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Evolution of the 2010�2012 Canterbury earthquake sequence
S Bannister* and K Gledhill

GNS Science, Lower Hutt, New Zealand

(Received 16 December 2011; final version received 11 March 2012)

We present an overview of the evolution of the 2010�2012 Canterbury earthquake sequence, summarising the findings from a
broad range of studies on the larger earthquakes. The sequence began with theMW7.1 Darfield earthquake on 4 September 2010
and continued in a series of aftershocks through the remainder of 2010 and early 2011, before the devastating MW6.2
Christchurch earthquake of 22 February 2011 which resulted in 185 deaths, more than NZ$11 billion of damage and extensive
liquefaction. Another significant MW6.0 aftershock occurred on 13 June 2011 causing more liquefaction and damage in the
eastern hill suburbs, while further activity, including events of MW5.8 and MW5.9, occurred offshore from Christchurch in
December 2011. Only the Darfield earthquake resulted in visible surface faulting, with a c. 30-km-long east�west-trending
surface rupture exhibiting horizontal displacements of up to 5 m. The earthquakes displayed a variety of strike-slip and reverse
faulting mechanisms. The entire Canterbury earthquake sequence has been well recorded by an extensive permanent
seismograph network (GeoNet) and additional temporary instruments, providing a rare set of near-source recordings of high
ground accelerations and broadband waveforms that will influence earthquake studies in New Zealand and overseas for decades
to come.

Keywords: Canterbury earthquakes; Darfield earthquake; Christchurch earthquake; high stress drop; complex rupture;
aftershocks; Greendale Fault; New Zealand GeoNet

Introduction

The MW7.1
1 Darfield earthquake and the subsequent

Canterbury 2010�2012 earthquake sequence have produced
more than 8700 earthquakes larger than ML2, with a diverse

mixture of strike slip and reverse faulting occurring on
previously unknown faults (Sibson et al. 2011). The earth-
quakes in this sequence have had a devastating effect on

Christchurch, and the surrounding Canterbury region. The
seismicity has been well-recorded by the GeoNet network
(Gledhill et al. 2011), and by temporarily deployed seism-

ometers, providing rare, densely spaced, near-fault data for
future research. Here we summarise the evolution of the
Canterbury earthquake sequenceup to the endof January2012.

4 September 2010 Darfield earthquake

The MW7.1 Darfield earthquake occurred on 4 September

2010 at 04:35NZST (3 September at 16:35UTC) c. 40 kmwest
of Christchurch, on previously unknown faults beneath the
Canterbury Plains (Figs 1�3). The earthquake caused

extensive damage in Christchurch city, and left a well-defined
29.5-km-long surface rupture, striking east�west in its

central portion, c. 4 km south of the epicentre, that has

subsequently been named the Greendale Fault (Fig. 1;

Van Dissen et al. 2011; Quigley et al. 2012). The surface

rupture is characterised by a series of left-stepping fault traces

with a maximum step-over of 950m (Quigley et al. 2012;

Villamor et al. 2012). Surface displacement on the Greendale

Fault was predominantly right-lateral strike slip, with an

average horizontal displacement of c. 2.5m and maximum

displacements of c. 5m horizontally and c. 1.5m vertically,

as measured at the surface (Quigley et al. 2010).
Seismological, GPS and processed satellite (InSAR)

information all suggest that the earthquake rupture was a

complex process involving rupture of multiple fault segments

(Beavan et al. 2010; Holden et al. 2011; Beavan et al. 2012).

Results from the inversion of strong motion wavefor data

(Holden et al. 2011) suggest that the earthquake initiated on a

blind thrust fault, termed the Charing Cross Fault

(Fig. 1), c. 6 km to the north of the Greendale Fault trace,

with the initial rupture progressing to the southwest from the

hypocentre to the intersection with the Greendale Fault. This

interpretation is supported by the GeoNet moment tensor

solution (Fig. 1), as well as geodetic modelling (J Beavan et al.

2012). Although the aftershock pattern does not fully support

this interpretation, the aftershocks of complex thrust ruptures

often do not show clear alignment with fault structures at

depth (e.g., Abercrombie et al. 2000). Gledhill et al. (2011)

noted that the USGS centroid moment tensor solution is a

*Corresponding author. Email: s.bannister@gns.cri.nz

1Moment magnitudes are those derived from moment tensor
inversion using New Zealand local and regional stations (Ristau
2008), as recorded in the online New Zealand GeoNet moment
tensor database (GeoNet 2011a).
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strike-slip solution, whereas the GeoNet moment tensor

solution is pure thrust. They suggested that the data from

the local and regional stations used for the GeoNet solution

better captured the higher frequency signal associated with

the first few seconds of rupture on the Charing Cross Fault;

the first motion measurements support this interpretation.
The Darfield earthquake rupture appears to have then

ruptured both east and west along the Greendale Fault, but

predominantly eastward (Holden et al. 2011). Both geodetic

(Beavan et al. 2010; Beavan et al. 2012) and seismological

models (Holden et al. 2011) indicate that most of the

displacement was very shallow, and was mainly confined

to the upper c. 5 km. Fault models developed from the

inversion of InSAR measurements indicate slip on some of

the fault segments reached 8m at 4 km depth, indicating

large stress drops of c. 10MPa (Elliott et al. 2012), while

aftershock relocations by Syracuse et al. (2012) along the

central Greendale Fault segment indicate event depths from

5.9 to 14 km, mainly several kilometres below the regions of

highest slip inferred by Beavan et al. (2010).
The westward-propagating rupture on the Greendale

Fault is inferred to have triggered slip on an intersecting

blind thrust fault near Hororata, at the western end of the

Greendale Fault (Holden et al. 2010), as indicated by both

geodetic modelling (Beavan et al. 2010) and strong-motion

modelling (Holden et al. 2011). Relocated aftershocks for

the region around the Horotata fault (Fig. 4), derived

using double-difference tomography (Zhang & Thurber

2003) confirm the presence of seismic activity on a steeply

northwest-dipping plane, closely matching the parameters

172.6° 172.7° 172.8°

-43.6°

-43.5°

172.6° 172.7° 172.8°

-43.6°

-43.5°

0 5

172° 172.5° 173°

-43.75°

-43.5°

172° 172.5° 173°

-43.75°

-43.5°Hororata

Darfield

Sumner

Avon Estuary

Heathcote

Christchurch city

Banks peninsula

Fig.4
Fig.5

Fig.6

Darfield
epicenter

Greendale Fault

Charing
Cross Fault

Port Hills

Botanical
Gardens

ML

5

6

7

4
2010-Sep-03

2010-Dec-25

2011-Feb-21

2011-Jun-13

Canterbury Plains

Port Levy

E

E

km

A

B

N

N

Figure 1 Setting of the Canterbury earthquake sequence. A, Location of events greater thanML4.5, together with the inferred location of the
Greendale Fault (dark solid line), Charing Cross Fault (dark solid line), and fault segments associated with the 22 February 2010 and 13 June

2010 earthquakes. Moment tensor solutions are shown for the Darfield mainshock, and three other large earthquakes (details in Table 1), as
documented by GeoNet using local and regional stations. B, Expanded map of Christchurch city.
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Figure 2 Relocated epicentres for earthquakes are shown for the following periods. A, 1 September to 30 November 2010. B, 1 December
2010 to 21 February 2011. C, 22 February to 12 June 2011. D, 13 June to 22 December 2011. E, Between 23 December 2011 and 1 January

2012. Earthquake symbol size varies exponentially with the local magnitude ML.
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found from moment tensor solutions (Ristau 2008; GeoNet
2011a; Sibson et al. 2011) for some of the larger aftershocks
in the vicinity.

The eastward-propagating rupture on the Greendale
Fault continued for at least c. 20 km towithin a fewkilometres
of Rolleston, as indicated by the surface deformation

Figure 3 Time sequence of the 2010�2012 Canterbury earthquakes, for all earthquakes located by GeoNet in the Canterbury region between
September 2010 and February 2012, plotted as a function of local magnitude (ML).

Figure 4 Aftershock epicentres after relocation analysis, highlighting the blind thrust fault at Hororata. Earthquake symbol size varies

exponentially with the local magnitude ML. This fault is thought to have triggered as part of the complex Darfield rupture (Holden et al.
2011), reaching a maximum slip of 2.8m at c. 1 km depth. Reverse fault mechanisms shown are GeoNet moment tensor solutions for three of
the larger events (event labels refer to event number in Table 1).
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(Quigley et al. 2010; Van Dissen et al. 2011) and implied by
kinematic inversion (Holden et al. 2011) and geodetic inver-
sion results (Beavan et al. 2012). The presence of a subsidiary
right-lateral fault extending to the northeast has also been
inferred (Beavan et al. 2010; Beavan et al. 2012) and,
tentatively, a fault segment striking east�southeast from
near the eastern end of the Greendale Fault (Beavan et al.
2012). Relocated aftershock locations for events in the first
few weeks after the Darfield mainshock, indicate an
aftershock cluster with a northwest�southeast trend near
Rolleston (Fig. 5), at the easternmost end of the Greendale
surface trace. This suggests that the Greendale Fault rupture
terminated at an intersectionwith apreviously unknownblind
sinistral fault, which then became active over the following
1�2weeks. However, the subsequent high level of activity in
the vicinity ofRolleston andLincoln over the ensuingmonths,
as shown in Fig. 6, is distributed and complex, with a mixture
of strike-slip and normal-faulting mechanisms (Gledhill et al.
2011; Sibson et al. 2011), and so details of the fault structure in
the area around Rolleston are difficult to ascertain.

More than 7300 felt reports were lodged with GeoNet
following theDarfield earthquake, including over 100 reports
of Modified Mercalli Intensity (MM) 8 and some reports of
MM9.Thehighest felt intensitieswere in the epicentral region,
but also extended east to Christchurch. Recorded ground
acceleration reached 1.26 g at the Greendale seismic station,
and up to 0.3 g in central Christchurch,�35 km from the

epicentre. Long-period ground motions in central Christch-
urch had peaks at c. 2.5 s that exceeded design spectra; these
peaks can be attributed to amplification effects from the deep
sedimentary basin beneath Christchurch (Webb et al. 2011),
but also suggest the existence of a long-period component to
the earthquake source signature (Cousins & McVerry 2010).
Liquefaction effects were widespread in many eastern
areas in the Canterbury Plains, including Christchurch
city’s eastern and southwestern suburbs and the town of
Kaiapoi, c. 17 km north of Christchurch city centre
(Orense et al. 2011).

Aftershock activity between 4 September 2010 and February

2011

Following the Darfield earthquake, and up to February
2011, more than 4300 aftershocks with local magnitudes of
up to ML5.4 were recorded by the GeoNet seismograph
network. The aftershock activity was initially particularly
concentrated at the eastern end of the Greendale Fault
(Gledhill et al. 2011), and included eight events�ML5
( Figs 1, 2), although these events did not cause significant
damage to Christchurch city. Aftershock activity near the
central and western segments of the Greendale Fault
diminished quickly (Figs 2, 3).

Four months after the Darfield mainshock, on 25
December 2010 at 21:30 (UTC), an MW4.7 aftershock

Figure 5 Epicentres of relocated earthquakes occurring between 4 and 30 September 2010, at the eastern end of the Greendale surface rupture
(dark line). Earthquake symbol size varies exponentially with the local magnitudeML. The spatial distribution of the epi centres suggest the

presence of a northwest�southeast trending sinistral fault which may have played a role in terminating the Darfield rupture. GeoNet moment
tensor solutions are shown for five of the larger events close to the inferred fault. Event labels refer to event number in Table 1. Seismic
activity later migrated northeast and southeast from the Greendale Fault end.
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occurred B2 km from Christchurch city centre (Figs 1, 2,
Table 1), involving right-lateral strike slip (Bannister 2011).

The earthquake caused significant damage in the city centre,
with maximum peak ground acceleration of up to 0.4 g

measured at the Christchurch Botanical Gardens (Fig. 1),
and�0.2 g elsewhere in the city (Webb et al. 2011). There

were 23 felt reports of MM7 shaking. This earthquake was
accompanied by a short sequence of earthquakes over the

next few hours, the largest two being ML4.6 and ML4.4
(Webb et al. 2011), and then by more than 30 events in close

proximity over the next 3�4weeks. Relocation analysis,
using seismic wavefield cross-correlation estimates, indicate

that the initial MW4.7 earthquake was located at c. 4.0 km
depth, with an epicentre 1.8 km northwest of the Christch-
urch city centre (Bannister 2011), while most of the

subsequent events occurred at depths of between 3.5 and
7 km in a single patch B1 km2 in area, with epicentres

c. 1 km northeast of the city centre. The depth distribution of
the aftershocks is consistent with a steeply dipping fault

plane striking at c. 748.

22 February 2011 Christchurch earthquake

The MW6.2 22 February earthquake occurred at 12:51
NZDT (21 February 2011, 23:51 UT; Table 1), with an
epicentre c. 6 km southeast of the Christchurch city centre
(Fry et al. 2011a), five and half months after the Darfield
earthquake (Fig. 2). Severe ground shaking was experienced
in Christchurch city (Fry et al. 2011a,b) leading to extensive
building damage, widespread liquefaction (Cubrinovski et
al. 2011; Orense et al. 2011; Kaiser et al. 2011), landslides
(Dellow et al. 2011), at least NZ$11 billion worth of building
damage, and 185 fatalities. Ground motions reached 2.2 g in
the Heathcote Valley near the epicentre and up to 0.8 g in
the central business district (GeoNet waveform database in
GeoNet, 2011c; Webb et al. 2011). Near-source peak
horizontal accelerations (at distances less than c. 5 km
from the fault) were in fact stronger in the Christchurch
event than for the Darfield earthquake (Cousins & McVerry
2010; Kaiser et al. 2011).

Initial inversions of geodetic data (Beavan et al. 2010)
and strong motion data (Holden 2011) suggested that the

Figure 6 Aftershock epicentre locations for the area north of Lincoln, up to the end of June 2011. Earthquakes occurring before June 2011 are
shaded light grey; those in June 2010 or later are infilled dark. Earthquake symbol size varies exponentially with the local magnitude ML.

There has been continued activity in the Lincoln�Prebbleton area since October 2010, with increased activity especially in June 2011,
following the 13 June 2011 MW6.0 earthquake. GeoNet moment tensor solutions are shown for two of larger events, suggesting north�
northwest�south�southeast sinistral faulting for the cluster south of Hornby. Event labels refer to event numbers in Table 1.
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fault rupture involved slip on a northeast�southwest striking
fault plane dipping c. 708 to the southeast, with slip on the
fault extending upwards to within c. 1 km of the surface
beneath the Heathcote�Avon estuary and maximum slip of
2.5�4m at 4�5 km depth. However Beavan et al. (2012)
suggest that the geodetic and Light Detection and Ranging
(LiDAR) data are better modelled with three fault segments,
including a north�northeast-striking reverse fault segment.
This more complex interpretation is in better accord with the
distribution of relocated aftershocks (Bannister et al. 2011)
which, north of the Port Hills, do not reveal a simple fault
structure. No surface expressions have yet been found for
these postulated faults: LiDAR data (Beavan et al. 2011)
suggest that slip propagated almost to the surface, although
it is unclear whether all of the fault slip was coseismic.

As summarised by Kaiser et al. (2011), a number
of factors are thought to have contributed to the high
accelerations experienced in Christchurch city during the
22 February event (Fry et al. 2011a,b; Reyners 2011),
including:

(1) The proximity and shallow depth of the earthquake,
which is considered the primary factor. Geodetic inver-
sions, using LiDAR constraints (Beavan et al. 2012)
suggest that surface slip extended up to just below the
surface, 3�4 km from Christchurch city centre.

(2) A high-stress drop for the earthquake was inferred by
Fry & Gerstenberger (2011), who noted that the earth-
quake had an energy magnitude (ME) of 6.75 compared
with a moment magnitude (MW) 6.2.

(3) Kinematic inversion of the strong motion data (Holden
2011) suggests that the direction of the rupture was

northwestward and upwards, towards Christchurch city,
potentially producing directivity effects (Holden 2011).

(4) Complex behaviour of the near-surface soil layers,
described by Fry et al. (2011b), who noted that several
records in Christchurch city show asymmetry in the
acceleration records, similar to that previously observed
in Japan by Aoi et al. (2008) and Yamada et al. (2009).
Fry et al. (2011b) concluded that the soil’s behaviour
may have increased upward accelerations, in a so-called
‘trampoline effect’.

(5) Wavefield modelling indicates that surface wave energy
wasmodulated by the topography of the Banks Peninsula
volcanics, with simulations yielding accelerations of over
2 g for some sites (Fry et al. 2011c).

(6) Site amplification effects associated with sedimentary
basin reverberation effects likely increased ground
accelerations at longer periods (Bradley & Cubrinovski
2011; Kaiser et al. 2011; Webb et al. 2011).

Prior to the FebruaryMW6.2, earthquake there had been
some post-Darfield seismicity south of Christchurch city,
including a ML5.0 event on 7 September 2010 (Figs 2, 3).
Wave-field cross-correlation analysis has not yet confirmed
the relationship of this earlier activity to the subsequent
February earthquake in the vicinity.

Aftershocks between February and June 2011

Following the 22 February earthquake, aftershock activity
increased across the Canterbury region (Figs 2, 3), with
87 events of ML�4: of those, nine were of ML�5, and of
these four were on 22 February. Fig. 1d shows seismic

Table 1 Hypocentre parameters for specific events discussed in the text and/or shown in Figs 3�5.

Event no. CUSP-ID Date/Time (UT) Latitude (8N) Longitude (8E) Depth (km) Moment Magnitude (MW)

1 3366146 03/09/10 16:35 �43.539 172.156 9.9 7.2
2 3468575 21/02/11 23:51 �43.571 172.683 6.3 6.2
3 3437105 25/12/10 21:30 �43.541 172.625 5.3 4.7

4 3528839 13/06/11 02:20 �43.561 172.740 7.1 6.0
5 3631359 23/12/11 17:57 �43.537 172.783 7.8 5.8
6 3631380 23/12/11 23:36 �43.617 172.822 5.8 5.9

7 3366544 04/09/10 10:32 �43.378 171.835 21.1 4.3
8 3367278 05/09/10 17:07 �43.603 172.346 9.6 4.2
9 3367749 06/09/10 12:51 �43.537 172.330 12.6 5.0

10 3367765 06/09/10 13:39 �43.582 172.420 9.8 4.2
11 3366230 03/09/10 20:15 �43.630 172.395 9.7 4.8
12 3367742 06/09/10 12:41 �43.571 171.929 9.6 4.8
13 3382676 04/10/11 9:21 �43.547 172.408 9.1 4.8

14 3509905 09/05/11 15:04 �43.584 172.401 11.7 4.9
15 3525264 05/06/11 21:09 �43.576 172.396 9.3 5.1
16 3450113 19/01/11 17:03 �43.600 172.538 7.0 4.8

17 3468797 22/02/11 08:21 �43.589 172.581 7.7 4.3
18 3533107 21/06/11 10:34 �43.590 172.528 9.6 5.2

Note: CUSP-ID numbers refer to the event IDs in the GeoNet seismic event database. Mw values from GeoNet moment tensor database (GeoNet, 2011a).
Locations are following double-difference relocation analysis.
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activity on the northwest�southeast striking fault north of
the Darfield mainshock, as well as aftershock activity south
and southwest of Christchurch.

13 June 2011 Christchurch earthquake, and activity up to

December 2011

On 13 June 2011, a MW6.0 aftershock occurred near the
suburb of Sumner, preceded an hour earlier by a MW5.3
event: the relocated epicentres are B0.5 km apart (Table 1).
Both of these events produced high accelerations in the
southern and eastern suburbs (GeoNet 2011b; McVerry
et al. 2011; Webb et al. 2011), as well as widespread
liquefaction (Orense et al. 2011). MM values�8 were
experienced in the southern and eastern suburbs of Christch-
urch (GeoNet 2011b), while peak ground accelerations in
Christchurch reached 2 g in Sumner and 0.4 g in the central
city (GeoNet 2011b; Webb et al. 2011). Vulnerable struc-
tures were further damaged in Christchurch city, and there
was additional slope failure in the southern Port Hills. The
extremely high accelerations at the Sumner station may have
been accentuated by surface topography (Fry et al. 2011c).

The focal mechanism of theMW6.0 event involved right-
lateral strike-slip motion (Fig. 1) (Ristau 2008; Sibson et al.
2011), consistent with slip on either a north�northwest�
south�southeast-striking or east�northeast�west�south-
west-striking fault plane. Results from separate geodetic and
strong motion inversions indicate that two distinct patches of
slip occurred either on intersecting fault planes or on a single
fault oriented north�northwest�south�southeast; the former
interpretation is preferred by Beavan et al. (2012), while a
single fault plane with an east�northeast�west�southwest
orientation was preferred by Barnhart et al. (2011). The 13
June earthquakes were immediately followed by aftershock
activity extending towards Port Levy and Pigeon Bay, along a
distinct north�northwest�south�southeast trend (Fig. 2).

December 2011-January 2012 activity

An MW5.8 earthquake occurred on 23 December 2011,
c. 10 km east of Christchurch city centre, followed a few
hours later by anMW5.9 event, c. 15 km from the city centre
(Figs. 2, 3). Following these events, more than 600 after-
shocks (to the end of January 2012) have been located by
GeoNet east of the inferred fault that produced the 13 June
2011 earthquake (Fig. 2). Moment tensor solutions for the
largest events in this new sequence suggest reverse faulting
mechanisms, with c.N45E�N60E strikes (GeoNet 2011a).

Prebbleton region

Throughout the Canterbury earthquake sequence, after-
shocks have continued to occur between the eastern end of
the Greendale Fault and the western end of the inferred
Christchurch fault segments (Fig. 2). Fig. 6 shows the

epicentres of aftershocks in the area between Lincoln and
Hornby, as well as moment tensor solutions for two of the
larger (ML�5) events that occurred following the 22
February and 13 June 2011 earthquakes. One concern is
that significant moment release has still not occurred in this
region, in spite of continued aftershock activity (Beavan et al.
2012; Elliott et al., 2012). The sense of faulting suggested by
the most recent M�5 events suggests a degree of north�
northwest�south�southeast sinistral faulting, which would
indicate short fault segments that may not be capable of
hosting larger earthquakes, although right-lateral strike-slip
faulting is likely towards the western edge of the Port Hills.
Further relocation analysis is necessary before the
complexity of the fault structure here can be discerned and
the critical seismic behaviour of this region fully understood.

Conclusion

Over a period of many months, the Canterbury earthquake
sequence developed from a relatively standard aftershock
sequence following the MW7.1 Darfield earthquake into a
complex, long-lasting series of damaging earthquakes. This
sequence will inform thinking of seismic hazard in
New Zealand and internationally for decades to come. The
earthquakes are characterised by complex ruptures and high
accelerations. Of particular note is the destructive power of
theMW6.2 Christchurch earthquake of 22 February 2011, in
which a number of factors, including the earthquake’s
proximity to the city and probable directivity effects,
resulted in levels of damage higher than expected for the
size of the earthquake. Understanding the reasons for the
high levels of damage is vitally important for estimating the
hazards posed by similar earthquakes near other New
Zealand or international cities. A combination of aftershock
studies and geodetic and strong motion source modelling
utilising high-quality data is important for understanding
the source mechanisms and rupture processes of the major
earthquakes of the Canterbury sequence.

The presence of theGeoNet seismic network in the region,
and throughout New Zealand, and the deployment of
additional, temporary instruments, has provided an unpar-
alleled data set that will enhance our understanding of this
earthquake sequence and inform the earthquake hazard in
similar (low strain rate) environments. To make best use of
this data, the complete lifecycles of these earthquakes, their
source mechanics and rupture processes, seismic path effects
as modified by local crustal and basin structures, and the
various site effects that enhanced the damaging potential of
the earthquakes all need to be understood. Progress has
already been made but much more is left to be done.
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