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1 Introduction

The determination of earthquake source parameters is of fundamental importance in
seismological research. Moment tensor analysis involves fitting theoretical wave-
forms to observed broadband waveforms and inverting for the moment tensor
elements, and allows for the calculation of focal mechanism (strike, dip, and rake),
seismic moment (M0), moment magnitude (Mw) which is calculated directly from
M0, and centroid depth of an earthquake. A comprehensive catalogue of moment ten-
sor solutions is of great importance in seismic hazard analysis and tectonic studies.
For example, seismic hazard estimates typically use Mw in earthquake forecasts and
risk analysis, and moment release rates along plate boundaries are important in cal-
culating predicted plate motions in tectonic studies. Routine regional moment tensor
(RMT) analysis was implemented in New Zealand in early-2007 (Ristau 2008), and
since that timemore than 2000 RMT solutions have been calculated for NewZealand
earthquakes with the catalogue beginning August 2003. This article will provide an
overview of RMT analysis in New Zealand with specific focus on five earthquake
sequences which significantly impacted New Zealand since July 2009.

2 Tectonic Setting of New Zealand

New Zealand straddles the boundary of the Pacific and Australian plates, and the
active tectonics are dominated by three main features (Fig. 1). North Island seismic-
ity ranges from shallow activity with surface ruptures to events with hypocentres
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Fig. 1 New Zealand broadband seismometer network with more than 50 broadband seismometers
available for calculating RMT solutions. New Zealand sits atop the boundary between the Pacific
and Australian plates. (inset) 10 years of seismicity in New Zealand from (shown is M≥3.5). New
Zealand seismicity ranges from earthquakes with surface ruptures to earthquakes several hundred
kilometres deep beneath North Island. To represent New Zealand seismicity prior to the earthquake
sequences discussed in this article, the 10 years shown spans the decade before the 15 July 2009
Mw 7.8 Dusky Sound earthquake

several hundred kilometres deep. There are also several active volcanoes present in
central North Island and north of North Island. Beneath North Island, there is active
subduction of the Pacific plate beneath the Australian plate at the Hikurangi trough
which is capable of producing great (M>8.0) megathrust earthquakes (e.g. Wallace
et al. 2014; Clark et al. 2015). The Wellington region, the capital of New Zealand in
southern North Island, is also at risk from shallow strike-slip earthquakes, notably
the Wellington Fault which is capable of producing M>7.5 earthquakes with recur-
rence intervals of 610–1100 years (e.g. Little et al. 2010; Langridge et al. 2011), and
the Wairarapa Fault which last ruptured in 1855 with M 8.2 (e.g. Van Dissen and
Berryman 1996; Rodgers and Little 2006).

At the southern end of South Island subduction polarity is reversed with the Aus-
tralian plate subducting beneath the Pacific plate at the Puysegur Trench, which also
produces earthquakes with a wide range of focal depths. The largest recorded earth-
quake at the Puysegur Trench was the 15 July 2009 M 7.8 Dusky Sound earthquake
(Fry et al. 2010; Beavan et al. 2010). Between the two subduction zones is the Alpine
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Fault, a 650 km long, right-lateral strike-slip fault forming the Pacific/Australian plate
boundary. The Alpine Fault has ruptured in major earthquakes (M>7.5) with recur-
rence intervals of~300 years, with the last major earthquake occurring in 1717 (e.g.
Cooper and Norris 1990; Berryman et al. 2012; Cochran et al. 2017). Earthquakes
in central South Island are primarily within the overlying crust with focal depths<
40 km.

3 New Zealand Seismic Network

In 2001 the New Zealand Earthquake Commission (EQC) provided funding to GNS
Science to launch the GeoNet project. The purpose of GeoNet is to upgrade the
existing seismic network, provide data communication links, modernize data man-
agement practices, and introduce new initiatives for volcano surveillance, landslide
response, earth deformationmonitoring, and tsunamiwarning systems. GeoNetman-
ages a large network of three-component broadband seismometers, strong-motion
accelerometers, GPS sites, volcano surveillance equipment, and tsunami tide gauges.
Figure 1 shows the broadband seismograph network in New Zealand with more
than 50 three-component broadband sites across the country which are used for
moment tensor analysis. Petersen et al. (2011) provides a detailed overview of the
New Zealand seismic network.

4 Regional Moment Tensor Analysis

4.1 Moment Tensor Theory

Moment tensor analysis involves fitting theoretical waveforms with observed broad-
band waveforms and inverting for the moment tensor elements. A brief description
of moment tensor theory is included here, and detailed descriptions of the theory and
methodology are provided in a number of sources (e.g. Aki and Richards 1980; Jost
and Herrmann 1989; Frohlich and Apperson 1992; other chapters in this volume).
The general representation of a seismic source is given in Aki and Richards (1980)
as

dn (x, t) �
∞∫

−∞

∫

V

Gnk
(
x, t ; r, t

)
fk

(
r, t

)
dV (r) dt, (1)

where dn is the observed displacement at an arbitrary position x at time t due to
a distribution of equivalent body force densities f k . Gnk are the components of the
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Green’s function containing the effects of the Earth structure, and V is the source
volume. The problem can be discretised as

dn (x, t) �
5∑

i�1

mi ∗ Gin, (2)

where dn is the vertical, radial, or transverse displacement, and mi are the moment
tensor elements with m1 �M11, m2 �M22, m3 �M12, m4 �M13, and m5 �M23

(noteM33 �−(M11 +M22)). Gin are the Green’s functions corresponding to each of
the respective moment tensor elements. The Green’s functions are usually calculated
using simple 1-D velocity models appropriate to the source region; however, 2-D
or 3-D models can also be used. Using the observed displacements dn, and Green’s
functionsGn, the moment tensor elements can be inverted for, most commonly using
a least-squares inversion that can be written as

d � Gm, (3)

where d consists of n waveforms, G is an n ×6 matrix consisting of the Green’s
functions, and m is the vector containing the moment tensor elements to be deter-
mined.

Moment tensor analysis of larger magnitude earthquakes (Mw >5.0–5.5) at tele-
seismic distances (�1000 km) has been ongoing since the late-1970s by the Global
Centroid Moment Tensor (GCMT) Project (formerly Harvard CMT solutions; e.g.
Dziewonski et al. 1981), and theUnited States Geological Survey (USGS; e.g. Sipkin
1986). Regional moment tensor (RMT) solutions differ from teleseismic methods
in that they use regional data (source-receiver distances� 1000 km) and velocity
models specific to the source region to calculate Green’s functions. RMT analysis
for smaller magnitude earthquakes (Mw <5.0–5.5) has become a routine technique
with a number of agencies providing catalogues of RMT solutions (e.g. Bent 2015;
Braunmiller and Nábelek 2002; Braunmiller et al. 2002; Clinton et al. 2006; Kao
et al. 1998; Kao et al. 2012; Kubo et al. 2002; Ristau et al. 2007; Ristau 2013; Ruppert
and Hansen 2010; Scognamiglio et al. 2009; Whidden and Pankow 2012).

5 Regional Moment Tensor Analysis in New Zealand

RMT solutions at GeoNet are calculated using themethod developed byDougDreger
at the University of California, Berkeley Seismological Laboratory (e.g. Dreger and
Helmberger 1993; Pasyanos et al. 1996; Dreger 2003) for use on smaller magnitude
earthquakes. Ristau (2008) introduced RMT analysis in New Zealand, provided the
velocity models that were developed to calculate Green’s functions, and outlined the
procedure for calculating a RMT solution. Ristau (2008) showed examples of RMT
solutions and compared them with GCMT (see Sect. 9) and first-motion solutions,



Overview of Moment Tensor Analysis in New Zealand 285

and discussed some the issues encountered in implementing the procedure. Prior to
August 2003 the New Zealand broadband seismograph network was not sufficiently
dense to calculate RMT solutions (Matcham et al. 2006).

GeoNet locates over 15 000 earthquakes each year in New Zealand and adja-
cent offshore regions (Fig. 1 inset). Detailed overviews of New Zealand seismicity
can be found in Robinson (1986), Reyners (1989), Anderson and Webb (1994), and
Ristau (2008). Typically, more than 1000 earthquakes each year have local mag-
nitude (ML)≥3.5 which make them candidates for RMT analysis. In September
2012 GeoNet began using SeisComP3 (SC3) for earthquake analysis, replacing the
CalTech-USGS seismic processor (CUSP) systemwhich had been in use since 1986.
Ristau (2009) showed there is a significant discrepancy between ML calculated with
CUSP andMw forNewZealand earthquakes, withML normally being larger thanMw

and the discrepancy being particularly large for deep focus (>33 km) earthquakes.
Therefore, CUSPML often needs to be≥~4.0 to calculate a moment tensor solution;
however, it has been possible to calculate RMT solutions for some smaller events
depending on the signal-to-noise ratio. SC3ML correlates better with Mw, and earth-
quakes with smaller SC3 ML’s are able to have moment tensor solutions calculated
(Ristau et al. 2016).

Since RMT analysis was implemented by GeoNet in early-2007, more than 2000
RMT solutions have been calculated for earthquakes in New Zealand and adjacent
offshore regions withMw 3.2–7.4 and depth 2–375 km, with the catalogue beginning
August 2003. The vastmajority are for earthquakes in the rangeMw 3.5–5.0; however,
there are 34 earthquakes in the RMT catalogue with Mw ≥6.0, with five having Mw

≥7.0 (Fig. 2). This does not include two Mw 7.8 earthquakes that were too large
to calculate reliable RMT solutions (the reasons are discussed later in this article).

Fig. 2 Mw distribution of
earthquakes in the RMT
catalogue. Most earthquakes
are in the range Mw 3.5–5.0;
however, 34 have Mw ≥6.0.
The 15 July 2009 Mw 7.8
Dusky Sound and 13
November 2016 Mw 7.8
Kaikoura earthquakes are not
included in this plot as they
were too large to calculate
reliable RMT solutions
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Fig. 3 Example of a RMT solution for a Mw 4.3 earthquake in the Canterbury region. (top) Map
showing the focal mechanism and the nine broadband seismometers used to calculate the solution.
(inset) Variance reduction versus centroid depth showing the best-fit at a depth of 6 km. (bottom)
The waveforms were filtered using a passband of 0.02–0.08 Hz and there is a very good fit between
the synthetic and observed waveforms

Figure 3 shows an example of a RMT solution for a Mw 4.3 earthquake in the
Canterbury region of South Island. Reliable RMT solutions have been calculated
using as few as three broadband stations; however, the average is around six stations.
It is preferable to have stations with good azimuthal coverage, but in a region like
New Zealand—a narrow country with many offshore earthquakes—this is often not
possible.

The more than 2000 RMT solutions for New Zealand include RMT solutions
from five significant earthquake sequences that have impacted New Zealand since
July 2009 (Fig. 4). In chronological order these earthquake sequences are:
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Fig. 4 Locations of the five significant earthquakes in New Zealand since July 2009 which are
discussed in this article (yellow stars) and aftershock zones where RMT solutions were calculated
(red boxes)

1. 15 July 2009 Mw 7.8, Dusky Sound, Fiordland (Fry et al. 2010; Beavan et al.
2010);

2. 3 September 2010 Mw 7.1, Darfield, Canterbury (Gledhill et al. 2011);
3. 21 July 2013 Mw 6.6 and 16 August 2013 Mw 6.6, Cook Strait (Hamling et al.

2014);
4. 1 September 2016 Mw 7.1, East Cape (Te Araroa) (Ristau 2017);
5. 13 November 2016 Mw 7.8, Kaikoura (Kaiser et al. 2017).

At the time this overview chapter was written the Mw 7.1 East Cape and Mw 7.8
Kaikoura earthquakes had recently occurred; therefore, much work is still needed to
fully characterise these earthquakes and aftershock sequences.
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6 Overview of New Zealand Moment Tensor Solutions

I will first provide an overview of New Zealand RMT solutions, excluding events
associatedwith the five earthquake sequencesmentioned above. Figure 5 showsRMT
solutions for North Island and South Island, and adjacent offshore regions, separated
into depth≤ 33 km (left) and>33 km (right). In central North Island there is a band of
shallow RMT solutions that extends to the Bay of Plenty region. These earthquakes
are typically normal or strike-slip faulting with NW-SE oriented T-axes and reflect
the influence of the Taupo rift zone (Seeback et al. 2014). Along the east coast of
North Island and the offshore region, focal mechanisms are a mixture of strike-slip,
reverse, and normal faulting. The two largest earthquakes in this region were in-slab,
normal faulting earthquakes. The 20 December 2007 Mw 6.7 earthquake occurred
near the city of Gisborne at a depth of 24 km and caused widespread minor damage

Fig. 5 RMT solutions for New Zealand, excluding earthquakes associated with the five earthquake
sequences shown in Fig. 4. a RMT solutions for North Island for earthquakes with centroid depth≤
33 km. bRMT solutions for North Island earthquakes with centroid depth>33 km. cRMT solutions
for South Island for earthquakes with centroid depth≤ 33 km. d RMT solutions for South Island
earthquakes with centroid depth> 33 km
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along with some structural damage (Holden et al. 2008). A similar earthquake struck
on 16 November 2014 with Mw 6.8, but was located further offshore and resulted in
less human impact. Two other significant earthquakes were the 20 January 2014 Mw

6.3 Eketahuna earthquake (e.g. Abercrombie et al. 2017), and the 20 January 2005
Mw 5.3 Upper Hutt earthquake (e.g. Reyners and Bannister 2007), with epicentres
in southern North Island. These earthquakes were widely felt throughout southern
North Island and caused widespread minor damage. Both earthquakes had normal
faulting mechanisms at depths of~20–30 km, consistent with being in-slab events.
The deeper North Island earthquakes are also a mixture of normal, reverse, and
strike-slip faulting; however, many of the deeper earthquakes are reverse faulting
and related to subduction of the Pacific plate. The deep earthquakes can have Mw

≥6.0 and be widely felt throughout North Island, but they typically do little damage
due to their depth.

South Island has a different pattern of seismicity than North Island, with the
majority of the seismic activity being dominated by the plate boundary between the
Australian and Pacific plates, and the Alpine Fault delineating the boundary. The
onshore shallow seismicity is almost all strike-slip or reverse faulting with P-axes
consistently oriented~115°. Further south, in the Fiordland region of the southwest
South Island and south of South Island, the Puysegur subduction zone dominates
with many reverse faulting focal mechanisms. The Fiordland region is the most
seismically active region of New Zealand with 11 earthquakes Mw ≥6.0 in the
RMT catalogue; however, due to the sparse population in Fiordland the damage is
typically minor. The 21 August 2003 Mw 7.1 Fiordland earthquake was the largest
shallow earthquake in NewZealand in 35 years at the time, and was a reverse faulting
event on the shallow part of the subduction interface (Reyners et al. 2003). The 15
October 2007 Mw 6.7 George Sound earthquake was centred northeast of the Mw

7.1 Fiordland earthquake, and was also a reverse faulting event on the subduction
interface (Petersen et al. 2009). South of South Island a Mw 7.4 earthquake occurred
on 30 September 2007 with a reverse faulting mechanism and may also have been
on the subduction interface. This earthquake was followed by a Mw 6.6 aftershock.
Central South Island is largely devoid of deep seismicity; however, there is some
deeper seismic activity at the north end which marks the southern boundary of the
Hikurangi subduction zone. In particular, near the town of Hanmer Springs at the
northern end of South Island, there is a cluster of oblique faulting events, several with
Mw ≥5.0, at depths of~60–70 km. There is deep seismic activity in the Fiordland
region associated with the Puysegur subduction zone and the faulting style varies
between strike-slip and reverse, but the vast majority have depths�150 km.
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7 Discussion of Earthquake Sequences

7.1 Dusky Sound, Fiordland: 15 July 2009, Mw 7.8

The Mw 7.8 Dusky Sound earthquake was the largest earthquake in New Zealand
since the 1931 M 7.8 Hawkes Bay earthquake, east coast of North Island (Fry et al.
2010; Beavan et al. 2010). The earthquake was a thrust faulting event on the sub-
duction interface of the Puysegur subduction zone. Most of the energy release was
at very low frequencies and, combined with the remote location of the epicentre,
resulted in mainly minor damage. Using the focal mechanism of the mainshock,
rupture area, and location of nearby faults, Coulomb stress models show a stress
increase of~0.2 MPa on the offshore extension of the Alpine Fault (Fry et al. 2010;
Beavan et al. 2010).

The RMT method used at GeoNet assumes a point-source (i.e. a source with no
dimensions), which is adequate when the wavelengths analysed are much greater
than the source dimensions. For earthquakes less than Mw ~ 7.0–7.5 a point-source
assumption is sufficient; however, for larger earthquakes the point-source assump-
tion using the frequency bands and source-receiver distances normally used for RMT
analysis no longer applies, and either more complex source modelling or very long
wavelengths are needed. For the Dusky Sound earthquake most of the broadband
seismometers in New Zealand saturated which made the data unusable for RMT
analysis, and even the furthest stations (source-receiver distance~1000 km), were
not distant enough to utilise long enough wavelengths to calculate a reliable RMT
solution for the mainshock. Therefore, theW-phase teleseismic moment tensor solu-
tion calculated by the USGS is used for the mainshock (see Sect. 9).

132 RMT solutions for aftershocks were calculated, with the largest being Mw

6.1 (Fig. 6). The shallowest solutions (Fig. 6a) are mainly normal faulting mecha-
nisms with one near-vertical fault plane and one near-horizontal fault plane. In the
7–12 km depth range (Fig. 6b) the mechanisms are mainly reverse or strike-slip
faulting with a P-axis oriented approximately E-W, similar to the mainshock. Many
of the strike-slip faulting mechanisms are located near the offshore extension of the
Alpine Fault. However, given the uncertainty in epicentres in the Fiordland region it is
not clear whether these aftershocks are on the Alpine Fault and induced by the Dusky
Sound earthquake, or on structures near the Alpine Fault. At 13–19 km (Fig. 6c) the
mechanisms are mainly reverse faulting and very similar to the mainshock; there-
fore, they may have also occurred on the plate interface. At 20–30 km (Fig. 6d)
the mechanisms are a mixture of reverse, normal, and strike-slip faulting suggesting
that the tectonic setting at greater depths becomes more complicated. Some after-
shocks may be occurring in the crust above the plate interface and others within the
subducting plate.
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Fig. 6 RMT solutions for aftershocks of the Dusky Sound earthquake. The mainshock, taken
from the USGS W-phase solution, is the blue focal mechanism, and aftershocks are orange focal
mechanisms. a Focal mechanisms for aftershocks with depth 0–6 km. b Focal mechanisms for
aftershocks with depth 7–12 km. c Focal mechanisms for aftershocks with depth 13–19 km. d Focal
mechanisms for aftershocks with depth 20–30 km

7.2 Darfield, Canterbury: 3 September 2010, Mw 7.1

The Mw 7.1 Darfield earthquake occurred in the Canterbury region of New
Zealand,~10 southeast of the town of Darfield and~40 km west of Christchurch,
New Zealand’s second largest city (population~377 000) (Gledhill et al. 2011). The
earthquake was widely felt throughout South Island and southern North Island, with
over 7300 felt reports received, and caused significant damage in Christchurch, with
maximum intensity MM 9 in the epicentral region. Through a fortunate combination
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of strict building codes and the earthquake occurring on a Saturday at 04:35 NZST
when the streets were largely deserted, there were no deaths and only two serious
injuries. On 21 February 2011 (~5½months after theDarfield earthquake) theMw 6.2
Christchurch earthquake struck as an aftershock to the Darfield earthquake (Kaiser
et al. 2012). The Christchurch earthquake struck~6 km southeast of the city centre
beneath the outer suburbs of Christchurch at shallow depth. In contrast to the Darfield
earthquake, the Christchurch earthquake struck at 12:51 NZST on a weekday when
the city centre was at its most populated. Severe building damage was widespread
and resulted in 185 fatalities, many of which occurred with the collapse of the multi-
story Canterbury Television and Pyne Gould buildings. The aftershock sequence has
continued for years, with the most recent significant aftershock being Mw 5.8 on 14
February 2016.

Before the Darfield earthquake, the Canterbury region had a historically low
level of seismic activity compared with many other parts of New Zealand. As a
result, an earthquake similar to Darfield was considered a low-probability event
for New Zealand, although the possibility of a comparable earthquake had been
acknowledged in seismic hazard models (Stirling et al. 2012). Most of the moment
release was along the previously unknown Greendale Fault which had not ruptured
for 18 000–20 000 years. Geodetic and strong-motion modelling (e.g. Holden and
BeavanHolden andBeavan 2012;Beavan et al. 2012) identified at least seven individ-
ual fault segments which were active during the earthquake, including a blind reverse
fault several kilometres north of the Greendale Fault where the rupture initiated.

The Darfield earthquake is an important case study on how regional and tele-
seismic moment tensor solutions can differ significantly as a result of the methods
used to calculate them. The teleseismic moment tensor solutions calculated by the
USGS and Global CMT Project (see Sect. 9) have a strike-slip focal mechanism
consistent with the surface rupture of the Greendale Fault (Fig. 7a). In contrast, the
GeoNet RMT solution and GeoNet first-motion solution indicated reverse faulting
on either a shallow NW-dipping plane or a steep SE-dipping plane (Fig. 7a). As a
result of the high density of strong-motion stations in the vicinity of the mainshock,
the hypocentre waswell constrained about 4±0.5 km north of the surface trace of the
Greendale Fault (Gledhill et al. 2011). Due to the well-constrained hypocentre with
an estimated depth of about 11 km, the discrepancy between the hypocentre location
and the trace of the Greendale Fault cannot be explained by the location uncertainty.
A shallow-dipping fault plane could account for the discrepancy, but there should
be near co-incidence of the epicentre with the trace of the Greendale Fault for any
near-vertical strike-slip mechanism as indicated in the teleseismic moment tensor
solutions.

Teleseismic moment tensor methods use lower frequency bands and much greater
source-receiver distances than RMTmethods. As a result, they are not able to resolve
distinct mechanisms but instead provide an average over the whole event, which is
dominated in the case of the Darfield earthquake by strike-slip movement along
the Greendale Fault. The RMT solution uses higher frequency bands and smaller
source-receiver distances,~300–860 km for the GeoNet Darfield RMT solution,
which makes the solution more sensitive to small-scale features. As a result, the
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Fig. 7 RMT solutions for the Canterbury earthquake sequence. a The Mw 7.1 Darfield earthquake
and aftershocks up to 20 February 2011. Also shown are the USGS and GCMT focal mechanisms
for the mainshock showing strike-slip faulting as opposed to reverse faulting for the RMT solution.
Focal mechanisms are colour-coded according to faulting style. Also shown in the surface fault trace
of the Greendale Fault and inferred fault planes from geodetic studies. b The Mw 6.2 Christchurch
earthquake and aftershocks up to 22 December 2011. c The 23 December 2011 Pegasus Bay
aftershock sequence and aftershocks up to 28 August 2016, including the 14 February 2016 Mw
5.8 aftershock
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GeoNet RMT solution models the nature of the initial reverse-faulting rupture. This
demonstrates how, in the case of a complex rupture like the Darfield earthquake, the
teleseismic and RMT focal mechanisms can be quite different from one another, but
both are correct within the limitations of the methods used to calculate them.

Nearly 15 000 aftershocks have been recorded in the Canterbury/Christchurch
region since the Darfield earthquake, and 378 RMT solutions have been calculated
withMw 3.4–6.2. Figure 7 separates theRMT solutions into three groups based on the
main earthquakes in the Canterbury sequence. In Fig. 7a are the RMT solutions from
the 3 September 2010 Darfield earthquake up to the 21 February 2011 Christchurch
earthquake; Fig. 7b from the 21 February 2011 Christchurch earthquake up to the 23
December 2011 Pegasus Bay aftershock sequence; Fig. 7c from the 23 December
2011 Pegasus Bay aftershock sequence to 28 August 2016.

In Fig. 7a, focal mechanisms from 153 RMT solutions show a variety of fault-
ing styles, providing evidence for the complex nature of the rupture process. Focal
mechanisms in the immediate area of the initial rupture are a mixture of reverse and
strike-slip faulting. At the western end of the fault zone the mechanisms are pre-
dominantly reverse faulting, consistent with the geodetic model of the main rupture,
which includes a reverse faulting segment at the western end of the rupture zone. East
of the main rupture zone, leading into Christchurch, focal mechanisms are mainly
reverse faulting or oblique-reverse faulting.

The aftershock locations mostly coincide with the Greendale Fault trace and the
location of inferred subsurface faults. However, at the eastern end of the Greendale
Fault there is a NE-SW trend of aftershocks that are not associated with any known
subsurface fault, and this is particularly noticeable in the plot of focal mechanisms.
Further east there is another NE-SW trend of aftershocks between the Greendale
Fault and Christchurch that is also not associated with any known subsurface fault,
and in this region the focal mechanisms change from mainly strike-slip faulting in
the west to oblique-reverse faulting closer to Christchurch.

On 26 December 2010 NZST (25 December 2010 UTC) a cluster of very shallow
aftershocks occurred near the Christchurch city centre. The largest, Mw 4.7, occurred
at 12:30 NZST when the city centre was highly populated (Ristau 2011). These
aftershocks were widely felt and the Mw 4.7 event caused damage to brick and
masonry structures already weakened in the city centre. Three RMT solutions were
calculated for events in the series of aftershocks, all with strike-slip mechanisms.
Ristau (2011) also calculated 16 first-motion focal mechanism for events in this
series, including the three events for which RMT solutions had been calculated,
and although the first-motion solutions were for mainly reverse faulting, the P-axis
orientation is consistent with those in the RMT solutions.

Figure 7b shows 113 focal mechanisms beginning with the 21 February 2011
Mw 6.2 Christchurch earthquake. The Christchurch earthquake occurred on a pre-
viously unmapped NE-SW striking fault in the Port Hills area of the outer suburbs
of Christchurch (Fig. 7b), in an area of small positive stress increase resulting from
the Darfield earthquake (Kaiser et al. 2012). The RMT solution shows primarily
reverse faulting with a strike-slip component, consistent with the complex nature of



Overview of Moment Tensor Analysis in New Zealand 295

the faulting as indicated by the geodetic modelling which requires two, and possibly
three faults to be active (Beavan et al. 2012). The earthquake triggered a rejuve-
nated aftershock sequence centred around Christchurch and into Pegasus Bay east of
Christchurch, most notably a Mw 6.0 aftershock on 13 June 2011. The 13 June 2011
aftershock was a strike-slip event that occurred~4 km east of the Christchurch earth-
quake epicentre (Fig. 7b) and also involved at least two fault ruptures (Beavan et al.
2012). Following the 13 June 2011 aftershock many of the aftershocks extended
SE into Banks Peninsula where little aftershock activity had occurred previously.
Whereas the Christchurch earthquake had mainly reverse faulting, focal mechanism
derived fromRMT solutions for aftershocks to the Christchurch earthquake indicated
mainly strike-slip faulting, although there were some with reverse or oblique-reverse
faulting (Fig. 7b).

Three earthquakes on 23 December 2011 UTC (Mw 5.4–5.9) centred near Pega-
sus Bay, east of Christchurch, triggered a NE-SW series of aftershocks that extended
offshore (Fig. 7c). These earthquakes were widely felt in Christchurch but damage
was minimal due to their offshore location (Ristau et al. 2013). 53 RMT solutions
were determined for events in Pegasus Bay with a majority (45 of 53) indicating
reverse or oblique-reverse faulting. This is in contrast with the rest of the Canter-
bury aftershock sequence where~74% of the focal mechanism indicated strike-slip
faulting (Ristau et al. 2013). Pegasus Bay was also the location of the most recent
significant aftershock in the Canterbury sequence, a Mw 5.8 oblique-reverse faulting
event on 14 February 2016 (Herman and Furlong 2016).

7.3 Cook Strait/Lake Grassmere: 21 July 2013, Mw 6.6 and
16 August 2013, Mw 6.6

The Cook Strait and Lake Grassmere earthquakes of July and August 2013 was an
earthquake doublet—two earthquakes with similar epicentre, magnitude, and source
properties that occur closely spaced in time (Hamling et al. 2014; Holden et al.
2013). Cook Strait is a narrow strait that separates North Island and South Island,
and Lake Grassmere is near the town of Seddon at the northern end of South Island.
The earthquakes were~50–70 km southwest of New Zealand’s capital, Wellington.
The earthquakes were widely felt throughout northern South Island and southern
North Island, and caused significant structural damage in northern South Island
communities and significant non-structural damage in the greater Wellington region.

The sequence began with two foreshocks of Mw 5.5 on 18 July 2013 and Mw

5.8 on 20 July 2013 (Fig. 8). The foreshocks were located in Cook Strait and were
both reverse faulting mechanisms with depths~20 km. Most of the RMT solutions
for aftershocks to the foreshocks were also reverse faulting mechanisms with similar
depth. On 21 July 2013 the Mw 6.6 Cook Strait earthquake struck with over 5500
felt reports, mostly from North Island and northern South Island. The Cook Strait
earthquake was a right-lateral strike-slip earthquake at a depth of~20 km along a
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Fig. 8 RMTsolutions for theCook Strait/LakeGrassmere earthquake sequence. Focalmechanisms
are colour-coded by time with blue mechanisms corresponding to foreshocks to the Cook Strait
earthquake, orange mechanisms for the Mw 6.6 Cook Strait earthquake and aftershocks, and gold
mechanisms for the Mw 6.6 Lake Grassmere earthquake and aftershocks. The town of Seddon is
shown by the yellow star

previously unmapped offshore fault. RMT solutions for aftershocks were predomi-
nantly strike-slip with most located SW of the mainshock towards South Island. The
depths of the RMT solutions trend towards shallower depths as they get closer to
South Island.

On 16 August 2013 the Mw 6.6 Lake Grassmere earthquake occurred with nearly
6200 felt reports from North Island and northern South Island. This earthquake
was also a right-lateral strike-slip earthquake, very similar to the earlier Cook Strait
earthquake. As a result of their similar source properties, magnitudes, epicentres,
and occurring less than a month apart they can be considered an earthquake doublet.
Geodetic modelling and Coulomb stress analysis suggest that the Lake Grassmere
earthquake was triggered by the Cook Strait earthquake, which in turn was triggered
by the earlier foreshocks (Hamling et al. 2014). As with the Cook Strait earthquake,
most of the RMT solutions for Lake Grassmere aftershocks are strike-slip faulting
but with shallower depths.

Northern South Island, CookStrait, and southernNorth Island have a large number
of active faults, and the region sit atop the Hikurangi subduction zone. Slip models
derived using focal mechanism information can be used to resolve Coulomb stress
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transfer onto nearby mapped faults. One of the most important faults with a positive
stress change following the Cook Strait/Lake Grassmere sequence is the southern
extension of theWellington Fault which showed a positive stress change of~0.1MPa
(Hamling et al. 2014). TheWellington Fault extends through the heart of theWelling-
ton city centre and north to the populated Hutt Valley, and is capable of rupturing in
M>7.5 earthquakes with a recurrence interval of 610–1100 years (Little et al. 2010;
Langridge et al. 2011). The second area of concern is the Hikurangi subduction zone
which has the potential to rupture in M>8.0 earthquakes (Wallace et al. 2014; Clark
et al. 2015). Hamling et al. (2014) concluded that it is likely that the Cook Strait
and Lake Grassmere earthquakes resulted in a positive stress change approaching
0.3 MPa on the Hikurangi plate interface.

7.4 East Cape: 1 September 2016, Mw 7.1

TheMw 7.1 East Cape (Te Araroa) earthquake occurred~125 kmNE of East Cape, at
the northeast end of North Island (Fig. 9). The offshore epicentre resulted in mainly
minor damage; however, GeoNet received more than 4700 felt reports from across
North Island and northern South Island. A minor tsunami of~30 cm was recorded
at the East Cape and Great Barrier Island tide gauges, and many local residents self-
evacuated to higher ground when they felt strong shaking that lasted for more than
30 s.

The earthquake was preceded by a Mw 5.8 foreshock on 31 August 2016, which
was a normal faulting mechanism with one high angle and one low angle fault
plane, at a depth of 15 km (Fig. 9). The mainshock was an oblique-normal faulting
mechanism with one high angle and one low angle fault plane, but deeper at 23 km.
Initially a tsunami was not anticipated due to the magnitude, depth, and faulting
style, and it was not until it was detected at tide gauges that it was known a tsunami
had been generated. RMT solutions have been calculated for 27 aftershocks with
Mw 4.4–6.0 and depths 6–24 km. Due to the complex nature of the local crustal
structure and the offshore location, it was not possible to calculate reliable RMT
solutions for smaller aftershocks. The aftershocks have similar mechanisms to the
foreshock and mainshock, and almost all are located southwest of the mainshock
and at shallower depth (Fig. 9). One notable exception is the largest aftershock (Mw

6.0) which was located east of the mainshock.With the uncertainty in the hypocentre
of the mainshock it is not clear how the East Cape earthquake relates to the plate
interface. The centroid depth of 23 km is consistent with the depth of the plate
interface in the hypocentral region, but there is currently no evidence of rupture on
the interface.
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Fig. 9 (top) RMT solutions for the East Cape earthquake and aftershocks. The blue mechanism
is the Mw 5.8 foreshock which occurred the day before the mainshock. (bottom) Cross-section
showing aftershocks located shallower and west of the mainshock. The exception is the largest
aftershock (Mw 6.0) which was located east of the mainshock

7.5 Kaikoura: 13 November 2016, Mw 7.8

The Mw 7.8 Kaikoura earthquake occurred just past midnight NZST with an epicen-
tre~30 km from the northeast coast of South Island, near the town of Waiau. This
was the largest earthquake in New Zealand since the 15 July 2009 Mw 7.8 Dusky
Sound earthquake, and GeoNet received more than 15 800 felt reports from almost
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all parts of the country. Heavy damage was experienced in the epicentral region, and
widespread structural damage was reported in Wellington and Christchurch. One
death resulted as a result of a collapsed house, and another from a heart attack. More
than 100 000 landslides have been documented, and a tsunami of~2 m was recorded
on the closest tide gauge (Kaikoura); however, field observations show>4 m tsunami
in some areas.

Almost every broadband seismometer in New Zealand saturated making it impos-
sible to calculate a RMT solution for the mainshock. Teleseismic moment tensor
solutions (USGS;GCMT;GFZ) showedmainly reverse faulting at a depth of~10 km,
and the rupture propagated north of the epicentre (Fig. 10). Geodetic and strong-
motion modelling, along with field observations, show surface rupture on at least 12
different faults (Duputel and Rivera 2017; Hamling et al. 2017), and the earthquake
involved at least 21 faults with the Kekerengu Fault showing up to 10–12m of dextral
slip (Kaiser et al. 2017). Although the teleseismic moment tensor solutions have a
reverse faultingmechanism, they all have a significant non-double-couple component
which could suggest a complex source. Fault motion from GPS and strong-motion
modelling is a mixture of strike-slip and reverse faulting which may explain the large
non-double-couple component in the moment tensor solutions. The rupture propa-
gated above the southern end of the Hikurangi subduction zone and it is currently
unclear how much, if any, of the plate interface was involved.

RMT solutions have been calculated for 213 aftershocks, including four with Mw

≥6.0 (Fig. 10). Similar to the Canterbury aftershock sequence, the focal mechanisms
show a variety of faulting styles providing evidence for the complex nature of the
rupture process. Three of theMw ≥6.0 aftershocks have strike-slipmechanisms, with
the largest (Mw 6.5) possibly associated with the Hundalee Fault. The second largest
aftershock (Mw 6.3) has a thrust mechanism and may be associated with the Jordan
Thrust Fault. The aftershock zone extends for~230 km, with the northern end falling
in the same region as the 2013CookStrait/LakeGrassmere earthquake sequence. The
northern end of the aftershock zone approaches to within~15 km of the south coast
of the Wellington region. Over the entire aftershock zone, the RMT solutions have
approximately equal numbers of reverse and strike-slip focal mechanisms. However,
there appear to be two groups of aftershocks based on focal mechanism and depth.
In the south (Fig. 10, orange) there are more reverse than strike-slip mechanisms,
while to the north (Fig. 10, gold) there are more strike-slip than reverse mechanisms.
The northern focal mechanisms are~5 km deeper on average than the southern focal
mechanisms.

8 Summary and Conclusions

Since routine RMT analysis for New Zealand earthquakes was implemented in
early-2007, more than 2000 RMT solutions have been calculated with the catalogue
beginning August 2003. The RMT solutions have made important contributions to
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Fig. 10 (top) RMT solutions for aftershocks of the Kaikoura earthquake. The mainshock, taken
from the USGS W-phase solution, is shown in dark blue, and the Mw ≥6.0 aftershocks are shown
in blue. The orange mechanisms are the southern group which have more reverse faulting than
strike-slip faulting, and the gold mechanisms are the northern group which have more strike-slip
faulting than reverse faulting. The northern end of the aftershock zone is~15 km SW of the south
coast of Wellington. (bottom) Cross-section showing the centroid depths becoming deeper from
south-to-north Focal mechanism colours are the same as in map view



Overview of Moment Tensor Analysis in New Zealand 301

the understanding of the active tectonics and seismic hazard of New Zealand. The
RMT catalogue includes solutions from five earthquake sequences that significantly
impacted New Zealand since July 2009 and account for~40% of the catalogue. The
RMT solutions have helped to characterise the aftershock sequences and understand
how they evolve over time.

RMT solutions are valuable for a variety of seismological and tectonic research
topics. The improved magnitude estimates from using Mw are important for seismic
hazard and risk studies, including calculating aftershock forecasts (e.g.Gerstenberger
et al. 2012). The focal mechanisms are used to better understand stress transfer
resulting from large earthquakes (e.g. Ellis et al. 2016), and for improved models of
estimated shakingwhich can be used to direct resources for emergency response (e.g.
Horspool et al. 2015). RMT solutions are also used to study regional scale tectonic
stress and strain orientations (e.g. Ristau et al. 2007; Holt et al. 2013; Townend et al.
2012). RMT solutions are often needed to perform simulations for 3D seismic wave
propagation, which can be used to validate and improve a local 3D velocity model
(e.g. Loubet et al. 2016). RMT solutions can also be used to constrain the source
geometry of a large earthquake in the case of complex ruptures where finite-fault
inversion initially struggles to find the correct fault geometry (e.g. Gledhill et al.
2011).

9 Data and Resources

The regional moment tensor solutions used are calculated as part of the GNS Sci-
ence GeoNet project (http://www.geonet.org.nz/). A complete list is available at
http://info.geonet.org.nz/display/appdata/Earthquake+Catalogue (last updated 1
March 2016). The Global Centroid Moment Tensor Project (GCMT) database
was searched using http://www.globalcmt.org/CMTsearch.html (last accessed 27
March 2017). The United States Geological Survey (USGS) earthquake database
was searched using http://earthquake.usgs.gov/earthquakes/search/ (last accessed
27 March 2017). TheGeoForschungsZentrum(GFZ) moment tensor database
was searched using https://eqarchives.wordpress.com/gfz-moment-tensors/ (last
accessed 27 March 2017).
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