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The Canterbury Tales: How Neogene Shortening and Brittle Shear 
Failure Cause the Reactivation of Inherited and New Fault Systems 
underneath the Canterbury Plains, New Zealand 

Andrew J Pugh 

Abstract 
 Two notable earthquakes occurred in Canterbury, New Zealand between September 2010 
and February 2011. The first in Darfield Mw 7.1 and Christchurch Mw 6.2 devastated the region 
along a previously unknown right-lateral strike-slip fault. The fault lies southeast of the Alpine 
Transform with an enigmatic motion that does not comply with the expected sense of slip in 
other parts of the region. To date no conclusive answers has been brought forth to explain the 
reasons behind a near east-west strike-slip fault in this area. Many hypotheses exist with the most 
likely being that an evolving stress field is reactivating inherited high angles faults and, through 
brittle deformation, new fault systems are being created. The Greendale Fault is important to 
study because of the potential catastrophic impact of a large earthquake given that 12.5% of New 
Zealand’s total population calls the Canterbury region home. By examining the kinematic 
mechanisms responsible for the Greendale Fault using InSAR, LiDAR, and Stress modeling, this 
paper seeks to gain a better understanding on what caused this fault to suddenly rupture in an 
area of relatively “quiet” activity. 

Introduction 
 Between September 2010 and February 2011 two large earthquakes occurred along a 
previously unknown strike-slip fault east of Christchurch, New Zealand. It is not so much a 
surprise that these earthquakes happened but the nature of them. In other words, the two events 
that will be discussed, Darfield and Christchurch, occurred on a right-lateral strike-slip fault. 
When examining the stress field of the known fault systems in the area (Alpine fault, Hope fault, 
Horata and Charing fault) the sense of slip is not conformable to the expected sense of motion. 
The big question remains “What is causing this fault to slip backwards to the surrounding stress 
fields?” The microcontinent of New Zealand undergoes constant tectonic activity. To the north 
the Pacific Plate subducts underneath the Australian Plate and to the south the Australian Plate 
subducts beneath the Pacific Plate (Figure 1). Both subduction zones connect via a right-lateral 
strike-slip fault known as the Alpine Fault system. These earthquakes were recorded as Mw 7.1 
(Darfield) and 6.2 (Christchurch). The 2010-2011 earthquakes occurred southeast of the Alpine 
fault system, the main transform fault that separates the Kermadec Trench to the north and 
Macquarie Fault Zone to the south (Figure 2). From September 3rd to February 21st, over 4300 
aftershocks with local magnitudes up to Mw 5.4 were recorded by the New Zealand Seismic 
Network (Figure 3). The Darfield Mw 7.1 is the only event during this time to exhibit surface 
disturbance. At its longest, the right-lateral strike-slip fault ruptured nearly 40 km and a 
horizontal displacement of 2.5 m (Bannister and Gledhill 2012). The west-east rupture near the 
Darfield epicenter is now referred to as the Greendale Fault. The Greendale Fault is 
characterized by an active network of E-W strike-slip and high angle reverse slip focal 
mechanisms (Gledhill et al.). Many hypotheses exist attempting to explain why a nearly east-
west right-lateral strike-slip fault exists in this location. Increased stress build-up from the 
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shortening of the Neogene basement rock causing the reactivation of inherited fault systems may 
be a key component (Ghisetti et al 2012) as well as adjacent fault systems, due to Andersonian 
stress regimes, create step-overs (jogs) that build up stress leading to dextral shear (Sibson et al. 
2011). In order to study the kinematics behind the Greendale fault, Ground Penetrating Radar 
(GPR) in conjunction with LiDAR/InSAR must be heavily relied upon.  By exploring these 
hypotheses it is important to examine the strike attitude of the ruptures Glendale focal 
mechanisms. In Figure 4 strike azimuths were recorded showing strikes below 55 and above 175 
degrees experience frictional lock-up leading to stress build-up on the nodal fault plane. 
Comparing these azimuths to theoretical Andersonian deformation calculations, faults containing 
sigma 2 undergo frictional lock-up between 55-50 degrees (Sibson et al. 2011). Bewtween55 and 
175 degrees, dextral and sinistral deformation are allowable under stress regimes. The increase in 
shear in turn leads to generation of new fault planes. Due to the relatively large magnitude of 
these events, severe shaking was extensive leading to liquefaction, over $11 million New 
Zealand dollars’ worth of damages, and the death of 185 people (Fry et al. 2011; Cubrinovski et 
al. 2011). The incidents called for immediate action from the Institute of Geologic and Nuclear 
Sciences (GSN) to conduct studies to explain what caused the sudden slip. In order to understand 
what caused the earthquakes it is important to mention the geology and underground topography 
of the region. The Canterbury plains consists of Cretaceous-Pliocene marine sedimentary 
mudstones and shale roughly 1 km thick. On top of that lay another kilometer of Paleocene 
colluvium creating a low relief flat floodplain. Partly due to the alluvial cover, the flat 
topography has obscured any geomorphic remnants of previous faulting (Forsyth et al. 2008). 
Until 2010 the region had not experienced a “significant” seismic disturbance for nearly five 
decades and, subsequently, had been classified as a “low risk area” (Bannister and Gledhill 
2012).  

 It is imperative that studies continue to try and discover an answer behind the mechanics 
that drive the Greendale Fault. The Canterbury Plains contain 12.5% of New Zealand’s total 
population. Through the use of Interferometric synthetic aperture radar (InSAR), Light Detection 
and Ranging (LiDAR), Bouguer gravity anomalies to map subterranean topography, and 
computer based stress models, the clearer the answer may become. Using technology to 
penetrate the colluvium cover of the plains future undiscovered faults may be mapped and study 
to ensure the greater population of the Canterbury region can be prepared for the next set of large 
scale earthquakes.   
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Figure	1:	Map	showing	regional	
subduction	zones	in	relation	to	New	
Zealand.	Arrows	illustrate	plate	
velocities	relative	to	Northern	and	
Southern	islands.	“BR”	represents	
area	of	shortening	related	to	faults	
in	Buller	region.	CEFZ	denotes	
extensional	faulting	in	region	along	
Cape	Egmont	Fault	Zone.	Subduction	
stress	playing	key	role	in	the	
kinematic	processes	effecting	the	
propagation	of	strike-slip	faults	in	
the	Southern	lowlands.		

(Wallace	et	al.	2004)	

Figure	2:	Map	showing	Alpine	Fault	
location	in	relation	to	Canterbury	
Plains.	Focal	mechanisms	for	both	
Darfield	and	Christchurch	shown	in	
location	of	epicenter.		

(Elliot	et	al.	2012)	
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Figure	3:	Localities	of	aftershocks	
following	initial	Darfield	earthquake.	
The	red	star	represents	beginning	of	
event	on	the	Charing	Cross	Fault	
before	moving	east-west	along	
Greendale	Fault.	All	other	stars	
correspond	to	significant	(>5.4	Mw)	
disturbances	following	Darfield	
earthquake.		

(Beavan	et	al.	2012)	

Figure	4:	Distribution	of	nodal	planes	by	azimuth.	In	the	case	of	azimuths	below	55	and	above	175	
degrees,	neither	Dextral	nor	Sinistral	shear	is	favored	and	frictional	lock-up	occurs.	These	azimuths	were	
recorded	by	the	New	Zealand	Seismic	Network	(GeoNet).	

	

(Sibson	et	al.	2011)	
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Findings 
Light Detection and Ranging (LiDAR) 
 LiDAR imaging clearly show discontinuities between adjacent strata (Figure 5). Overall 
trend of the Greendale fault is 84 degrees with slight variation in the central portion of trending 
ENE (Elliot et al. 2012). Most images collected show a “stair-step” motion towards surface level. 
The LiDAR images were then utilized to reconstruct fault geometry of the Darfield and 
Christchurch events. In conjunction with field observations, 9 fault parameters were created to 
describe segments of the fault. The purpose of dividing the fault into 9 segments was to help 
support Interferometric ranges to illustrate slip rates and sense of motion. LiDAR imaging 
combined with on ground slip displacements of linear features show clear right-lateral slippage.	
Careful measurements were then input into a table to estimate slip rates along the Greendale 
Fault (Figure 6). These measurements were taken from fence lines, crops, roads, hedges, and any 
other linear features exhibiting horizontal displacement.  

 

Teleseismic Body-Wave Modeling 
 Broad-band seismograms from the Global Digital Seismograph Network (GDSN) were 
used with seismograph data from Australian and Malaysia restricted the distance from the 
epicenter to 30-60 degrees to avoid complications with the earth’s crust and core. The program 
uses weighted least-squares method to minimize the difference between P and S waves. By 
examining the minimum waveforms and paring, makeshift estimates regarding strike, dip, rake, 
depth, and moment of the earthquakes can be calculated (Figure 7). However, the source of the 
seismic noise responsible for magnitude 4.5-4.9 and 5.8-5.9 were not able to be explained. Much 
of this inconclusive is because of how closely they followed the larger Darfield and Christchurch 
earthquakes. The body wave for the Darfield earthquake is consistent with an east-west striking, 
steeply dipping, right-lateral rupture. The moment was calculated at 25 × 1018 Nm equivalent to 
an Mw 6.9 but there is some uncertainty because this type of faulting event is congruent with a 
much deeper depth of around 50 km and not 7 km. Body-wave analysis was also conducted for 
the Christchurch earthquake showing a steeply dipping oblique revere/dextral focal mechanism. 
Depth analysis from seismic modeling shows the depth of the Christchurch event at roughly 4 
km with a moment one tenth that of the Darfield moment, 2.8 × 1018 Nm (Mw 6.2). Computer 
modeling indicates that the extent of underground rupture is almost 15 km. It is important to note 
that the actual design of the focal mechanism geometry is inconclusive. The USGS solutions 
indicate greater strike-slip motion in a ENE-WSW strike compared to the GCMT which believe 
the fault geometry is as discussed above (Figure 8).  
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Figure 5: LiDAR mapping showing discontinuous strata. (a) Cross-section of possible inactive 
inherited Fault systems. (b) Locations where both vertical and horizontal offsets are present in 
strata. (c) Calculated Horizontal slip vectors along segments. (d) Representation in slip 
magnitude between segments. Horizontal variation = circles, Vertical variation = squares    
(Elliot et al. 2012) 
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Figure 6: Table of horizontal displacement values. All field observations along the Greendale 
Fault between Darfield and Christchurch. Full table contains over 60 measurements. The 
perpendicular offset was projected for locations with a single offset available. Slip vectors is the 
horizontal slip and calculated from pairs of perpendicular offsets (Elliot et al. 2012) 
 

Site Longitude (deg) Latitude (deg) Feature Azimuth (deg) ⊥ Offset (m) Horiz. Slip (m) Slip  

1 172.0994 −43.5961 fence 037 – 2.04 2.11 – 2.55 2.64
 – – – 

2 172.1019 −43.5961 fence 036 – 1.18 – – 1.46 –
 – – – 

3A 172.1034 −43.5960 road 036 1.75 1.66 1.84 2.02 2.08 –
 096 089 – 

3B 172.1034 −43.5960 road 129 1.10 1.34 –        
     

4 172.1092 −43.5968 hedge 037 – – 1.42 – – 1.78
 – – – 

5A 172.1117 −43.5963 hedge 128 – 0.52 0.37 – 0.88 0.66
 – 092 094 

5B 172.1144 −43.5963 hedge 036 – 0.73 0.56        
     

6 172.1263 −43.5956 road 159 2.90 2.56 2.66 3.11 2.74 2.85
 – – – 

7A 172.1349 −43.5955 track 160 – 2.62 2.56 – – 2.64
 – – 084 

7B 172.1421 −43.5951 fence 070 – – 0.64        
     

8A 172.1482 −43.5944 road 021 3.00 3.12 2.63 – 3.15 2.75
 – 104 094 
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Figure 7: Focal Mechanism with body-wave solutions for Darfield Earthquake. The closed 
circle represents the P-axis and open circle is the T-axis. Waveforms are plotted approximate to 
their azimuth location. The values in the header are strike, dip, rake, centroid depth, and moment 
(Nm) (Elliot et al. 2012) 
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Figure 8: Focal mechanism with body-wave solutions for Christchchurch Earthquake. The 
closed circle represents the P-axis and the open circle is the T-axis. Waveforms are plotted 
aproximate to their azimuth location. The values in the header indicate strike, dip, rake, depth of 
centroid, and moment (Nm). The top mechanism is the CGMT diagram and the bottom in USGS 
(Elliot et al. 2012). 
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Core Data and an Evolving Stress Field 
 Stress modeling that normal faulting extensions extend underneath the Canterbury region. 
InSAR mapping and core data show deformation of the Neogene basement beginning around 3 
km. With LiDAR support, the deformation is localized to east-west strike-slip and high angle 
thrust faults. The SE-dipping surface is deformed into N-S elongated domes that culminates at a 
depth of 1.5 km below sea level. Supported by Bouguer gravity anomaly calculations, expansive 
regions below the colluvium cover show areas of truncated topography controlled by E-W 
trending lineaments (Ghisetti and Sibson 2012). Core data shows inverted normal faulting 
crosscutting the Neogene sequence with folding overlying quaternary cover without surface 
disturbance. A network of seismic lines tied discovered in the Arcadia-1 well (Figure 9) 
illustrates the number of fault systems that run parallel and congruent beneath the alluvium. 
Stress modeling shows shallow c. 4 km thrust slip faults in additional to right-lateral slip is a 
function of the crustal extensional from the Chatham rise. Evidence of this relationship is seen by 
the upthrow of syn-rift deposits in the hanging walls of Neogene basement. Inherited extensional 
E-W fault fabric under the Canterbury show right-lateral propagation to surface through sigma 1 
compressive stress oriented 115 degrees (Ghisetti and Sibson 2012). Modeling also shows stress 
field is independent of the Alpine Fault but also requires traditional Andersonian regimes	(Figure 
10) that vary from σv=σ2 ~ σ3, allowing for some variance between σv=σ2 (wrench faulting 
regime) and σv=σ3 (reverse faulting regime) and for mixed components along the oblique 
movement (Ghisetti and Sibson 2012). 

Figure 9: (A) location of seismic networks below Arcadia-1 well showing an active fault 
environment below the alluvium cover (B) Geometry of deformed margin between Chatham rise 
and Canterbury region (Ghisetti and Sibson 2012).  
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Figure 10: Interpretation of seismic lines from Arcadia-1 well. The well is north of the 
Greendale fault and shows the propagation of 5 fault systems into the northern portion of 
Canterbury from the extension caused by the Chatham Rise off the coast (Ghisetti and Sibson  

2012).   

 
 

Discussion 
 Unfortunately the data required to fully understand the complexity of the reasons behind 
why these earthquakes exist is simply not there. Much of the information gathered for this paper 
took place after the Darfield and Christchurch events. As a result, much of the proposed 
kinematic mechanisms involved are speculative. Out of the many hypotheses, shortening of the 
Neogene basement underneath Canterbury seems the most likely culprits to explain the right-
lateral movement along the Greendale fault. The down drop of the hanging wall underneath 
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Canterbury clearly has led to significant deformation of the sediment as well as the motion of the 
fault underneath the alluvium fan lines up with the strike of the shallower faults. Due to this 
evolving stress field, inherited previously inactive fault planes are beginning to build-up stress 
causing a reactivation (Ghisetti and Sibson 2012). Further core data and LiDAR imaging must be 
completed before a significant breakthrough occurs. 

 In the same way, it may be important to examine the stress fields associated with the 
subduction zones to both the north and south of Canterbury. It may be unlikely that the stress 
fields of both have any great effect on the sense of slip along the Greendale fault it may be 
helpful to explain stress in the Alpine system as oblique subduction has proved to be related to 
the cause of transform systems. Conjugate reverse thrust faults that orthogonal to the Alpine fault 
are common in the foothills northwest and north of Canterbury. The slip of these thrust faults 
may shed light on the mechanics behind enigmatic fault systems in the floodplain.  

 Regardless of the reasons behind the sense it is important to commit the resources to the 
set-up of a dense Global Positioning System (GPS) crisscrossing the southern island for high 
resolution imaging of the strain rate concentrations within the plate boundary zone (Beavan et al. 
2012). A comprehensive analysis of the strain rates of the boundaries surrounding the Greendale 
fault will help to understand how stress fields change across the region. By understanding the 
stress field and overlaying them on the tomography of the basement rock may show areas of 
build-up indicating the likelihood of an active fault in that location. With that being said, the 
extent of unknown faults in the densely populated area is an unpleasant thought. Only by more 
data collection (LiDAR, InSAR, Teleseismic Modeling, Core data, Deformation Models) will 
clear trends illustrate stress fields and lock-up in areas of unknown faults (Bradley et al. 2014).  

 

Conclusion 
 It is important to study the evolving tectonic environment below the Canterbury plains 
because of the implications of a further natural disasters in an area of dense population. The 
greater Canterbury region houses 588k New Zealand citizens; roughly 12.5% of the country’s 
population. Furthermore, it is important to educate people on the dangers of hidden blind faults 
and the threats they pose. This can only be accomplished by first extensive mapping of the area. 
It does not make too much sense trying to educate people if you yourself in-fact do not fully 
understand the severity of the environment. Ultimately, the goal is to definitively answer the 
kinematic mechanisms that cause these right-lateral strike-slip faults perpendicular to Chatham 
Rise and acutely from the Alpine Fault system. 

 The significance of the presence of these unknown faults must be understood in order to 
predict the likelihood of future events. The region continues to be highly active with most 
earthquakes between Mw 3.5 and 4.5. It has been 5 years since the Christchurch earthquake and 
the city is still recovering. Hundreds of kilometers are unusable from Liquefaction and millions 
of dollars have been spent to rebuild the downtown center. All of that damage occurred from as a 
result of a Mw 6.1 earthquake. The future of Canterbury shines bright and only through 
dedicated research, an extensive GPS network, and internal collaboration to understand the 
evolving tectonic environment below the region will it stay that way.  
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