rate. The proof of this is beyond the scope of this project, but

the governing equation in essence gives the probability of an event occurring to

be proportional to the time and rate of fluid injection. Figure 4.13 illustrates

the average flow rate by integrating the instantaneous rate to show cumulative

injected volume. In the first period of stimulation (T1 – T3) we see the injection

rate increase with time, as the cumulative injected volume curve has positive

concavity. The later part of the stimulation (T4 – T6) exhibits a more constant

injection rate and seismicity rate (Shapiro and Dinske, 2009, Shapiro, 2015).

In summary, NM8 fluid injection during June and July 2012 is highly correlated

with seismicity (Figure 4.13). Not only is seismicity correlated in time, but we

locate the seismicity as a cluster centered around the NM8 borehole. The spa-

tiotemporal correlation of injection and seismicity is sufficient evidence to classify

this northern cluster as induced via cold fluid injection during NM8 stimulation

tests. The specific mechanism (pressure versus temperature) will be discussed in

Section 5.2.
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5.1.2 Seismicity near NM10

The second area of seismicity is located just to the west of injection well NM10.

This seismicity is not temporally correlated with the NM8 stimulation (Figure

4.15B). We do not see a spatial correlation with seismicity near NM10 and injection

from NM8. In other words, there is a significant spatial gap in seismicity between

the two clusters, indicating that fluid flow from NM8 is not advecting readily

to the seismic cluster at NM10. This is supported by hydrological models of

Ngatamariki (Boseley et al., 2010) and recent tracer tests (Buscarlet et al., 2015).

Instead, we consider NM10 as a source for fluid input that can induce seismicity.

In Section 3.1, we note the timing of NM10 drilling and the fluid losses associated

with drilling NM10. Figure 4.15A shows the seismicity compared to drilling fluid

losses at NM10. NM10 fluid loss rates are measured much less frequently than the

NM8 injection data, making it difficult to attribute specific changes in fluid loss to

specific changes in seismicity. Despite this, the relative timing of fluid loss during

NM10 drilling and the seismicity coincide well.

This cluster of seismicity is located near the bottom of the well (Figure 4.10).

Drilling fluid loss occurred while the borehole was between 1800 and 2800 mbsl,

which is just above the seismicity cluster’s center. Figure 4.14 shows a clear

lineation of seismicity on the north-south cross section. The lineation appears to

be emanating from the end of the NM10 borehole, and is parallel to the trend

line of the adjacent fault. The location of this area within the cluster provides

more spatial correlation between NM10 and the seismicity cloud surrounding it.

Although these events coincide coincide with the trend of the active fault in the

vicinity of NM10, which may imply that a subset of these events are ’natural’

events, we believe strongly that based on the temporal relationship to NM10 fluid

loss that these events are a majority, if not entirely induced. The spatiotemporal

correlation between drilling NM10 and seismicity to the west is sufficient evidence

to classify this cluster as being induced by drilling fluid loss.

5.1.3 Seismicity south of Ngatamariki

Seismicity in the area south of the Ngatamariki field, near seismic stations RT02,

RT07, and RT11 is deeper (6 km) and poorly clustered (Figure 4.10). These events

are relatively evenly distributed through time during June and July 2012 (Figure
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4.16). There is no source of fluid, such as an injection or production well, near the

seismicity. Furthermore, there is no fluid injection rate or otherwise to compare

with the seismicity rate in time. With only access to geothermal exploitation data

from Ngatamariki, and not the Rotokawa field to the south, we cannot determine

with any certainty whether the deep seismicity south of Ngatamariki is induced.

We conclude that that the cluster outside of the field is not induced by either

drilling fluid loss from NM10 nor injection from NM8. There is no temporal

signature in this cluster to support that these events are induced by either of the

aforementioned fluid sources. Additionally, there is no evidence for fluid flow from

either of these wells to the southern region of our study area. If fluid was traveling

as far south as Rotokawa, we would expect to see a spatial trend of seismicity

connecting these three areas. There is no evidence to suggest that seismicity

south of Ngtatamariki is induced by a source within Ngatamariki.

5.2 Mechanisms of induced microseismicity

Here we discuss a main goal of this project: to use microseismicity near NM8 to de-

termine a mechanism for induced seismicity. We attempt this task considering spa-

tiotemporal variations in microseismicity during a two month period. We propose

a mechanism of induced seismicity whereby thermoelastic stresses caused by tem-

perature variations are coupled with diffusion of pore fluid pressure to reduce the

normal stress across fractures (Section 2.3.1). The combined thermo-poroelastic

stress mechanism has been observed at the Geysers geothermal field, California,

United States by Mart́ınez-Garzón et al. (2014) and modelled by Rutqvist et al.

(2015). The Geysers field is a high temperature geothermal field in an extensional

environment, similar to the Ngatamariki field; with the difference that the Geye-

sers is a steam dominated reservoir, while Ngatamariki is a two-phase reservoir.

Mart́ınez-Garzón et al. (2014) propose that thermoelastic effects and poroelastic

effects can both take effect simultaneously, but at different length scales. Below

we will describe the argument for both thermoelastic stress or poroelastic stress

as a mechanism and then describe why a combination of the two is best suited to

describe the induced microseismicity near NM8.
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5.2.1 Thermoelastic stress

Recall from section 2.3.1 that the increase of Injectivity Index during stimulation

is a result of increased reservoir permeability. Increase in reservoir permeability

is widely attributed to temperature differences between the injected fluid and the

geothermal reservoir (Clearwater et al., 2015, Grant et al., 2013, Mossop, 2001).

The temperature difference between the 20oC injectate and the 230oC reservoir

is enough to cause thermoelastic stress that can induce earthquakes (Bodvarsson,

1972, De Simone et al., 2013).

Sherburn et al. (2015b) and Sewell et al. (2015) both attribute induced micro-

seismicity at the Rotokawa geothermal field to thermoelastic stresses as opposed

to pore fluid pressure increase. They deduce this to be the mechanism based on

three factors: (1) small difference between the maximum principal stress (vertical)

to the minimum principal stress (NW-SE) (Davidson et al., 2012, Townend et al.,

2012), (2) the large temperature difference between injected fluid (100oC) and the

reservoir (335oC), and (3) the changes in pressure in one area of injection have not

exceeded 0.1 MPa. There is a similar temperature difference between the reser-

voir and the injected fluid at Ngatamariki (200oC). This is enough temperature

difference to cause thermoelastic stress perturbations that can induce seismicty

(Bodvarsson, 1972, De Simone et al., 2013). We employ a numerical model devel-

oped by Bodvarsson (1972) to quantify the potential of a thermoelastic mechanism

of seismicity at Ngatamariki. Bodvarsson (1972) models the subsurface temper-

ature around an injection well during injection of cold fluid into a hot, fractured

reservoir (Figure 5.1). Considering a point at the edge of or within the permeable

fractured zone, then we use the following to estimate the extent of the thermal

front:

T = T0 erf(
πbr2

2
√
κt

),

b = 2k/sQ

where T is the temperature of the injected fluid, r is the radius of the front,

T0 is the temperature of the reservoir, t is the time since injection, κ is thermal

diffusivity of the rock, k is the thermal conductivity of wet rock, s is the heat

capacity of the fluid, and Q is the mass flow rate (Bodvarsson, 1972).
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Figure 5.1: Diagram of model developed by Bodvarsson (1972). The line
source is the source of the fluid, r is the radius of the front, T is the temperature
of the injected fluid, and T0 is the reservoir temperature.

Table 5.1: Thermoelastic model parameters

Parameter Meaning Value Reference

T injectate temperature 20 oC Chambefort et al. (2016)
T0 reservoir temperature 275 oC Chambefort et al. (2016)
ρ reservoir density 2480 kg/m3 Dempsey et al. (2013)
s fluid heat capacity 4200 J/kgoC Bodvarsson (1972)
c specific heat 1200 kg/(m3 oC) Wohletz and Heiken (1992)
Q flow rate 36 kg/s Clearwater et al. (2015)
k thermal conductivity 2.2 W/(moC) Dempsey et al. (2013)
κ thermal diffusivity 8.5 × 10−7 m2/s Calculated as k/(ρc)

We use the parameters in Table 5.1 to apply the numerical model to calculate how

temperature varies with radial distance from the injection source. We calculate

the evolution of temperature for a range of time-scales after injection starts. An

assumption made by this model is that there is a constant injection flow rate.

Since injection into NM8 is not constant (Figure 4.13), we take the flow rate to

be the maximum flow rate during the first stage of injection. Assuming a higher

flow rate gives us an upper bound on how far a temperature perturbation will

have traveled in a given amount of time. Figure 5.2 shows the results of applying

the numerical model to the parameters in Table 5.1. We can see that once the

first stage of injection ends after approximately 20 days, the temperature decrease

of 10o only reaches 190 m from the injection well. We observe seismicity within
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Figure 5.2: Plot of evolution of the radial temperature profile with time as-
suming the Bodvarsson (1972) thermal model and the parameters in Table 5.1.
The vertical axis is measured in reservoir temperature corrected for the temper-
ature of the injected fluid, i.e. we subtract the fluid temperature from the initial
reservoir temperature and then assume the fluid being injected is 0oC. The hor-
izontal gray line is reference for a 10oC decrease in reservoir temperature. The
vertical gray line illustrates the distance away from injection corresponds to a
decrease of 10oC approximately 20 days after injection starts.

190 m of NM8 (+/− 100 m (Sherburn and Bourguignon, 2013)) (Figure 4.22).

And yet, earthquakes also occur at distances of up to 1500 m during the first

stage of injection at NM8 (while taking into account errors of original location

(100 m) and earthquake relocation ( 35 m on average)), much further than the

temperature decrease, and thus further than any thermoelastic stress could have

occurred. Therefore, we can say that thermal contractions of the reservoir rock

due to injection of cold water does induce seismicity near NM8; however, there

needs to be another mechanism to induce events greater that 200 m from the well

during the first stage of injection.

5.2.2 Poroelastic stress

We describe in section 2.3.1 that injection of fluid causes an increase in the pore

fluid pressure of the reservoir, resulting in a decrease in the effective normal stress

and contributing to the likelihood of Coulomb failure. In an isotropic media,

pore fluid pressure diffuses radially outward from the borehole into the reservoir
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(Shapiro and Dinske, 2009). We have determined a range of possible hydraulic

diffusivity corresponding to how the detections’ distance from NM8 evolve with

time. Figure 4.22 illustrates that when considering 75% of the seismicity (as

depicted via the box and whisker plot for each day), the seismicity is contained

within an envelope of expanding fluid pressured governed by a hydraulic diffusivity

of 0.05 m2/s. Considering all seismicity in the cluster near NM8 would require

the diffusivity of the reservoir to be approximately 0.16 m2/s for more distant

earthquakes to have occurred behind the front of pore fluid pressure diffusion. We

do not necessarily require all events to be contained with in the diffusion ‘envelopes’

because our estimate of the diffusivity as 0.05–0.16 m2/s does not account for any

possible anisotropies in the hydraulic diffusivity surrounding NM8 (Shapiro et al.,

2003). By the evidence of seismicity responding to fluid diffusion, we conclude

that further field events within the cluster near NM8 are induced primarily by

pore fluid pressure.

5.2.3 Coupled thermo-poroelastic mechanism

Considering that there is evidence for seismicity induced by thermal contraction

(Section 5.2.1) and by pore fluid pressure (Section 5.2.2), we accredit induced seis-

micity near NM8 to be caused by a coupled thermo-poroelastic mechanism. Our

findings can be related to results by Mart́ınez-Garzón et al. (2014) and Rutqvist

et al. (2015), who used a combination of thermal and pore pressure perturba-

tions to describe the mechanism of microseismicity at the Geysers geothermal field

(Figure 5.3). We observe, as Mart́ınez-Garzón et al. (2014) did, that thermoelastic

stresses and poroelastic stresses may act in the same region, but at different length

scales. At Ngatamariki, we observe thermal effects to act at distances less than or

equal to 200 m. We observe that poroelastic stresses induce seismicity at distances

up to 2.5 km from well NM8 (Figure 4.22).

Although pore fluid pressure perturbations reach a particular area of the reser-

voir more quickly than thermal effects, thermoelastic stresses can still induce mi-

croearthquakes when temperature effects reach a given area. De Simone et al.

(2013) constructed a conceptual model based on a coupled thermo-poroelastic

mechanism of seismicity. The conceptual model shows that coupled thermal-

hydraulic stress can be larger in magnitude that hydraulic forces alone, partly



Chapter 5. Discussion 87

D
ep

th

Pore
Pressure
Increase

Thermal
Contraction

Figure 5.3: Diagram of thermal contraction and pore pressure increase act-
ing at different length scales. The concentric ellipses represent the extent to
which fluid/temperature has propagated The warmer ellipse color corresponds
to warmer injectate temperature (Mart́ınez-Garzón et al., 2014, adapted).

due to the lower injected fluid pressure temperature causing an increase in injec-

tate viscosity (De Simone et al., 2013). A key concern from the conceptual model,

as it relates to this study, is stress changes resulting from a thermo-poroelastic

mechanism compared with stress changes from only a hydraulic mechanism. We

consider a given stress state for a location within the reservoir and represent it by

a Mohr circle, which is a graph of normal stress versus shear stress for orientations

of a plane relative to the maximum principal stress. Figure 5.4 illustrates the

difference between a change in the stress state for a point just outside of a frac-

ture zone due to thermo-poroelastic stresses and due to hydraulic stresses alone.

The model clearly shows that coupled thermo-poroelastic stresses have a greater

effect on the stress field than solely hydraulic effects. Therefore, we can conclude

that even with pore fluid diffusion inducing seismicity in an area before thermal-

hydraulic stresses act, the thermal stresses are significantly larger than hydraulic

perturbations by itself, and temperature effects will be able to induce seismicity.
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Figure 5.4: Mohr circle diagram depicting how hydraulic stresses and ther-
moelastic stresses change the overall stress regime at a point adjacent to the
fracture network in an extensional tectonic environment ((De Simone et al.,
2013, adapted)). The point for which the stress state is being described is
shown on the mini cross-section denoted by a star.

At lengths that temperature change has not yet reached, pore fluid pressure in-

crease acts as the mechanism for seismicity, whereas closer to the injection well,

temperature differences are large enough for thermoeleastic stresses to act as the

mechanism for induced seismicity.

We conclude that seismicity near NM8 is induced via coupled thermo-poroelastic

stresses from injection of cold water into the subsurface. We provide evidence for

this mechanism by incorporating models from other studies (Bodvarsson, 1972,

De Simone et al., 2013, Mart́ınez-Garzón et al., 2014) and consider the spatiotem-

poral relationship with newly detected seismicity. There is still room for future

work. In order to formalize the thermo-poroelastic mechanism, we recommend

that other stimulation tests at Ngatamariki injection wells be considered. Ad-

ditionally it would be helpful to explicitly compute the stresses that would be

induced by the injected fluid at NM8. There are currently solutions that would be

adaptable to Ngatamariki, including computations derived out by Rutqvist et al.

(2015) and Mart́ınez-Garzón et al. (2014).
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Conclusions

We successfully apply four seismological methods to the Ngatamariki geothermal

field, including (1) a matched-filter threshold determination, (2) a matched-filter

methodology to detect microearthquakes within a background signal, (3) a double-

difference relocation method to obtain precise relative locations for seismicty clus-

ters, and (4) an SVD method to determine relative magnitudes of events with

highly similar waveforms. We are able to achieve two significant goals: (1) deter-

mine the viability of these methods at the Ngatamariki geothermal field and (2)

characterize microseismicity at the Ngatamariki geothermal field during June–July

2012.

6.1 Cross-correlation and matched-filtering

We successfully apply a network matched-filtering method based on normalized

waveform cross-correlation using 110 template events recorded across 11 seismic

stations at the Ngatamariki and Rotokawa geothermal fields. We are able to

successfully detect 862 events with 95% confidence and locate them within the

field.

We apply methods based on Shelly et al. (2007) and Chamberlain et al. (2014)

to determine a robust matched-filter threshold of 7.6 × MAD. Our method of

calculating the threshold value of 7.6 allows us to to be 95% confident that any

particular detection is a true event and not a false detection. We achieve this by
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iterative synthetic testing for which we cross-correlate template events with day-

long, phase-randomized noise that has been seeded at random times with template

events. We determine a threshold scalar value of 7.6 for Ngatamariki by requiring

all templates to detect seeds with 95% confidence (Figure 3.9). The scalar value

will vary depending study location, however we are confident in our selection of

this threshold for future matched-filter studies at Ngatamariki and Rotokawa.

Although the codes used in this study are highly adaptable to other areas, we would

point a potential user of this method to a more compete and maintained version

of the matched-filter method: EQcorrscan (Chamberlain and Badger, 2015). The

method used in this study is optimized through parallel computing in Matlab,

however EQcorrscan uses parallel computing in Python, which is not limited in

its computing ability in ways that Matlab is.

We do make use of EQcorrscan when calculating local earthquake magnitudes

based on singular value decomposition (Chamberlain and Badger, 2015, Rubin-

stein and Ellsworth, 2010). Our magnitudes are limited to the seismicity cluster

of greatest interest: detections located near injection well NM8. We detect events

with local magnitudes as small as -0.9, though we calculate a completeness magni-

tude of 0.25 via maximum curvature analysis of the catalogue’s Gutenberg-Richter

relationship.

6.2 Spatiotemporal analysis of newly detected

seismicity

We relocate highly-similar matched-filter detections via HypoDD, a double-difference

relocation algorithm. Seismicity at Ngatamariki during June and July 2012 is dis-

tributed among three spatial clusters: seismicity near stimulated well NM8, seis-

micity near injection well NM10, and seismicity south of the Ngatamariki geother-

mal field (Figure 4.10).

These three clusters each have their own temporal signatures. Seismicity near

NM8 expresses itself in bimodal manner where there are two intervals of time dur-

ing which seismicity primarily occurs. From June 16–26, seismicity rate grows to a

maximum of 47 earthquakes per day and fluctuates until the 26 June on which ap-

proximately 250 events have accumulated around the injection well (Figure 4.13).
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During the second interval of seismicity we see seismicity increase 4 days after

injection re-commences. Additionally we also see seismicity rate decrease imme-

diately when injection stops twice during the stimulation test period. Seismicity

clusters around a depth of 2000 mbsl, approximately the location of a principal

feedzone for well NM8. Earthquakes in this cluster extend to 2100 m from this

feed zone (Figure 4.13). We conclude that the seismicity near NM8 was induced

by injection of cold water during stimulation testing.

Seismicity located near injection well NM10 increases from July 15 (Figure 4.15).

We see that this seismicity does not coincide with injection into NM8, but it does

correlated to a period of drilling the injection well NM10. During this period of

drilling we see partial and total loss of drilling fluid into the formation , coinciding

with the depth and timing of seismicity near the bottom of the borehole. We

conclude that seismicity near NM10 during July 2012 was induced by drilling fluid

loss into the formation.

6.3 Mechanisms of induced seismicity

We determine that seismicity near injection well NM8 is induced by thermal

stresses and pore fluid pressure increases, denoted thermo-poroelastic stresses.

We show that thermal and pore fluid effects may both induce microseismicity at

Ngatamariki, but on different length scales. We see temperature differences caus-

ing contraction across fractures to induce earthquakes at a scale at or less than

200 m from NM8, whereas seismicity exceeding 200 m from the well to be induced

by pore fluid pressure increase.

Opportunities for future seismological work at Ngatamariki are numerous. We

foresee studies that expand the methods we present and apply a matched-filter

method to longer periods of time while considering seismicity during stimulation

testing at NM9, NM10, and during production. We also foresee future work that

focuses on mechanisms of induced seismicity, including constructing a numerical

model to precisely determine a mechanism.
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Matched-filter detection results

Table A.1: Index of all template events and resulting number of detections.
Template locations, times, and magnitudes were provided in a data release

from Mighty River Power.

Index Date Time Lat Lon Depth (km) Magnitude No. of Detections

1 3/06/2012 17:42:13 -38.5804 176.119 5.76 0.51 16

2 7/06/2012 1:59:16 -38.6082 176.2123 7.45 2.15 72

3 7/06/2012 2:42:25 -38.5975 176.2063 6.2 1.56 46

4 7/06/2012 2:53:32 -38.6053 176.2098 7.12 1.76 66

5 13/06/2012 4:02:17 -38.6035 176.2071 6.2 1.25 103

6 13/06/2012 6:32:24 -38.6102 176.2127 7.1 1.28 59

7 16/06/2012 2:44:28 -38.5339 176.1778 2.13 0.83 571

8 17/06/2012 21:25:22 -38.5336 176.1776 2.14 0.9 461

9 17/06/2012 23:34:06 -38.5346 176.1777 2.00 1.85 56

10 18/06/2012 15:58:23 -38.5336 176.1777 2.15 1.00 403

11 18/06/2012 16:09:11 -38.5343 176.1777 2.11 0.83 381

12 18/06/2012 16:43:34 -38.5345 176.1776 2.06 0.68 478

13 18/06/2012 11:08:56 -38.5349 176.1785 1.91 1.56 341

14 18/06/2012 11:14:30 -38.5342 176.1773 2.28 1.24 441

15 18/06/2012 13:11:39 -38.5321 176.1807 1.63 0.73 21

16 19/06/2012 19:37:26 -38.5373 176.1772 2.23 0.84 345

17 19/06/2012 14:36:36 -38.5342 176.177 1.86 0.05 472

18 19/06/2012 17:34:26 -38.535 176.1782 1.97 0.64 234

19 19/06/2012 17:48:23 -38.5342 176.1773 2.3 1.61 69

20 19/06/2012 17:58:10 -38.5344 176.1786 1.93 1.32 76

21 19/06/2012 19:36:50 -38.5321 176.1787 1.82 0.12 154

22 19/06/2012 7:57:49 -38.5346 176.1765 1.82 1.14 408

23 19/06/2012 15:37:37 -38.5381 176.1774 2.01 0.63 148

24 19/06/2012 11:17:37 -38.6094 176.2013 6.77 1.24 65

continued . . .
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Index Date Time Lat Lon Depth (km) Magnitude No. of Detections

25 19/06/2012 12:09:06 -38.5337 176.1786 2.06 0.45 392

26 19/06/2012 12:05:43 -38.603 176.2054 6.43 2.54 84

27 19/06/2012 12:28:28 -38.613 176.1979 5.94 0.95 295

28 20/06/2012 6:29:08 -38.5339 176.1777 2.09 0.65 496

29 21/06/2012 7:50:44 -38.5347 176.1779 1.97 0.96 461

30 21/06/2012 15:15:49 -38.5344 176.1774 2.17 0.71 449

31 21/06/2012 13:16:45 -38.5338 176.1773 2.13 0.49 500

32 21/06/2012 13:03:43 -38.5339 176.1779 1.96 0.52 401

33 21/06/2012 13:19:23 -38.5342 176.1781 1.99 0.83 377

34 21/06/2012 13:29:06 -38.5347 176.1782 1.93 1.03 384

35 21/06/2012 13:30:06 -38.535 176.1777 2.01 0.67 340

36 22/06/2012 15:30:30 -38.5333 176.1781 1.98 0.01 127

37 22/06/2012 11:49:47 -38.5321 176.1799 1.9 0.52 43

38 22/06/2012 15:05:04 -38.5372 176.1766 2.19 1.25 198

39 22/06/2012 5:52:07 -38.5345 176.1778 2.03 1.07 580

40 22/06/2012 5:50:40 -38.5348 176.1775 2.11 1.33 442

41 23/06/2012 19:33:52 -38.531 176.1796 1.98 0.09 233

42 23/06/2012 3:24:52 -38.5386 176.1769 2.11 0.65 194

43 23/06/2012 4:36:44 -38.5384 176.1776 2.12 1.72 126

44 23/06/2012 14:01:14 -38.5344 176.1777 2.09 1.33 407

45 24/06/2012 19:48:19 -38.5319 176.1749 2.48 0.27 436

46 24/06/2012 12:10:56 -38.5344 176.1772 2.13 0.68 436

47 24/06/2012 12:39:34 -38.5345 176.1771 2.13 0.1 516

48 25/06/2012 23:21:47 -38.5337 176.1774 2.15 0.87 394

49 25/06/2012 23:38:04 -38.5345 176.177 2.15 1.9 315

50 25/06/2012 23:30:33 -38.5345 176.1782 1.93 1.28 316

51 6/07/2012 17:06:01 -38.5391 176.1788 1.73 0.36 267

52 6/07/2012 18:03:04 -38.5389 176.1779 1.57 0.52 266

53 6/07/2012 14:08:38 -38.5343 176.1774 2.13 0.72 518

54 6/07/2012 14:27:04 -38.5345 176.1775 2.11 1.49 414

55 6/07/2012 14:44:21 -38.534 176.1775 2.03 1.07 281

56 6/07/2012 21:56:45 -38.5359 176.1763 1.87 0.2 520

57 6/07/2012 1:10:35 -38.5322 176.1782 1.98 0.73 483

58 6/07/2012 2:12:26 -38.5349 176.1777 2.07 1.05 463

59 6/07/2012 15:08:56 -38.535 176.1779 2.03 0.58 487

60 7/07/2012 21:35:19 -38.5391 176.1774 1.94 0.93 138

61 7/07/2012 22:34:12 -38.5338 176.1774 1.97 0.21 351

62 7/07/2012 19:46:37 -38.5374 176.1789 1.19 0.89 64

63 7/07/2012 20:20:50 -38.5372 176.1791 1.44 1.26 34

64 7/07/2012 20:52:33 -38.5374 176.1789 1.39 1.02 59

65 7/07/2012 22:14:48 -38.5368 176.1789 1.49 1.55 30

66 7/07/2012 0:54:39 -38.5389 176.1784 1.51 1.11 108

continued . . .
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Index Date Time Lat Lon Depth (km) Magnitude No. of Detections

67 7/07/2012 1:32:48 -38.5384 176.1773 1.84 1.51 53

68 7/07/2012 9:23:56 -38.5341 176.1781 2 1.02 548

69 7/07/2012 5:32:20 -38.5354 176.1782 2 0.22 497

70 7/07/2012 5:48:43 -38.5344 176.1776 2.13 0.71 468

71 7/07/2012 9:26:21 -38.5369 176.1775 1.53 0.48 132

72 8/07/2012 20:46:25 -38.5376 176.1775 1.4 0.86 57

73 8/07/2012 10:15:44 -38.5374 176.1774 2.1 0.93 245

74 16/07/2012 21:38:08 -38.5692 176.1913 3.03 0.68 154

75 17/07/2012 2:09:00 -38.5614 176.1916 2.88 0.99 204

76 17/07/2012 10:31:50 -38.5662 176.1891 3.35 0.78 196

77 17/07/2012 10:41:28 -38.5594 176.1917 2.51 0.95 201

78 17/07/2012 17:24:17 -38.5654 176.1901 3.3 0.8 199

79 17/07/2012 9:23:06 -38.5638 176.1903 3 1.34 166

80 17/07/2012 9:53:53 -38.5614 176.1915 2.95 0.88 167

81 19/07/2012 4:56:04 -38.5632 176.1855 2.33 0.98 163

82 19/07/2012 14:22:27 -38.5945 176.1908 5.24 0.51 159

83 20/07/2012 22:03:27 -38.5657 176.1867 3.44 1.48 188

84 20/07/2012 14:29:18 -38.5667 176.1851 3.63 1.15 155

85 20/07/2012 23:44:02 -38.5645 176.1867 3.25 2.17 134

86 20/07/2012 16:19:28 -38.5678 176.1852 3.25 0.47 130

87 20/07/2012 18:36:16 -38.5637 176.1859 3.08 1.22 127

88 20/07/2012 18:44:00 -38.5652 176.1869 3.23 0.58 132

89 20/07/2012 19:08:05 -38.5656 176.1867 3.38 1.65 141

90 20/07/2012 19:27:33 -38.5636 176.1855 2.94 0.32 142

91 20/07/2012 19:51:16 -38.5674 176.1851 3.23 1.05 144

92 20/07/2012 5:12:53 -38.5674 176.1848 3.2 1.35 126

93 20/07/2012 5:46:16 -38.5681 176.1839 3.21 1.25 102

94 20/07/2012 6:20:51 -38.5682 176.1846 3.29 1.26 96

95 20/07/2012 7:06:15 -38.567 176.1825 2.99 0.79 82

96 20/07/2012 10:16:00 -38.5688 176.1835 4.6 1.64 176

97 23/07/2012 9:47:10 -38.5665 176.1864 3.2 1 124

98 23/07/2012 3:29:49 -38.5668 176.1861 3.19 1.41 122

99 23/07/2012 7:22:04 -38.5659 176.1858 3.33 1.46 130

100 26/07/2012 14:18:10 -38.5617 176.1891 2.12 0.62 123

101 26/07/2012 6:26:47 -38.5648 176.1869 3.3 1.6 137

102 26/07/2012 12:49:52 -38.5714 176.1808 4.17 0.43 131

103 27/07/2012 11:40:06 -38.562 176.1917 2.95 0.76 112

104 27/07/2012 14:27:31 -38.5738 176.1841 3.76 0.51 114

105 27/07/2012 17:13:56 -38.5727 176.184 3.81 0.93 123

106 28/07/2012 22:58:30 -38.5659 176.1783 3.47 0.8 96

107 28/07/2012 11:22:10 -38.5738 176.1833 3.78 0.78 57

108 28/07/2012 15:45:42 -38.5645 176.1892 2.84 0.68 67

continued . . .
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Index Date Time Lat Lon Depth (km) Magnitude No. of Detections

109 28/07/2012 9:19:29 -38.5644 176.1897 3.09 1.02 187

110 28/07/2012 12:04:09 -38.5618 176.1904 2.37 1 119
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