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EXECUTIVE SUMMARY
This report presents the results of an investigation to determine a best estimate of the
recurrence interval of surface fault rupture for the Greendale Fault, and to map the
deformation zone associated with fault rupture generated in the September 4th 2010, Mw
7.1 Darfield Earthquake. GNS Science was commissioned to undertake this work by
Environment Canterbury on behalf of Selwyn District Council, for the purposes of land use
planning and Land Information Memoranda (LIM) information. This report is based on a
review and analysis of existing available information; no additional site work was done for
this investigation.
The Ministry for the Environment (MfE), New Zealand, has published best-practice guidelines
on planning for development of land on, or near, active faults (hereafter referred to as the
MfE Active Fault Guidelines) (Kerr et al. 2004). The aim of the MfE Active Fault Guidelines is
to assist resource management planners tasked with developing land use policy and making
decisions about development of land on, or near, active faults. The MfE Active Fault
Guidelines provide information about active faults, specifically fault rupture hazard, and
promote a risk-based approach when dealing with development in areas subject to fault
rupture hazard. In this survey of the Greendale Fault, we have adopted the principles and
methods set out in the MfE Active Fault Guidelines.
In the MfE Active Fault Guidelines, the surface rupture hazard of an active fault is
characterised by two parameters: 1) the location/complexity of surface rupture of the fault
(definition of the Fault Avoidance Zone of the Greendale Fault), and 2) the activity of the
fault, as measured by its average recurrence interval of surface rupture (definition of the
Greendale Fault Recurrence Interval Class).
To address point 1) above, we prepared maps of the area deformed by the Greendale Fault
rupture. The Fault Avoidance Zones for the Greendale Fault are defined in Map 1 (See
Appendix C) and corresponding ArcGIS® shapefiles. Fault Avoidance Zones are attributed
as well defined distributed, and uncertain (as per the MfE Active Fault Guidelines), and range
in width from about 70 m to greater than 300 m. These were defined using the information
compiled during the surface rupture mapping campaign immediately after the 4th September
Darfield Earthquake and aided by interpretation of LiDAR data and aerial photographs
acquired a week after the event. The Fault Avoidance Zones include the definition of the
complexity of the area deformed by the fault (e.g. well defined, distributed, uncertain) and the
20 m setback recommended by the MfE Active Fault Guidelines.
To address point 2) above, we have produced a preliminary estimate of the surface rupture
recurrence interval for the fault based on existing information. The Greendale Fault has been
conservatively placed into Recurrence Interval Class IV (>5000 to ≤10,000 years). Our
results are based on detailed examination of aerial photographs taken in the 1940s along the
area where the fault ruptured, as well as pre-earthquake and post-earthquake LiDAR. From
these analyses, we conclude that there is subtle but plausible evidence, in at least two
locations, for one previous event along the fault trace. A subtle 400-m-long thin E-W trending
trace on the 1940 aerial photographs at the fault location immediately west of Highfield Road
(the area where large displacements occurred in September 2010) could be a pre-existing
fault trace. Also at a location west of Kivers Road, where a ‘step-over’ in the Greendale Fault
has produced a ‘push-up’ bulge, a comparison between a pre-earthquake topographic profile
GNS Science Consultancy Report 2011/121

iv

2011

and a post-earthquake profile at the same location suggests that this bulge could have
existed before the earthquake. These two pieces of information point to a possible pre-2010
event which ruptured the surface. Moreover, the broad style of deformation of geomorphic
features such as stream channels evidenced in the 2010 surface rupture suggest that two
events prior to the 2010 could have occurred but natural topographic features such as
ancient stream channels would not necessarily look displaced on the aerial photographs.
However, if two events had occurred prior to 2010, with similar vertical features (fault scarp,
bulges) as the 2010, these would have possibly been identified on aerial photographs. With
the current resources, it difficult to confirm if a second event had occurred pre-2010. We
have taken a conservative approach (i.e., one which maximises the potential hazard) and
assumed that the Greendale Fault could have ruptured as many as three times (two prior to
2010 plus the 2010 rupture) within the age of the surface of the Canterbury Plains in this
area (i.e., ~16,000 years). This yields and mean average recurrence interval slightly longer
than 5000 years.
We have also made recommendations on building on, or near, the Greendale Fault based on
the MfE Active Fault Guidelines, and from the observations of damage on buildings affected
by surface rupture. Based on the MfE Active Fault Guidelines and the results above, most
categories of buildings are permitted on previously developed and/or subdivided sites except
for critical structures with special post disaster functions (Building Importance Category, BIC,
4 structures) within the Fault Avoidance Zones (well defined and distributed) of the
Greendale Fault. For as-yet undeveloped (greenfield) areas, apart from critical structures,
important structures that may contain people in crowds or contents of high value to the
community or pose risks to people in crowds (BIC 3) are not permitted within the well-defined
Fault Avoidance Zones. For Greenfield sites and within the distributed and uncertain Fault
Avoidance Zones, BIC 3 buildings are discretionary but those with BIC 4 are non-complying.
Although the MfE Active Fault Guidelines recommend that construction of many categories of
structures within the Fault Avoidance Zones of the Greendale Fault should be a permitted
activity, we have summarised observations of building damage from Greendale rupture and
other studies to provide recommendations for optimal methods of construction of buildings
within Fault Avoidance Zones of the Greendale Fault. This is for those owners wishing to
develop within these zones who may choose to adopt building practices and styles, over and
above that required by the current Building Standard, that have the potential to limit damage
and facilitate reinstatement in the unlikely event of another, near-future, rupture along the
Greendale Fault within the lifetime of the building. These types of methods include isolating
foundations from underlying ground movement (e.g. through the use of slip layers); and
designing strong foundations that resist imposed earth pressures.
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1.0

INTRODUCTION

Rupture of the Greendale Fault during the 4 September 2010, Mw 7.1 Darfield (Canterbury)
Earthquake produced a zone of ground (surface) rupture and deformation involving up to 5
metres horizontal and up to 1 metre vertical displacement (Quigley, et al., 2010). The total
length of the fault trace was ~29.5 km, and the deformation occupied a band of between ~30
and ~300 m width. The rupture severely damaged several houses and buildings along the
fault trace to the extent that they need to be rebuilt. The Greendale Fault was not previously
mapped; no surface expression had been identified and seismic reflection lines of the area
of the fault were not of high enough quality to detect the subsurface fault plane.
In November 2010, Selwyn District Council commissioned Geotech Consulting to provide
recommendations on how it should manage planning and hazard issues associated with the
Greendale Fault. Geotech Consulting recommended an arbitrary zone 50 metres either side
of the GNS Science/University of Canterbury-mapped centre line of the fault trace be
delineated as the Greendale Fault deformation corridor, until more detailed mapping was
undertaken. Within this corridor, Land Information Memoranda (LIM) and project information
memoranda (PIM) would note the possible presence of the fault. Geotech Consulting also
assessed the recurrence interval of the fault to be in the order of 5000 years or longer, and
most probably more than 10,000 years. This equates to recurrence interval class IV,
possibly V, in the Ministry for the Environment (MfE) Active Fault Guidelines (Kerr et al.
2004), whereby most normal residential and commercial development is acceptable.
To update the information compiled by Geotech Consulting, Environment Canterbury
commissioned GNS Science to undertake a more detailed investigation of the Greendale
Fault and provide an in-depth fault hazard assessment with existing information; no
additional site work was commissioned for this investigation. This report presents the results
of that investigation and assessment.

1.1

Scope of work

The aim of this investigation is to determine a best estimate for the recurrence interval of
surface rupture for the Greendale Fault, and to map the location of the deformation zone
associated with fault rupture, which are essential for land use planning and LIM information.
These investigations are based on a thorough analysis of available existing information.
The investigation addresses only the observed surface fault rupture of the Greendale Fault.

Key tasks are:
1)

Review existing literature on faults in the area, and review pre-September 2010
aerial photography and LiDAR (Light Detection And Ranging) along the fault trace.

2)

Map pre-September 2010 geomorphic features (e.g. stream channels and terrace
edges) across the fault trace that may provide evidence of the presence or
absence of pre-September 2010 earthquake deformation.

3)

Provide a best possible estimate of the fault recurrence interval class based on (1)
and (2).
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4)

Define the area affected by fault surface rupture deformation, using the postearthquake LiDAR, at a scale appropriate for planning purposes. The level of
detail required will depend somewhat on the Recurrence Interval Class.

5)

Provide recommendations for building on or near the fault trace, based on the
Recurrence Interval Class and complexity of the fault, and drawing on
observations of building damage from the fault rupture.

1.2

Hazards associated with fault rupture close the fault

Faults that are capable of generating shallow earthquakes larger than Mw 5.5 have the
potential to cause fault rupture of the ground surface. Thus the two main hazards that are
associated with active faults that can capable of generating large earthquakes are powerful
ground-shaking motions and deformation of the ground surface.
Strong ground shaking associated with a large earthquake can be devastating if structures
and facilities within the area are not adequately designed to resist earthquake loads. Strong
ground shaking can also produce secondary hazards such as landslides and liquefaction.
Ground shaking can affect a large area (e.g., 500 km2) in the vicinity of the surface rupturing
fault. During the 4th September 2010 Darfield (Canterbury) and 22 February 2011
Christchurch (Lyttelton) earthquakes, very large peak ground accelerations (PGA - a
common parameter used to describe ground motion), greater than the force of gravity, were
recorded close to the faults that ruptured. An assessment of ground shaking hazard is
dependent on the characterisation of the earthquake potential of active faults and the
transfer of that information (together with seismicity and geodetic information) to probabilistic
seismic hazard maps. None of the hazards mentioned above are the main topic in this
report. However, we will make brief mention of aspects related to strong ground shaking
close to faults.
Ground deformation associated with ground-surface fault rupture only occurs at the fault
location. Although faults can in some places be located accurately (especially in areas of
high seismicity where faults have good surface expression), there is limited technology to
prevent earthquake damage to buildings built across faults. For this reason, the Ministry for
the Environment (MfE) established guidelines to avoid building across active faults. In this
investigation, we utilised the MfE guidelines for “Planning for development of land on or
close to active faults” (Kerr et al., 2004) (hereafter referred to as the MfE Active Fault
Guidelines).
In the case of the Greendale Fault, the fault was not recognised prior to its rupture on the 4th
September, 2010. Thus, until the fault ruptured, there was no reason to consider the MfE
Active Fault Guidelines in relation to the buildings located along the fault trace. In this report,
we have based our fault mapping and recommendations for future development
(reinstatement of damaged buildings and construction of new buildings) in the area
deformed by the Greendale Fault on the MfE Active Fault Guidelines. Below we present the
summary of key points of the guidelines.
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1.3

MfE Active Fault Guidelines for planning for development of land on
or close to active faults

The MfE Active Fault Guidelines use a risk-based approach towards the mitigation of surface
fault rupture hazard. The main elements of this approach are:
1) Fault characterisation relevant to planning for development across fault lines which
focuses on: a) accurate location of faults (including its “fault complexity”, i.e., the
distribution of deformation of land around a fault line); b) definition of fault avoidance
zones; and c) classification of faults based on their recurrence interval (time interval
between large surface rupture earthquakes on the same fault), which is an indicator of
the likelihood of a fault rupturing in the near future.
2) The Building Importance Category, which indicates the acceptable level of risk for
different types of buildings within a Fault Avoidance Zone.
For these reasons this report focuses on aspects of accurate fault location (section 4.0), fault
recurrence interval (section 2.0) and recommendations pertinent to the MfE Active Fault
Guidelines (section 5.0).

1.4

Geological setting of the Greendale Fault

The Greendale Fault lies in the Rakaia to Waimakariri sector of the Canterbury Plains. The
Canterbury Plains have been produced by the action of gravel-bed rivers draining southeast
from the Southern Alps and foothills (Figure 1.1). In the central part of the plains, the braided
river beds of the Rakaia, Selwyn and Waimakariri rivers coalesced during the last ice age,
between ~28,000 and ~18,000 years ago (Alloway et al. 2007). Following the end of the ice
age, the post-glacial period saw an improvement in climate and the spread of shrubland and
forest that stabilised the hillslopes in the catchments (McGlone et al. 2004). This resulted in
less sediment being carried by the main rivers. Freed of the burden of excess sediment, the
rivers ceased to range widely across the plains, and instead became localised in narrower
zones on the plains. The Waimakariri and Rakaia rivers cut terraced post-glacial valleys in
the middle and upper reaches of their plains, while the smaller rivers are only slightly cut into
the plains. The Waianiwaniwa River flows down the junction of the plains formed by the
Selwyn River (to the west) and the Waimakariri River (east), while the Hororata River is the
‘gutter’ running down the boundary between the Selwyn (east) and Rakaia (west) plains.
On the regional geological map of the Rakaia-Waimakariri sector of the plains (Forsyth et al.
2008), the river deposits are divided into those dating from the last ice age and earliest parts
of the post-glacial (‘Q2a’ – darker yellow on Figure 1.1b), and those from the height of the
post-glacial interval (‘Q1a’ – lighter yellow, Figure 1.1b), formed during the last 12,000 years
or so. Q2a equates to deposits of the Burnham & Windwhistle Formations as used in more
detailed previous Quaternary geological studies on the plains (e.g. Suggate 1963; Brown &
Wilson 1988; Wilson 1989); here we simply use the term Burnham Formation for the last ice
age deposits (Q2a). Q1a equates to the Springston Formation of previous workers. This
distinction is illustrated in more detail in Figure 1.2.
In terms of the tectonic setting, the Greendale Fault is situated near the outer edge of the
broad zone of deformation marking the boundary between the Australian and Pacific Plates
(Figure 1.1a). In the central South Island, the Pacific Plate is moving west-southwest relative
to the Australian Plate at about 40 mm/yr (Wallace et al. 2007). The majority of this
deformation (75%) occurs on the Alpine Fault, with the rest distributed across numerous

GNS Science Consultancy Report 2011/121

3

2011

smaller faults within and east of the Southern Alps (Norris & Cooper 2001; Pettinga et al.
2001). Most of these eastern faults are northeast-trending reverse faults which uplift ranges
in the Southern Alps and the Canterbury foothills, but there are also a few ENE- and Etrending right-lateral strike-slip faults which cut across topography (Figure 1.1b). Most of the
reverse faults are accompanied by folding with a fault-parallel anticline in the hanging-wall
and a syncline in the footwall. The North Canterbury area is also at the southern edge of the
Marlborough Fault System, and the Porters Pass to Amberley Fault Zone (Figure 1.1b) has
been suggested to be the geologically youngest part of this southward-propagating system
(Cowan et al. 1996).
Few of the faults in the area of the Greendale Fault (Figure 1.1b) have been investigated by
paleoseismic studies (i.e., studies specifically aiming to quantify the timing and magnitudes
of prehistoric earthquakes). The Porters Pass Fault has received the most attention (Figure
1.1b) (Cowan et al. 1996; Howard et al. 2005). Detailed fault mapping and trenches showed
that the slip rate and paleoearthquake record varies along its length, with the fastest,
western segment having a slip rate of ~3.8 mm/yr, and at least 6 ground rupturing
earthquakes in the last 10,000 years (Howard et al. 2005). Limited paleoseismic analysis
has also been undertaken on other faults in the North Canterbury foothills (Nicol et al. 1994;
Cowan et al. 1996; Nicol & Campbell 2001). Faults crossing the northern and northwestern
Canterbury Plains have been the subject of a number of University of Canterbury student
theses (summarised in Litchfield et al. in prep.). These studies have tended to focus on
mapping of landforms (geomorphology) and subsurface probing using geophysical methods
and few paleoearthquake data have been obtained to date. Seismic reflection profiles
collected in the Hororata – Springfield area have found faults buried beneath the plains
(upper Waimakariri plains; Dorn et al. 2010a,b). Active faults and folds shown on regional
geologic maps are identified on the basis of showing compelling surface geomorphic
evidence for past rupture/deformation (Cox & Barrell 2007; Forsyth et al. 2008).
The Greendale Fault was not recognised prior to the 4th September Darfield Earthquake. As
such, it was not shown on published geological maps (Forsyth et al. 2008), the GNS Science
Active Faults Database (http://data.gns.cri.nz/af/), or was included as an earthquake source
in the National Seismic Hazard Model (Stirling et al. 2008) prior to 4th September 2010.
However, geophysical profiles have previously revealed faults buried beneath other parts of
the Canterbury Plains (Jongens et al. 1999; 2010; Dorn et al. 2010a,b). Therefore, it is likely
that there are as-yet-undetected active faults beneath the Canterbury Plains which have only
a subtle or no expression on the ground surface. A lack of surface expression indicates that
a fault has not moved since its most recent burial by river deposits. Where undeformed
deposits of Burnham Formation have buried or obscured an active fault, a relatively long
average recurrence interval would be inferred (~10,000 years or more).
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Figure 1.1 Location and tectonic setting of the Greendale Fault. a) Location with respect to the
Australian-Pacific Plate boundary. b) Location with respect to active faults in the northern Canterbury
Plains area (GNS Science Active Faults Database; http://data.gns.cri.nz/af/). Much of the active fault
mapping and the underlying geological base maps are from Rattenbury et al. (2006), Cox & Barrell
(2007), and Forsyth et al. (2008).
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Figure 1.2 Regional geomorphic map of the general area of the Greendale Fault. A tentative
distinction is made between those parts of the Burnham river plains judged to have formed before the
end of the last ice age (~ 13,000 year-old outwash surfaces) and those formed in the earliest part of
the post-glacial period (~ 16,000 year-old Burnham alluvial surfaces). Based on datasets from Barrell
et al. (in press).
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2.0

RUPTURE OF THE GREENDALE FAULT

On 4th September 2010, a magnitude MW 7.1 earthquake struck in the Selwyn District, with
an epicentre close to Darfield (Figure 1.1). The event was associated with rupture of the
Greendale Fault, a previously unrecognised fault. In this section, we briefly describe the
surface features that were produced by rupture of the fault through the ground surface.
These are the type of features that we have searched for on pre-earthquake aerial
photographs to assess if the fault had ruptured the ground surface prior to 2010 (see section
3.0). They are also the features that we have mapped to define the area deformed by
surface fault rupture in 2010 (see Section 4.0).

2.1

Fault features

The zone of identified surface rupture extends from ~4 km west of the hamlet of Greendale
for ~29.5 km to an eastern tip ~2 km north of the town of Rolleston (Quigley et al 2010;
Figure 2.1). The fault was named the Greendale Fault by the GNS Science/University of
Canterbury fault rupture reconnaissance and response team. The gross morphology of the
surface rupture is that of an en echelon series of east-west striking, left-stepping surface
traces (Figure 2.1). The largest step-over is ~1 km wide, located ~7 km from the eastern end
of the surface rupture, with another ~20 step-overs between 300 and 75 m wide, and a
multitude of smaller ones. Push-up structures have formed at most of these restraining leftsteps, with amplitudes up to ~1 m, but typically < 0.5 m (Figures 2.1c and 2.1d).
Average displacement over the full length of surface rupture is ~2.5 m (predominantly rightlateral), and is distributed across a ~30 to ~300 m wide deformation zone, largely as
horizontal flexure. On average, 50% of the horizontal displacement occurs over 40% of the
total width of the deformation zone. Offset on discrete and resolvable shears, where present,
typically accounts for only a minor percentage of the total displacement. Across the
paddocks deformed by fault rupture, there is a threshold of surface rupture displacement of
~1.5 m above which discrete ground cracks and shears occur and form part of the surface
rupture deformation zone, and below which they are rarely present. The distributed nature of
Greendale Fault surface rupture displacement is no doubt the result of rupture through the
considerable thickness of poorly consolidated alluvial gravel deposits underlying the plains.
The distribution of surface rupture displacement is approximately symmetrical along the
fault, with ~6 km at either end where overall displacement is less than ~1.5 m, and an ~8 km
long central section where net displacement is greater than 4 m, with maxima of ~5 m. Over
the reach of the fault where displacement exceeds the average, the deformation zone
comprises east-southeast striking Riedel shears with right-lateral displacements, southeast
striking extensional fractures, south-southeast to south striking conjugate Riedel shears with
left-lateral displacements, northeast striking thrusts, horizontal right-lateral flexure, and
decimetre-amplitude vertical flexure and bulging (Figure 2.2c). Vertical throw across the full
width of the surface rupture deformation zone is typically <0.75 m. Generally the south side
is up, though the eastern ~6 km of rupture is north-side up. Vertical displacement increases
locally to ~1 to 1.5 m at t restraining and releasing bends.
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2.2

Datasets used in this investigation for mapping ground deformation
along the Greendale Fault

We have reviewed aerial photographs dating from the 1940s and the 1960s to look for the
presence (if any) of deformation of the Burnham (Q2a) and Springston (Q1a) landform
surfaces prior to 4th September 2010. Within the scope of this study we have only examined
in detail the 1940s photographs because they show better definition of landform features. A
quick analysis of the 1960s photographs showed that they would add little value to our study.
As well as examining the 1940s aerial photographs, we also examined two LiDAR datasets
for any evidence of fault rupture prior to 4th September 2010. Two pre-event datasets were
available from 2002 as two narrow strips of LiDAR along electricity pylons (from and
provided by Transpower Ltd). Post-earthquake LiDAR along the Greendale Fault was
obtained one week after the event by NZ Aerial Mapping (provided by ECAN).Preearthquake LiDAR from along the Selwyn River (provided by ECAN) only crossed a very
short section of the fault and is complicated by river-channel topography so was not used in
this analysis.
The 2010 LiDAR was operated at 70 kHz at a flying altitude of 1200 m above ground level,
with the laser beams scanning the Earth’s surface at a horizontal resolution of less than one
metre. The laser beams bounce back to the detector from any suitably reflective surface,
including (mainly) the ground surface, surface water, trees and other dense vegetation,
buildings, etc. Processing was carried out to identify, as far as possible, the LiDAR returns
from vegetation and buildings. The accuracy of the altitude values obtained from this dataset
is 10 cm. The LiDAR measurements were then used to produce a Digital Elevation Model
(DEM), using only the ground return points, and a Digital Surface Model (DSM), using all the
points including returns from vegetation and buildings. We rendered the surface models at
0.5 m spatial resolution and produced analytical hill-shaded relief maps from them for
interpretation. The hill-shaded relief maps were illuminated from 335 and 45° azimuths at a
viewing angle of 30 degrees to enhance features that face towards differing directions. We
also produced slope and aspect (orientation of the slope with respect to the north) maps to
enhance the vertical deformation of ground surface in the images and assess flexure and
tilting of the land. The resolution of the aerial photos acquired in the same flight as the
LiDAR is also 0.25 m pixel. The 2002 Transpower Ltd LiDAR was provided as a processed
dataset, containing only measurements from ground return points, and was also of coarser
resolution. From this dataset, we generated to a DEM with 1 m spatial resolution, as well as
hill-shaded relief, slope and aspect maps in the same way as we did for the 2010 data. The
accuracy of the altitude values of the Transpower dataset Ltd is 20 cm.
Information obtained from ground surveys (field measurements) in the weeks immediately
after the earthquake provided an important dataset for this study. During the field campaign
we surveyed more than 100 man-made structures such as fences, roads, and lifelines with
real time kinematic GPS equipment (Leica 550; resolution of ~2 cm) along the whole fault
trace. These measurements have allowed us to assess lateral and vertical displacements
(i.e., values and spatial distribution) associated with the 4th September earthquake for the
entire fault trace (e.g., Quigley et al., 2010) and assess the width of deformation at many
locations along the fault. Immediately following the earthquake, we mapped as many
individual faults and fissures as possible in a few areas to assess the type of structures in
the deformation zone before they were removed by recovery operations.
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More details of the use of these datasets are presented in the sections below.

Figure 2.1 A) Mapped surface trace of the Greendale Fault. Red arrows indicate relative sense of
lateral displacement, while vertical displacement is denoted by red U = up and D = down. Also shown
are locations of Figures 2.1B, 2.1C, and Darfield Earthquake epicentre (red four-pointed star). B & C)
LiDAR hillshade DEMs (illuminated from the NW) of two ~1.5 km long sections of the Greendale
Fault, showing characteristic left-stepping en echelon rupture pattern, and right-lateral offset of roads,
fences, hedges and crop rows. Also shown are locations of Figures 2.2A, 2.2B & 2.2C. …
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Figure 2.2 Oblique aerial photographs of Greendale Fault surface rupture (see Figures 2.1C & 2.1D
for locations). Lateral displacement is distributed across a deformation zone of several tens of metres
wide; red arrows indicate relative sense of lateral displacement. A) 4.5 to 5 m of right-lateral
displacement of a single-lane gravel road. Photo taken looking north by Simon Cox about 12 hours
after the earthquake. B) ~3.5 m of right-lateral displacement of two wire fences and a row of small
pine trees. Photo taken by Richard Cosgrove several days after the earthquake looking northnortheast. C) 4.5 to 5 m of right-lateral displacement of hedge-row (wind break) of pine trees and
tractor tyre tracks. Photo looking north taken by David Barrell about 12 hours after the earthquake.
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3.0

GREENDALE FAULT RUPTURE RECURRENCE INTERVAL

The fault recurrence interval is the average time between surface ruptures on a fault. The
MfE Active Fault Guidelines consider this the best measure to use when evaluating hazard
on an active fault. The recurrence interval of a fault is best obtained from paleoseismic
studies in which trenches are excavated across an active fault to expose the deformed
sediments. The geometric relationships between the fault planes and the sediments,
together with the age of the sediments, provide information to assess how often the fault has
ruptured the ground surface. In the absence of exposure of the fault plane and displaced
sediment layers, we can sometimes make a preliminary estimate of recurrence interval from
analysis of displaced geomorphic features of known age.
In the case of the Greendale Fault, we had no prior knowledge of whether, or when, previous
surface ruptures had occurred. Within the scope of this study, we have been tasked with
analysing pre-earthquake geomorphic features (mainly stream channels crossing the fault
area) to identify signs of previous land deformation (similar to those displayed on the ground
after the 2010 surface rupturing event and described in Section 1.0). We will also use
existing information to assign an age to the landscape features. This information can be
used to assign a preliminary recurrence interval for rupture of the Greendale Fault. This
estimate can then be placed in the context of Recurrence Interval Classes defined in the MfE
Active Fault Guidelines.

3.1

Landform setting

The origin of the surface of the plains is abundantly clear when seen from the air, as
illustrated in the aerial photographs, dating from 1942, in Figure 3.1. The old braided river
channels are, in places, spectacularly preserved. The 1940s aerial photographs (Run 131,
September 1940; Run 148, October 1942) provide complete coverage along the line of the
future Greendale Fault rupture, and were the earliest comprehensive set of vertical aerial
photographs of the plains. In part they pre-date the more intensive agricultural modification
of the land, such as by deep ploughing.
An interesting feature in the 1942 aerial photographs is the great differences in channel
expression from paddock to paddock. There are several possible explanations for this
phenomenon. On Burnham Formation river gravels, there is a well-developed soil profile,
typically comprising dark topsoil resting on a veneer (up to ~30 cm thick) of wind-blown
yellow silt (loess). There are widespread anecdotal stories of severe soil erosion events
taking place when gales sprang up following shallow ploughing of fields; perhaps the
paddocks with very sharply expressed channels have lost their fine-textured soils to wind
erosion. Alternatively, the paddocks with subdued channel forms may have simply had taller
grass or crops at the time of photography. On younger parts of the plains, developed on
Springston Formation, or on Burnham Formation surfaces close to modern rivers, there is
commonly a cover of fine-textured sediments (silt and sand) from overbank flooding events
that obscure the braided channelling, and give a smooth even surface to the land.
The braided channel patterns are the main landform of interest for examining the pre-history
of the Greendale Fault.
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Figure 3.1 Part of aerial photograph SN148/18, taken 17th October, 1942. NZ Aerial Mapping Ltd.

3.2

Assessment of surface fault rupture of the Greendale Fault prior to
2010

3.2.1

Assessment of previous fault deformation on aerial photographs

3.2.1.1

Mapping of stream channels

We undertook mapping of the relict river channel patterns, and other features such as active
river and stream channels, and river terraces edges, at two scales. Having scanned and
orthorectified the 1940s aerial photographs along the fault, we made a generalised map of
the axes of prominent river channels, within a 1 km window either side, and at either end, of
the mapped trace of the Greendale Fault. We mapped minor channels, particular prominent
major channels, terrace edges and channel margins (Figure 3.2). The map was drawn
directly in ArcGIS®, at a scale set at 1:6,000, over the base of the 1940s aerial photographs.
The aim of this map is to show the overall distribution of well-channelled areas within the
1 km fault corridor.
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Figure 3.2 Generalised map of river channel patterns derived from interpretation of 1940s vertical
aerial photographs, broken into three overlapping panels. Locations of detailed channel maps
(Figures 3.3 to 3.6 indicated in purple. The yellow line marks the LiDAR profile shown in Figure 3.7,
and the green boxes mark the positions of LiDAR-based maps (Figure 3.9). The heavy dotted line
denotes margins of adjoining maps.

The reason for adopting a 1 km corridor was that, given the diffuse and left-stepping nature
of the September 2010 fault trace, it seemed conceivable that a previous rupture may also
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have had similar complexity, but not necessarily of the same amounts, nor in exactly the
same locations as the September 2010 event.
Based on this map, we then selected localised areas for more detailed examination. We did
not give any further consideration to the western part of the fault (Figure 3.2c), to the west of
the Hawkins River, because channel patterns are not well developed, and moreover to the
west of the Selwyn River, the fault runs parallel to the trends of the channels, and so that a
scarp formed during a previous surface rupture would be essentially indistinguishable from a
river channel or terrace edge.
We also had a close look for any indications of channel disruption on the eastern segment of
the fault trace, which abounds with relict channels (Figure 3.2a), but saw nothing warranting
closer inspection. We therefore turned our attention on the central sector of the fault trace
where displacements in the September 2010 rupture were relatively large. Also of note,
channelling is less well expressed in the central segment (Figure 3.2b), which may reflect a
thicker veneer of loess on the slightly older outwash surfaces of the Burnham Formation in
the central segment. We focused the detailed mapping in areas where channel patterns
were particularly well developed.
To produce these detailed maps, we first examined the aerial photographs stereoscopically
(the overlap between each photograph allows adjacent photographs to be examined in 3dimensional relief). Using a transparent overlay on the photo, the axes of all the well-defined,
relatively deep relict channels were drawn by hand. The overlay was then scanned and
orthorectified, and used as a guide for mapping the areas of channels, as defined by colour
contrasts, on the aerial photographs. The mapping was done directly in ArcGIS® with the
scale set at 1: 2,500. The reason for this procedure is that the significance, depth and
continuity of channels can only be determined accurately by the 3-D stereoscopic method,
but the photographs are of too small a scale to allow detailed mapping by hand. The colour
and texture of the enlarged photographs, viewed in the GIS, can then be interpreted
satisfactorily once the axes of prominent channels have been delineated from stereoscopic
examination.
We prepared detailed maps of relict channels (Figure 3.2) for an area at Melrose farm
(Figure 3.3), a paddock west of Highfield Road and north of Grange Road (Figure 3.4),
paddocks east of Highfield Road (Figure 3.5), and to the west of Kivers Road (Figures
3.6a,b).
For context, on these maps we also drew in the exact locations of fences, crop rows or other
well defined straight-line features in their deformed state following the Greendale Fault
rupture. These features illustrate the amounts and distributions of deformation from the
September 2010 rupture of the Greendale Fault. In using the relict river channels as a
reference landform to identify the presence or absence of a previous rupture that post-dates
formation of the channels, a key question is whether such an amount of deformation would
be discernable within these arrays of river channels. Below we characterise the width, form
and degree of sharpness of these channel features.
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Figure 3.3 Detailed geomorphic map of prominent relict river channels (paleochannels) of part of
‘Melrose’ farm, Clintons Road. The map was compiled at 1:2,500 scale, and is presented at 1:5,000
scale) See Figure 3.2 for location.
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Figure 3.4 Detailed geomorphic map of prominent paleochannels northwest of Highfield
Road/Grange Road. See Figure 3.3 caption for more detailed explanation, and Figure 3.2 for location.
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Figure 3.5 Detailed geomorphic map of prominent paleochannels northeast of Highfield
Road/Grange Road. See Figure 3.3 caption for more detailed explanation, and Figure 3.2 for location.
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Figure 3.6 Detailed geomorphic map of prominent paleochannels west of Kivers Road, presented in
two adjoining maps, a) west and b) east. See Figure 3.3 caption for more detailed explanation, and
Figure 3.2 for location.
3.2.1.2

Results from analysis of aerial photographs

The prominent channels, which have sufficient depth and continuity to be mapped with
confidence, are typically between 10 and 20 m wide (Figures 3.3-3.6). From our experience
of field examination of these types of channel features on the Canterbury Plains, these
channels, although distinctive from the air, have smooth, rather diffuse margins on the
ground. Their margins are difficult to pinpoint to better than one or two metres accuracy on
the ground, and their diffuseness is exacerbated by the generally sinuous courses of these
channels. The channels are rarely more than 1.5 m deep.
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The detailed mapping of channels has highlighted that these features, although prominent
from a distance, are relatively wide and their margins are not sharp. Taking the example of
the styles of deformation produced in the September 2010 fault rupture, the deformation
although as much as 5 m laterally, was diffused over a zone at least 30 m wide, and locally
as much as 300 m, or more. Accordingly, we have a low level of confidence that we could
recognise the presence of pre-existing fault rupture(s) using these channel patterns alone. In
other words, had there been a lateral offset comparable to the September 2010 event on the
Greendale Fault, we are not sure that we would see it across these broad sinuous channels.
For comparison, had there been three previous ruptures deforming the channels seen in the
1940s photographs, amounting to as much as 15 m lateral offset, then it is likely that this
would be easily recognised from disruption of the channel pattern.
A notable feature of the September 2010 fault trace is the presence of en-echelon push-ups
and bulges in the fault zone. It would seem reasonable to expect that similar features would
have formed in previous surface ruptures of the Greendale Fault. No obvious pre-existing
bulges have been noted. However, one factor to consider is that previous ruptures may not
have produced push-ups and bulges of the same size and/or in exactly the same locations
as occurred in the 2010 rupture. Furthermore, the passage of time may have resulted in
considerable smoothing-over of any surface deformation from a previous surface rupture,
reducing its geomorphic prominence. Overall, we consider it reasonable to entertain the
possibility that subdued push-ups from a previous rupture, had there been one since the
Burnham alluvial plains were abandoned by the rivers, may have been present, undetected.
In examining the aerial photographs, one possible anomaly in the channels was noted,
immediately west of Highfield Road (Figure 3.4). Here, three fairly prominent channels lose
their expression right on the line of a push-up formed during the September 2010
earthquake. Figure 3.7 presents overlapping aerial photographs that show this paddock,
positioned to allow stereoscopic viewing. In the upper photograph pair, providing stereo
coverage of the eastern side of the paddock, red arrows indicate the line of the possible
tectonic feature. It appears to be up to the south. This tentative interpretation of these
features provides at most the hint of a possibility of a pre-existing tectonic feature at this
location on the Greendale Fault prior to the September 2010 rupture. Of course, these
topographic features no longer exist in their 1940s form, on account of the recent
deformation event. However, this area may be a target for further examination in the field.
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Figure 3.7 Aerial photographs 148/17 (left) and 148/18 (right) trimmed and position for stereoscopic
viewing. The upper pair of images provides stereo coverage of the eastern side of the paddock close
to Highfield Road, while the lower pair provides a stereo view of the western side of the paddock.
Images taken 17th October 1942, New Zealand Aerial Mapping Ltd.

3.2.2

Assessment of previous fault deformation on LiDAR datasets

The Transpower Ltd. electricity pylon LiDAR datasets cross the Greendale Fault at highly
oblique angles, but nevertheless, by differencing them with the post-earthquake LiDAR
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dataset, nicely delineate the 4th September 2010 Greendale Fault vertical displacement
(e.g., Figure 3.8). In addition, one of the datasets shows a broad (~800 m wide) topographic
high spanning the position of the Greendale Fault (Figure 3.8), but it is ambiguous as to
whether this is a tectonic or a topographic feature.

Figure 3.8 Post- and Pre-earthquake topographic profiles across the Greendale Fault, constructed
from LiDAR data along a line of electricity pylons (see Figure 3.2 for location).

To search for previous fault deformation, all the hillshade and the slope images from the
post-earthquake LiDAR dataset were examined. Not all the channels mapped on the 1940’s
aerial photographs could be identified on the LiDAR DEM’s, but conversely, some were
better defined than on the aerial photographs. Right-lateral tectonic offsets of channels are
not apparent on the DEMs (Figure 3.9), but the resolution is constrained by the channel
widths (typically 10 to 20 m, as described above). Therefore, in agreement with the aerial
photograph analysis, in the central part of the fault, where the Darfield Earthquake lateral
displacement is as much as 4 to 5 m, it is possible that one previous event could not be
identified on the LiDAR datasets. It is however, considered unlikely that three events
(approximately the average channel width) could be missed.
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Figure 3.9 a) Hillshaded relief image from the post-earthquake LiDAR (sun to the northeast)
showing a channel with little evidence for right-lateral offset. b) Slope image from the post-earthquake
LiDAR showing a major channel with little evidence for right-lateral offset. Dark blue lines outline
channels identified on the 1940’s aerial photographs (i.e., pre- 2010 deformation), and purple lines
show fencelines offset in the Darfield Earthquake. In both figures the Greendale Fault is marked by
the red arrows. See Figure 3.2 for locations.

3.3

Age of the landforms in the vicinity of the Greendale Fault

There is no direct dating of the surface deposits and landforms of the Canterbury Plains in
the vicinity of the Greendale Fault. In the Waimakariri River headwaters, the ice-age glacier
had melted back from its innermost (Poulter) moraine, leaving a short-lived glacial lake, prior
to 16,000 years ago (McGlone et al. 2004; note, this is calendar years, rather than
radiocarbon years). It is reasonable to assume that this event would have greatly stemmed
the supply of river sediment to the plains, and caused the Waimakariri River to begin
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downcutting and forming its post-glacial valley. Thus we infer, tentatively, that river action
ceased on those areas of the plain developed on Burnham Formation glacial outwash
surfaces about 16,000 years ago, and perhaps a little later on Burnham alluvial surfaces
(Figure 1.2 ).
We cannot apply any well-constrained uncertainty to this age; nominally we assign plus or
minus 2,000 years. This is compatible with an age of 13,000 +/- 2,000 years for the onset of
deposition of post-glacial loess over the top of Burnham Formation gravels at Barrhill, on the
southwest bank of the Rakaia River (Berger et al. 1996). However, whether the Rakaiasourced Burnham Formation surface at Barrhill is the same age as the Waimakariri-sourced
Burnham Formation surfaces in the vicinity of the Greendale Fault is not known.

3.4

Recurrence interval of the Greendale Fault

The analysis of deformation prior to 4th September 2010 presented above suggests that the
Greendale Fault is likely to have an average Recurrence Interval >5000 years. Possible
subtle evidence of pre-2010 faulting at two locations could suggest at least one event prior to
2010, displacing ~16,000 year old stream channels. In that case, the fault would have
moved at least twice (including the 2010 rupture) in the last 16,000±2000 years. That yields
a recurrence interval of 8000±1000 years.
However, as noted above, two events could have occurred prior to 2010. On the one hand,
the broad shape of the channels and the distributed style of lateral deformation of the 2010
surface rupture suggest that, the accumulated lateral displacement of 2 events could be
difficult to identify in the 1942 aerial photographs. On the other hand, the accumulated
vertical displacement of two ruptures, if it is similar to that on 2010, is likely to be preserved
in the landscape and identified. However, we are not sure that the same amount of vertical
deformation occurred at the same locations during each fault rupture.
With the resource available we cannot confirm if two events occurred prior to the 2010 (and
after abandonment of the 16,000 terrace surface). Therefore, we will take a conservative
approach and assume that the Greendale fault could have ruptured three times (two prior to
2010 plus the 2010 rupture) within the age of the geomorphic surface displaced, i.e.,
~16,000±2000 years. This yields an average recurrence interval between 5300±600 years.

4.0

FAULT DEFORMATION AREA

We have mapped the area deformed by the 2010 rupture of the Greendale Fault following
the recommendations of the MfE Active Fault Guidelines. From those guidelines, two
concepts are relevant for mapping the extent of the deformation, “Fault Avoidance Zone” and
“Fault Complexity”. A Fault Avoidance Zone is defined in the MfE Active Fault Guidelines as
“an area created by establishing a buffer zone either side of the known fault trace”. The
guidelines recommend a minimum buffer zone width of 20 m either side of the fault trace.
Fault Complexity refers to the width and distribution of the deformed land comprising the
fault trace. This concept allows assessment of minor distributed deformation in the vicinity of
the fault. The MfE Active Fault Guidelines identify three types of Fault Complexity:
-

Well defined: A well-defined fault trace of limited geographic width (typically metres to
tens of metres wide).
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-

Distributed: Deformation is distributed over a relatively broad geographic width (typically
tens to hundreds of metres wide). Usually comprises multiple fault traces and/or folds [in
the case of the Greendale Fault, this would include horizontal flexure]

-

Uncertain: The location of fault trace(s) is uncertain as it either has not been mapped in
detail or it cannot be identified. This is typically a result of gaps in the trace(s), or erosion
or coverage of the trace(s).

The MfE Active Fault Guidelines recommend differing limitations on land development
depending on the specific type of Fault Complexity. Therefore it is important to map the fault
zone in terms of its Fault Complexity.

4.1

Fault mapping

In our mapping we have collated as much detail of the fault-related features as possible
within the limits of the available datasets. The datasets comprise our detailed field mapping
and survey measurements obtained during the weeks after the 4th September earthquake,
as well as LiDAR images (and derived DEMs, hillshaded relief, slope and aspect maps) and
corresponding aerial photographs acquired a week after the earthquake (see section 2.2;
Figure 4.1).
The fieldwork concentrated on measuring vertical and lateral displacements using displaced
man-made features such as roads, fences, and so on. As a consequence, only a small
proportion of the thousands of Greendale Fault deformation features were surveyed in the
field; instead, we relied on the detailed aerial photography and imagery to capture these
features for subsequent desk-top mapping
The fault features that we mapped have been classified for simplicity as “faults” and “fault
scarps” (Figure 4.1). The term “fault” is used for any feature that clearly opened or torn the
ground. These include open fissures as well as faults. A fissure is an open crack across
which there is no measurable sideways and/or up/down displacement of one side compared
to the other side. Fissures usually occur in association with areas of sideways-stretched or
upward-bulged ground within the fault zone. In contrast, faults are fractures that show
noticeable sideways and/or up/down displacement of one side relative to the other. Strictly
speaking, fissures are not faults in a geological sense, but for practical purposes we have
grouped them together because they cannot easily be distinguished from one another using
the LiDAR dataset.
As a sub-category of faults, we have also mapped a number of “suspected faults”. These
include fissures, faults and fault scarp that we noted during the field mapping campaign, but
did not examine in detail, or survey precisely using GPS. Also within the suspected fault
category are subtle lineaments visible on the post-earthquake aerial photography or LiDAR
imagery, that were not obvious in the field, but which are sufficiently evident in the imagery
to warrant being mapped.
The category “fault scarp” refers to step-like bends in the ground surface. These steps may
be purely the result of bending (folding or flexure) of the ground, or may include some
bending in conjunction with offsets along one or several faults. In our mapping, the line
denoting a fault scarp is positioned at the topographically lower edge of the scarp.
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The “broad scarp” category include very wide (tens of metres) or very subtle (amplitude of
less than about 1 m) bends in the ground surface. Commonly, the margins of these features
are so gentle that they are hard to pinpoint exactly. As for a fault scarp, the line depicting a
broad scarp is positioned at the topographically lower edge of the scarp. In addition, an
estimate of the width of each broad scarp is included as a data attribute.
The last category (broad fold) refers to subtle sideways bends of the ground surface that
accompanied the Greendale Fault rupture. These features were only revealed on account of
human-constructed straight lines, such as roads, fences, etc., that were measurably bent.
Each broad fold is denoted by a single line positioned at the approximate centre-line of the
fold, accompanied by an estimate of the distance to each margin of the fold.

Figure 4.1 Images obtained from the post-earthquake DEM produced with LiDAR data, and used to
map ground features associated with rupture of the Greendale fault on the 4 September 2010. A) Hillshaded relief image with illumination from N45°E. B) Same; illumination from N335°E. C) Aspect
(orientation of the slope with respect to the north) image. D) Slope angle image. E) Orthophotos
(arrows indicate faults). F) Detail of E) (arrows indicate faults). G) Data compiled in the field (black
lines) and estimates of fault width from the field datasets (see Figure 4.2 for explanation). H) Ground
surface features (faults) mapped with A to G.

As part of our ongoing scientific research studies, we have mapped as many features as
possible from the LiDAR and aerial photograph datasets, from which we can map all the
main surface fault rupture features identified in the field. However, the datasets do not have
the resolution to map small fissures or faults with only small offsets that have no vertical
displacement. The LiDAR data and the aerial photography acquired simultaneously have
been very useful to map features that have produced vertical relief and large strike-slip
faults. These datasets are analysed at a 0.5 m pixel and thus features with displacements
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<0.3 m are likely to be missed. Unfortunately, the quality of aerial photographs acquired with
the LiDAR was poor. The ground was shaded by the plane, which made a large number of
photographs quite dark and low contrast. Also the direction of the sunlight enhanced only
features that were oriented north-south. Therefore, we could not map all features of the
rupture. However, using all resources available we have been able to delineate the area
deformed by the 4th September rupture and to assess the uncertainty of its boundaries.

4.2

Definition of the Fault Avoidance Zone

In this investigation, we have used the mapped fault features as a basis for defining Fault
Complexity types: “well defined”, “distributed”, and “uncertain” (Figure 4.2) in accord with the
principles of the MfE Active Fault Guidelines.
We consider that the mapped features categorised as faults, fault scarps, and broad scarps
are sufficiently well delineated in our datasets to qualify as “well defined” Fault Complexity.
We consider that our broad folds qualify as “distributed” Fault Complexity. In addition we
have mapped some areas of “distributed” or “uncertain” Fault Complexity in zones where
broad bulges were noted during field work, and at some of the step-overs in the fault trace.
It is important to note that there is natural imprecision in our mapping of fault features. Many
of the features that we represent as a single line actually have some width. Examples
include an open fissure that is several tens of centimetres wide, or a fault that, in detail, is
really an array of interlocking small fractures over a zone up to several metres wide. At best,
we consider the locations of lines in our mapped dataset to be accurate to only ± 2 m, and in
some cases, may only be accurate to ± 5 m or so.
For this reason, we have, using ArcGIS®, generated a 10-m-wide envelope of uncertainty
around the periphery of all our mapped “well defined” features. This envelope allows for the
uncertainty in the mapping, but also encompasses: (i) small features which were seen during
the field campaign but are below the resolution of the aerial photographs and LiDAR data;
and (ii) broad deformation which extended beyond the mapped faults and bulges (and which
was not even visible to the eye in the field, but is clear in the images).
The width of the deformation was accurately measured at many of the ~100 sites of
displaced man-made structures using field data. These measurements have been used here
to check that our delineated Fault Complexity zones are wide enough to encompass all the
deformation.
In Figure 4.2 we show the fault features and Fault Avoidance Zones mapped in the area
southwest of Telegraph Road. We also show points marking 50% and 100% of the total
displacement across the fault (i.e., fault width measured using field data). The 10 m buffer
zone (orange) almost everywhere includes the 50% deformation locations (red dots) within
the well-defined Fault Complexity zone (and often up to 80%). The 50% fault width includes
features with large displacements that are the most hazardous for buildings. The area from
50 to 100% usually contains numerous small features with very small (<cm) displacements.
We also consider that the way we have defined the well-defined Fault Complexity zone
accounts for the uncertainty in capturing the fault features in the map, which is as much as ±
5 m (see text above).
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Figure 4.2 Example of the construction of well-defined and distributed fault avoidance zones in the
area southwest of Telegraph Road.

Towards the western end of the Greendale Fault, the deformation occurred across a broad
zone with both horizontal and vertical displacement. Categorised in our mapping as “broad
scarp”, the vertical component of these features is visible in the available LiDAR. These
broad scarps are sufficiently wide as to require that they also be mapped an area, rather
than just as a line. The line is drawn at the topographically lower side of the scarp. Within
ArcGIS®, we used our mapped width value for each broad scarp to generate a map area for
each broad scarp. We then applied the additional 10-m-wide envelope of uncertainty to
these mapped areas.
Towards the eastern end of the Greendale Fault, the deformation also occurred across a
broad zone, but was only visible as broad flexures of human-made features. The features in
this area have been labelled as “broad folds” and the Fault Complexity zone is defined as
distributed. These broad folds are shown in our dataset using a line to mark the centreline of
each fold. The dataset includes a value of the width of each feature. Because these features
are so subtle, and accordingly our field measurements widely spaced, we have chosen to
apply a conservative width of 280 m to the Greendale Fault trace in this area, representing
the maximum measured width. Note that in the dataset, the width value is the distance to
each margin from the centreline of the fold; in effect it is half of the total width. Using
ArcGIS®, we used the width value for each broad fold to generate a map area for distributed
Fault Complexity represented by these folds. Our conservatively-large mapped width is
sufficient to accommodate uncertainties in the locations of these features, so we did not
apply an additional envelope of uncertainty.
In other areas outside the well-defined Fault Avoidance Zone, there is still some distributed
deformation. These are generally step-over areas between fault traces, where fissures and
GNS Science Consultancy Report 2011/121

27

2011

small faults have been identified in the field. In other places, the 100% deformation width
measured in the field extends for quite a distance beyond the well-defined Fault Avoidance
Zone. In those cases we have extended the “distributed” Fault Complexity zone to include
those points (Figure 4.2).
In some the areas between large step-overs (e.g., west of Coaltrack Road; Figure 4.3c), we
have not been able to identify features during the field campaign, or with the images used.
However, we cannot rule out that some subtle deformation took place for two reasons: 1) we
did not visit all the area within the step-overs in the field, and; 2) the deformation along the
easternmost segment of the fault is not visible on the LiDAR images but was mapped in the
field (as described above). It is also possible that subtle deformation in the step-over cannot
be mapped from the LiDAR. In these areas we have defined an uncertain Fault Complexity
zone and its corresponding Fault Avoidance Zone.
Following the MfE Active Fault Guidelines, we define the Fault Avoidance Zone by adding a
20 m setback to the mapped Fault Complexity zones. An example of the Fault Avoidance
Zone for a well-defined fault trace is shown in Figure 4.2. Along most of the fault length,
100% of the deformation, as measured from field data, is contained within this Fault
Avoidance Zone.
Figure 4.3 and Map 1 (see Appendix C) show all the well-defined, distributed, and uncertain
Fault Avoidance Zones defined for the Greendale Fault. These are also included as
ArcGIS® shapefiles on the accompanying CD.
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Figure 4.3 Fault Avoidance Zones defined for the Greendale Fault. See text for description of the
fault avoidance zone types.
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5.0

BUILDING ON OR NEAR THE GREENDALE FAULT TRACE

In accordance with the MfE Active Fault Guidelines, we have delineated Fault Avoidance
Zones for the Greendale Fault (Section 4.0). These Fault Avoidance Zones are of two types,
well defined and distributed, and range in width from about 70 m to greater than 300 m. In
addition, we have placed the Greendale Fault into Recurrence Interval Class IV (>5000 to
≤10,000 years) (see Section 3.0).

5.1

Building Importance Category

In the event of fault rupture, buildings constructed on a fault that ruptures will be subject to
distortion and can suffer extensive damage, and possibly collapse. Buildings adjacent to a
fault and within a Fault Avoidance Zone may also be damaged when subject to fault induced
ground deformation. The risk of damage from fault rupture at a site is therefore a function not
only of the location and activity of a fault, but also on the type of structure/building that may
be impacted by rupture of that fault. The MfE Active Fault Guidelines define five Building
Importance Categories (Table 5.1) based on accepted risk levels for building collapse
considering building type, use and occupancy. This categorisation is weighted towards lifesafety, but also allows for the operational continuity of critical structures whose postearthquake function is required to be maintained.
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Table 5.1 Building Importance Categories and representative examples. For more detail see Kerr
et al. (2004), and Van Dissen et al. (2006)
Building
Importance
Category

Description

1

Temporary structures with
low hazard to life and other
property

2a

Timber-framed residential
construction

2b

Normal structures and
structures not in other
categories

3

Important structures that may
contain people in crowds or
contents of high value to the
community or pose risks to
people in crowds

4

Critical structures with
special post disaster functions
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Examples
•
•
•
•

Structures with a floor area of <30m 2
Farm buildings, fences
Towers in rural situations
Timber framed single-story dwellings

• Timber framed houses with area >300 m2
• Houses outside the scope of NZS 3604 “Timber
Framed Buildings”
• Multi-occupancy residential, commercial, and
industrial buildings accommodating <5000 people
and <10,000 m2
• Public assembly buildings, theatres and cinemas
<1000 m2
• Car parking buildings
• Emergency medical and other emergency
facilities not designated as critical post disaster
facilities
• Airport terminals, principal railway stations,
schools
• Structures accommodating >5000 people
• Public assembly buildings >1000 m2
• Covered malls >10,000 m2
• Museums and art galleries >1000 m2
• Municipal buildings
• Grandstands >10,000 people
• Service stations
• Chemical storage facilities >500m2
• Major infrastructure facilities
• Air traffic control installations
• Designated civilian emergency centres, medical
emergency facilities, emergency vehicle
garages, fire and police stations
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5.2

Relationship between Fault Recurrence Class and Building
Importance Category

A key parameter used in the MfE Active Fault Guidelines to characterise surface rupture
hazard is the average recurrence interval of surface rupture faulting. The average recurrence
interval of surface rupture is the average number of years between successive surface
rupture earthquakes along a specific section/length of fault. Typically, the longer the average
recurrence interval of surface rupture of a fault, the less likely the fault is to rupture in the
near future (i.e. over the intended design life of a building that may be cited on or close to
the fault).. Likelihood of rupture is probably also a function of other variables such as
elapsed time since the last rupture of the fault, and the size, style and timing of large
earthquakes on other nearby faults; however, these variables are not used to define rupture
hazard in the MfE Active Fault Guidelines. Notwithstanding, a fault with a long recurrence
interval typically poses less of a hazard than one with a short recurrence interval. In the MfE
Active Fault Guidelines, active faults are grouped according to Recurrence Interval Class
(Table 5.2), such that the most hazardous faults, i.e. those with the shortest recurrence
intervals, are grouped within Recurrence Interval Class I. The next most active group of
faults are those within Recurrence Interval Class II, and so on. The Greendale Fault has
been conservatively placed into Recurrence Interval Class IV (>5000 to ≤10,000 years).
Table 5.2 Relationships between Recurrence Interval Class, Average Recurrence Interval of
Surface Rupture, and Building Importance Category for Previously Subdivided and Greenfield Sites.
For more detail see Kerr et al. (2004), and Van Dissen et al. (2006).
Recurrence
Interval
Class

I

Average
Recurrence
Interval of
Surface Rupture
≤2000 years

II

>2000 years to
≤3500 years

III

>3500 years to
≤5000 years

IV

>5000 years to
≤10,000 years

V

>10,000 years
to
≤20,000 years

VI

>20,000 years
to
≤125,000 years

Building Importance (BI) Category Limitations
(allowable buildings)
Previously subdivided or
developed sites
BI Category 1
temporary buildings only
BI Category 1& 2a
temporary & residential timberframed buildings only
BI Category 1, 2a, & 2b
temporary, residential timber-framed
& normal structures

“Greenfield” sites

BI Category 1
temporary buildings only

BI Category 1& 2a
temporary & residential timber-framed
buildings only
BI Category 1, 2a, & 2b
BI Category 1, 2a, 2b & 3
temporary, residential timber-framed &
normal structures
temporary, residential timber-framed,
normal & important structures
BI Category 1, 2a, 2b & 3
(but not critical post-disaster facilities) temporary, residential timber-framed,
normal & important structures
(but not critical post-disaster facilities)
BI Category 1, 2a, 2b, 3 & 4
critical post-disaster facilities cannot be built across an active fault with a
recurrence interval ≤20,000 years

Note: Faults with average recurrence intervals >125,000 years are not considered active

The MfE Active Fault Guidelines advocate a risk-based approach to dealing with
development of land on, or close to active faults. At a particular site, the risk of collapse
posed by fault rupture is a function not only of the location and activity of a fault, but also the
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resilience of the structure/building that may be impacted by rupture of the fault. For sites on,
or immediately adjacent to, active faults, the hazard (risk) is higher for faults that have
shorter recurrence intervals. Also, society’s expectation of building performance to
earthquake attack increases as Building Importance Category increases. Therefore, in order
to maintain a consistent level of acceptable risk, it appears reasonable to impose more
restrictions on the development of sites located on, or immediately adjacent to highly active
faults, compared to sites located on, or immediately adjacent to low activity faults. This
hierarchical relation between fault activity (Recurrence Interval Class) and building type
(Building Importance Category) is presented in Table 5.2.
The MfE Active Fault Guidelines also make a pragmatic distinction between previously
subdivided and/or developed sites, and undeveloped “greenfield” sites, and allows for
different conditions to apply to these two types of sites of differing development status (Table
5.2, see also Table 5.3). The rationale for this is that in the subdivision/development of a
”greenfield” area, a change of land usage is usually being sought, and it is much easier, for
example, to require a building setback distance from an active fault, or to plan subdivision of
land so as to avoid encroaching on an active fault. However, in existing built-up areas,
buildings may have been established without knowledge of the existence or location of an
active fault, and members of the community may have an expectation to continue to live
there, despite the potential danger.
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Table 5.3 Examples, based on the MfE Active Fault Guidelines, of Resource Consent Category for
both developed and/or already subdivided sites, and Greenfield sites along the Greendale Fault
accounting for various combinations of Building Importance Category, and Fault Complexity.

GREENDALE FAULT
(based on Recurrence Interval Class IV, >5000 to ≤10,000 years)
Developed and/or Already Subdivided Sites
Building
Importance
Category

1

Fault Complexity

2a

2b

3

4

Resource Consent Category

Well Defined

Permitted

Permitted*

Permitted*

Permitted*

NonComplying

Distributed, &
Uncertain constrained

Permitted

Permitted

Permitted

Permitted

NonComplying

Uncertain poorly constrained

Permitted

Permitted

Permitted

Permitted

NonComplying

Greenfield Sites
Building
Importance
Category

1

Fault Complexity

2a

2b

3

4

Resource Consent Category

Well Defined

Permitted

Permitted*

Permitted*

NonComplying

NonComplying

Distributed, &
Uncertain constrained

Permitted

Permitted

Permitted

Discretionary

NonComplying

Uncertain poorly constrained

Permitted

Permitted

Permitted

Discretionary

NonComplying

Notes:
* Indicates that the Resource Consent Category is permitted, but could be controlled or
discretionary given that the fault location is well defined.
Italics: The use of italics indicates that the Resource Consent Category of these categories
is more flexible. For example, where discretionary is indicated, controlled may be
considered more suitable by Council, or vice versa.
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5.3

Resource Consent Category

Fault Recurrence Interval Class, Fault Complexity, and Building Importance Category are
the three key elements, that when brought together, enable a risk-based approach to be
taken when making planning decisions about development of land on, or close to active
faults. Understanding the interrelationships between these key parameters is critical to the
development of consistent, risk-based objectives, policies and methods to guide
development of land that may be impacted by surface rupture faulting. The critical
relationships between Recurrence Interval Class and Building Importance Category are
summarised in Table 5.2. These interrelationships are expanded upon in Table 5.3 for the
Greendale Fault. This table provides Resource Consent Category recommendations for
various combinations of Fault Complexity, and Building Importance Category. Considering
the Recurrence Interval Class of the Greendale Fault (RIC IV), the MfE Active Fault
Guidelines recommend that construction of Building Importance Category 1, 2a & 2b
structures (Table 5.1) be considered a permitted activity within the Fault Avoidance Zones
defined around the Greendale Fault. Construction of Building Importance Category 3
structures should be considered a permitted activity for previously developed sites within the
Fault Avoidance Zones, and a non-complying and/or discretionary activity for “greenfield”
sites. For both previously developed and “greenfield” sites, the MfE Active Fault Guidelines
(Table 5.3) recommend that construction of Building Importance Category 4 structures be a
prohibited activity within the Fault Avoidance Zones of the Greendale Fault.
It is important to note that the Resource Consent Categories listed in Table 5.3 are, in the
end, only recommendations. We acknowledge that determining the appropriate Resource
Consent Category for different scenarios/combinations of Recurrence Interval Class, Fault
Complexity, and Building Importance Category can be a complex task, especially when
trying to anticipate and/or accommodate the level of risk that a community may or may not
be willing to accept. The level of risk that a community may be willing to accept will
undoubtedly vary from District to District, and Councils may wish to modify the specific
Resource Consent Categories listed in Table 5.3 to better meet their needs but, certainly, as
risk increases, the Resource Consent Categories should become more restrictive, and the
range of matters that Council needs to consider increases. The principal issue is to ensure
that Councils have the ability to address the issues of fault rupture hazard/risk when
assessing a resource consent application. When dealing with controlled and discretionary
activities, the matters over which a Council exercises control or restricts its influence are
important. For these categories, the matters a Council may need to consider include: the
proposed use of the building; the site layout including building setback and separation
distance; building height and design; construction type; and financial contributions such as
reserve contributions.
It is important to remember that surface fault rupture is a seismic hazard of relatively limited
geographic extent, compared to strong ground shaking, and can, in many cases, be avoided,
especially for “greenfield” sites. If avoidance of surface rupture fault hazard at a site is not
practicable, then planning/design measures need to be prescribed/incorporated to
mitigate/accommodate the co-seismic surface rupture displacements anticipated at the site.
The planning/design measures also need to be consistent with the appropriate combination
of Fault Complexity, Recurrence Interval Class, and Building Importance Category relevant
to that site.
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Also worth reiterating is that it may be is possible to reduce the width of, and reclassify, Fault
Avoidance Zones if specific fault studies at or near the site provide more certainty as to the
fault’s location or characteristics. Commensurate with a reclassification of Fault Avoidance
Zone is, potentially, reclassification of Resource Consent Category at the site.

5.4

Effects of Greendale Fault surface rupture on man-made structures
and mitigation of damage resulting from surface fault rupture

Despite the fact that the MfE Active Fault Guidelines recommend that construction of many
categories of structures within the Fault Avoidance Zones of the Greendale Fault should be
a permitted activity (Table 5.3), those wishing to develop within these zones may wish to
adopt building practices and styles, over and above those required by the current Building
Standard, that have the potential to limit damage and facilitate reinstatement in the unlikely
event of near-future rupture along the Greendale Fault. Towards this end, it is useful to
briefly review the performance of several of the buildings that were directly impacted by
Greendale Fault rupture and, with reference to overseas examples (e.g. Bray 2001, 2009a,
2009b; Bray & Kelson 2006; Honegger et al. 2004; Kelson et al. 2001a, 2001b; Lazarte et al.
1994; Lettis et al. 2000; Murbach et al. 1999; Niccum et al. 1976; Ulusay et al. 2001),
highlight aspects of those structures that will aid in mitigating future damage caused by
surface fault rupture.
About a dozen buildings, typically single-storey timber-framed houses and farm sheds with
light-weight roofs, lay either wholly, or partially, within the Greendale Fault surface rupture
deformation zone. None of these buildings collapsed, even those with more than 0.5 m of
discrete shear extending through/under them (Figures 5.1 and 5.2), but all were more
damaged than comparable structures immediately outside the zone of surface rupture
deformation. From a life-safety standpoint, all these buildings performed satisfactorily, but
with regard to post-event functionality, there are notable differences. The houses with lightlyreinforced concrete slab foundations (often also brick-clad) suffered moderate to severe
structural and non-structural damage. Three other buildings exhibited more favourable
performance and will be potentially more straightforward to reinstate. One had a reportedly
well-reinforced concrete slab foundation (Figure 5.3). Another had a shallow-seated pile
foundation that fortuitously isolated a significant amount of ground deformation from the
timber-framed, metal-clad superstructure (Figure 5.2). The third, despite having steel piles
set in concrete, had a steel and plywood structural system that was exceptionally robust and
allowed the house to tilt and rotate as a rigid body (Figure 5.4).
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Figure 5.1 Timber-framed, brick-clad house with concrete slab foundation (at most only lightlyreinforced) and light-weight roof that is located within a ~150 m wide deformation zone accommodating 4 to 5 m of right-lateral displacement. The house is badly damaged by distributed deformation,
and ~0.5 m of discrete strike-slip rupture (red arrows) that enters the house through the front door (B),
passes through the house’s foundation (including living room), and exits through the back door (D).
Photos: A by Richard Cosgrove looking S; B by Hayden Mackenzie looking WNW; C by Hayden
Mackenzie looking SSW; D by Dougal Townsend looking ESE.
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Figure 5.2 Timber-framed farm shed that is located within a 25 to 50 m wide deformation zone
comprising both discrete shears (red arrows) and distributed deformation, and accommodating ~2.7 m
of net slip (predominantly strike-slip - note right-lateral offset of irrigation channel in right-hand side of
A). The farm shed is made up of two parts, a larger metal-clad structure with a timber floor that is
founded on shallow seated ~700 mm high concrete piles (D), and a smaller lean-to structure attached
to the side (A & C). The lean-to is a pole building (part metal-clad and part wood-clad) with an
unreinforced concrete floor. The response of the two different construction styles to surface fault
rupture was noticeably different. The support poles of the lean-to are set into the ground. Right-lateral
fault rupture under the lean-to led to lateral displacement of the support poles on either side of the
rupture, and significant distortion of the walls and roof (C). In contrast, surface rupture deformation
under the larger piled structure was, in large measure, isolated from the superstructure by rotation of
the shallow seated piles. The timber flooring and framing, and metal cladding proved a resilient
structural system that limited internal distortion. It would be a relatively straightforward process to relevel and reinstate this portion of the building. Photos: A by Richard Cosgrove looking NE; B by
Dougal Townsend looking W; C by Dougal Townsend looking E; D by Russ Van Dissen looking SW.
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Figure 5.3 A) Light-industrial building with a reportedly well-reinforced concrete slab foundation is
tilted and rotated, but relatively undamaged, by ~1.7 m right-lateral and < 1 m vertical (south side up)
displacement distributed across a ~100 m wide deformation zone. Red arrows denote location, strike
and sense of lateral displacement of the surface rupture deformation zone. Photo by Richard Jongens
looking NE. B) Fence line adjacent to site crosses the surface rupture deformation zone and records
the amount, width, and distributed style of fault displacement here (camera location for B is shown by
black “f” in A). Photo by Russ Van Dissen looking SW. C & D) Long axis of building is oriented ~55°
counter-clockwise to the general strike of the fault rupture. Distributed displacement imposed tensile
ground strains across the site with an orientation roughly sub-parallel to the building’s long axis. The
foundation of the building was robust enough to resist these strains (i.e. no cracking of the foundation
was evident) and, instead, the soil pulled away from either end of the building’s foundation (yellow “t”
in C & D). Photos C & D by Russ Van Dissen looking NW.
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Figure 5.4 A) Light-gauge steel-framed, plywood- and weatherboard-clad house with steel pile foundation, steel I-beam bearers, steel joists and plywood flooring that is tilted, and rotated, but only
slightly damaged by ~1 m of distributed vertical and right-lateral fault rupture spread over several tens
of metres width. Photo by Russ Van Dissen looking E. B) Close-up of pile, bearer and deformed
bolted connection. Photo by Russ Van Dissen looking WNW. Despite this house being essentially
“locked” into the ground (piles are concreted to ~1 m depth into the ground), it suffered only slight
damage because surface rupture deformation was distributed and relatively evenly spread across the
site, and because the structural system was strong and stiff enough to tilt and rotate as a rigid body.
Given this structure’s resilient, and somewhat uncommon, construction style, it should be a relatively
straightforward process to re-level and reinstate the house.

Characterising the hazards associated with surface fault rupture, and developing design
strategies to mitigate those hazards have been the focus of a number of publications by J.D.
Bray (e.g. Bray 2001, 2009a, 2009b; Bray & Kelson 2006). In these, he consistently
highlights four principal means for addressing surface fault rupture hazard: (i) land use
planning; (ii) engineering geology; (iii) geotechnical engineering; (iv) structural engineering.
Depending on fault rupture characteristics and site conditions, he advocates a number of
potentially effective design measures that include: establishing non-arbitrary setback
distances; isolating foundations from underlying ground movement (e.g. through the use of
slip layers); and designing strong foundations that resist imposed earth pressures.
Observations of building response to the Greendale Fault surface rupture are supportive of
Bray’s recommendations. Those houses with lightly-reinforced concrete slab foundations
(e.g. Figure 5.1) would have benefited from having foundations that were stronger and more
ductile, and/or able to isolate underlying fault rupture from the overlying house. Buildings
less damaged by surface rupture deformation were those that had foundations that were
strong enough to resist imposed strains (Figure 5.3), or isolated ground deformation from the
superstructure (Figure 5.2). From the perspective of post-event reinstatement, the building
that performed best is depicted in Figure 5.4. It had the capacity to tilt and rotate as a rigid
body, suffering very little internal deformation, and will be relatively straightforward to relevel. For buildings that could be subjected to tilting due to surface rupture deformation,
design measures that not only limit damage, but also facilitate re-leveling are advantageous
and, as this house illustrates, achievable.
The building depicted in Figure 5.4 was subjected to both surface fault rupture and
epicentral-strength strong ground shaking, and performed in a fashion that not only greatly
exceeded life-safety objectives, but will also greatly facilitate post-event reinstatement.
However, if the building had been subjected to greater amounts of deformation, especially
discrete displacement, the pile foundation may have been able to transfer enough
deformation into the superstructure to damage it. Design modifications to potentially mitigate
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this, yet still retain the building’s noteworthy resilience, could be to: i) use piles specifically
designed to yield during surface fault rupture, and/or ii) use two sets of bearers with one set
attached to the piles and oriented parallel to the strike of the fault, and another orthogonal
set on top, onto which the floor joists are attached. With due geological and engineering
consideration both these options could conceivably be employed to successfully isolate
ground rupture from the superstructure and still retain the advantageous ease of re-levelling
qualities of this type of construction.
With regards to engineering solutions aimed at mitigating damage caused by surface fault
rupture there are specific geotechnical and structural engineering recommendations
/suggestions made by J.D. Bray that are worth highlighting. These are quoted directly below:
“Reinforced concrete mat foundations and interconnected spread footings, which should all have
the same base elevation, can be constructed atop a double layer of smoothly laid-out polyethylene
sheets sandwiched between layers of clean course sand to find gravel to “decouple” anticipated
ground deformation from the foundation elements. This defensive design measure will minimize
the transfer of horizontal strains in the ground blow the foundation to the structure.” (Bray 2009b,
page 1277)
“Foundation elements should be heavily reinforced to improve ductility and their bases should be
at the same elevation.” (Bray 2009b, page 1278)
“The foundation elements should be designed to minimize the transfer of ground strain into the
superstructure.” (Bray 2009b, page 1278)
“Post-tensioning the floor slab will improve its ability to bridge over irregular ground deformation of
limited extent. However, there is likely no mitigation method (other than avoidance) that is more
important than the use of a well-reinforced thickened mat foundation.” (Bray 2009a, page 44)
“The use of waffle slabs or an integrated foundation of footings interconnected with substantial
grade beams may also provide the foundation stiffness desired to bridge over gaps and span
warped ground” (Bray 2009a, page 44)
“In designing the structure, care should be also given to the selection of its structural system. A
redundant, robust structural system can work with the building’s foundation elements to reduce
internal distortions and enable the structure to respond to ground deformations in primarily a rigid
body mode.” (Bray 2009a, page 44)

6.0

CONCLUSIONS

We have mapped the area deformed by the Greendale Fault rupture, estimated a
preliminary recurrence interval for the fault based on existing information, and delineated
Fault Avoidance Zones. We have also made recommendations on building on, or near, the
Greendale Fault based on the MfE Active fault Guidelines and from the observations of
damage on buildings affected by surface rupture.
The Fault Avoidance Zones for the Greendale Fault are defined on Figure 4.3 and Map 1
and corresponding ArcGIS® shapefiles. Fault Avoidance Zones are attributed as well
defined and distributed, and range in width from about 70 m to greater than 300 m. These
were defined with the information compiled during the surface rupture mapping campaign
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immediately after the event, and with the LiDAR data and aerial photographs acquired a
week after the event. The Fault Avoidance Zone includes the definition of the Fault
Complexity of the area deformed by the fault (well defined and distributed fault zones) and
the 20 m setback recommended by the guidelines.
The Greendale Fault has been conservatively placed into Recurrence Interval Class IV
(>5000 to ≤10,000 years). Our results are based on a detailed analysis of the 1940s aerial
photography along the area where the fault ruptured, and pre-earthquake and postearthquake LiDAR sets. From our analyses, we conclude that there is subtle but plausible
evidence for one previous event along the fault trace at two locations. The broad style of
lateral deformation of geomorphic features such as stream channels evidenced in the 2010
surface rupture suggest that two events prior to the 2010 could have occurred but natural
topographic features such an ancient stream channels would not necessarily look displaced
on the aerial photographs. However, if two events had occurred prior to 2010, with similar
vertical features (fault scarp, bulges) as the 2010, these would have possibly been identified
on aerial photographs. With the current resources, it difficult to confirm if a second event
had occurred pre-2010. We have taken a conservative approach (i.e., one which maximises
the potential hazard) and assumed that the Greendale Fault could have ruptured the ground
surface as twice prior to 2010. This implies three ground surface rupture (to prior to 2010
plus the 4 September 2010 one) within the age of the surface of the Canterbury Plains in this
area (i.e., ~16,000 years). This yields a mean average recurrence interval slightly longer
than 5000 years.
Based on the MfE Active Fault Guidelines and the results above, we have set out
recommendations for land-use planning and development. Most categories of buildings are
permitted on previously developed or/and subdivided sites within the Fault Avoidance Zones
(both well-defined and distributed), except for critical structures with special post-disaster
functions (Building Importance Category, BIC, 4 structures). For Greenfield sites, apart from
critical structures, important structures which may contain people in crowds or contents of
high value to the community (BIC 3) are not permitted within the well-defined Fault
Avoidance Zones of the Greendale Fault. For Greenfield sites and within distributed and
uncertain Fault Avoidance Zones, BIC 3 structures are discretionary but BIC 4 structures are
non-complying.
Although the MfE Active Fault Guidelines recommend that construction of many categories
of structures within the Fault Avoidance Zones of the Greendale Fault should be a permitted
activity, we have summarised observations of building damage from the Greendale Fault
rupture, and other studies, to provide recommendations for construction within Fault
Avoidance Zones of the Greendale Fault. This is for those owners wishing to develop within
these zones and who may choose to adopt building practices and styles, over and above
that required by the current Building Standard. The main actions would include isolating
foundations from underlying ground movement (e.g. through the use of slip layers); and
designing strong foundations that resist imposed earth pressures.
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7.0

RECOMMENDATIONS

Apart from the specific recommendations presented above for building on, or close, to the
Greendale Fault, there are further recommendations that we would like to make. These are
related to the results of this study and to the lessons learned from the Darfield and
Christchurch earthquakes.
Recommendations from the results of this study:
-

The recurrence interval estimated in this study is only preliminary. If the client seeks to
constrain the fault recurrence interval more precisely, a more in-depth investigation
involving paleoseismic trenches would be appropriate. Alternatively in 3 years’ time, this
report can be updated with the results from a PhD. thesis from University of Canterbury
being undertaken by one of the co-authors of this report, Sharon Hornblow. The thesis
will assess the paleoseismic history of the fault.

As a consequence of the damage resulting from the September 2010 and February 2011
earthquakes within the city of Christchurch, there is an immediate need to define areas that
are appropriate for temporary housing. Also, in the next few years, there is likely to be a flow
of owners to move permanently out of the areas affected by liquefaction. Areas close to the
foothills of the Alps or other areas intermediate between the coast and the hills will be
possible destinations for people migrating out of the city of Christchurch. In order to avoid
active faulting hazards, we recommend that:
-

8.0

Known active faults within the Canterbury Region be mapped to an accuracy that is
appropriate for land planning purposes, and in a fashion that is consistent with the MfE
Active Fault Guidelines, especially in areas that are anticipated to experience future
development.
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APPENDIX A GIS LAYERS
Description
The GIS layers referred to in this report and contained on the accompanying CD consist of the
following shapefiles:
•
•

Greendale_fault_map.shp (Greendale Fault Map)
Greendale_fault_avoidance_zones.shp (Greendale Fault Avoidance Zone Map)

The Greendale Fault Map is an arc shapefile (lines). The Greendale Fault Avoidance Zone
Map is a polygon shapefile (areas).
Layer (.lyr) files are included to allow the layers to be symbolised as appear in this report.
The geographic coordinate system for the data is New Zealand Geodetic Datum 2000;
Transverse Mercator Projection.
The Greendale Fault Map is compiled from various sources of information available to GNS
Science as part of ongoing scientific research in relation to the Greendale Fault. This dataset
is made available to Environment Canterbury and Selwyn District Council for the purposes of
this report, under licence.
The Greendale Fault Avoidance Zone Map was prepared specifically for this project, for use
by Environment Canterbury and Selwyn District Council.
Accuracy and limitations
The Greendale Fault Map is compiled at an overall scale of ~1:5,000. The positions of the
mapped line features are accurate to approximately ± 5 m. Of the categories included in this
dataset, the line types “broad scarp” and “broad fold” mark the positions of belts of bent
ground; an estimate of the width of the zone of bent ground is included in the attributes of this
type of feature. The “broad scarp” lines are positioned at the edge of the bent ground, at its
topographically-lower margin. The “broad fold” lines are positioned at the centreline of the
bent ground.
Only the margins of the Fault Avoidance Zone Map units should be used for site-specific
purposes such as marking-out of building lines, etc. The Greendale Fault Map should not be
used for such purposes because not all inherent uncertainties are accounted for in this dataset.
If more detailed site-specific surveys were to be carried out by suitably-qualified people, it
may be possible to re-evaluate the extents of the Greendale Fault Avoidance Zones.
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APPENDIX B GLOSSARY OF GEOLOGICAL TERMS USED IN THIS REPORT
Alluvial: relating to the action of rivers or streams (synonymous with fluvial).
Calendar years: time expressed in terms of Earth’s annual orbital cycle. It differs from other time
measurements, such as radiocarbon years, based on the annual rate of radioactive decay of Carbon-14.
Radiometric ‘clocks’ such as Carbon-14 need correction because atmospheric concentrations on Carbon-14 have
varied slightly over time, creating a mismatch between calculated radiocarbon years and Earth orbital (calendar)
years. Calibration schemes have been developed to convert Carbon-14 ages into calendar years.
Catchment: the area from which a surface or subsurface water system derives its water.
Deposit: an accumulation of sediment, such as silt, sand, or gravel.
Deposition: the process by which particles moving in the air settle onto the ground, or particles moving in water
settle onto the bed of a water body.
Dip: the inclination of a planar feature such as a layer within a rock, or a fracture plane in a rock. Usually
measured in degrees, where 0° is horizontal, 20° is gentle, 65° is steep and 90° is vertical [dipping; also see
strike].
Erosion: the wearing-away of land surface materials, especially rocks, sediments, and soils, by the action of
water, wind, or a glacier. Usually erosion also involves the transport of eroded material from one place to
another.
Fan: a gently to steeply sloping landform, shaped like an open fan or a segment of a cone, associated with river
or stream deposits. Fans form where a valley, channel or gully meets an area that is unconfined, or less confined.
A typical location is where mountain or hill terrain meets a valley floor.
Fault: a fracture or dislocation within rocks or sediments, along which movement has occurred. Where the
movement is sideways, the fault is termed strike-slip. A dip-slip fault displays movement that is up/down. An
oblique-slip fault has movement that is partly sideways and partly up/down.
Fault scarp: a step in the ground surface caused by a sudden movement along a fracture (fault) within the
Earth’s crust. An earthquake results from the vibrations associated with a sudden fault movement.
Fluvial: relating to the action of rivers or streams (synonymous with alluvial).
Fluvioglacial: see outwash.
Geology: the scientific study of the solid matter (e.g. rocks, sediments, soil) that constitutes the Earth,
particularly the composition, structure, physical properties, history, and the processes that shape Earth's
components.
Geomorphology: the scientific study of the nature of the Earth’s surface, and in particular the characteristics,
origins and evolution of landforms.
Geographic information system (GIS): a computerized means of collating, storing, viewing, editing and
analyzing geographical information. A key feature is that all information is tied to its specific geographic
location (‘spatially referenced’).
Glaciation: see ice ages.
Global Positioning System (GPS): a satellite-based system for accurately determining locations on the Earth’s
surface.
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Holocene Epoch: the interval of geological time spanning from ~11,700 years ago to the present day. It is
preceded by the Pleistocene Epoch.
Ice ages: a general term for periods of globally cooler climate that have affected the Earth in regular cycles over
the past 2.6 million years or so. Between each ice age (or ‘glaciation’) there has been a period of warmer climate
(‘interglaciation’), such as that existing today. In the last 500,000 years or so, an ice age has happened, on
average, at least once every 100,000 years (see Table 1). During an ice age, ice was not everywhere, but rather
the climate cooled enough to allow glaciers to form, or expand greatly, in some of the cooler and wetter parts of
the world, such as mid-latitude to sub-polar continental areas and in high mountain ranges.
Incise: to cut into. A river or stream that has eroded down below the general level of its plain or fan is said to be
incised. The process is called incision or entrenchment.
Landform: a recognizable feature of the Earth's surface. Landforms have characteristic shapes and may include
large features such as plains, plateaus, mountains, and valleys, as well as smaller features such as terraces,
alluvial fans and gullies.
LiDAR:
Loess: a silt deposit formed from wind-blown dust.
Moraine: a general term for mounds of rocky, sandy and muddy debris deposited by a glacier.
Outwash: gravelly river sediments deposited by glacier meltwater rivers or streams. In settings alongside a
glacier, the land surface developed on outwash sediments is termed a kame terrace. Downstream of a glacier
terminus, the associated landform is called an outwash plain (if more than several kilometers wide), or an
outwash terrace if preserved as a narrower surface alongside younger, incised, river or stream valleys. Outwash
sediments are sometimes referred to as ‘fluvioglacial’, meaning river or stream sediments of glacial origin.
Paleochannel: a river or stream channel that is no longer active.
Paleoseismology: the study of prehistoric or historic earthquakes by means of geological or geomorphological
research. Commonly involves the excavation, examination and surveying of fault scarps in order to determine
the timing and magnitudes of past earthquakes.
Photographs (aerial): photographs taken from a camera onboard an aircraft. There are two main types: vertical
photos, where the camera points directly downwards; and oblique photos, where the camera is pointed across a
landscape scene. Stereo photographs are a series of photos taken as the aircraft flies, with an approximately 30%
overlap of the scene imaged in consecutive photos. In much the same way as a pair of human eyes each sees a
slightly different perspective and enables the brain to produce 3-D vision, the overlap of stereo photographs
allows them to be viewed in 3-D. The overlap of stereo photographs provides a basis for photogrammetry, the
precise measurement of ground surface features in order to make of maps of topography, topographic relief and
other features.
Pleistocene Epoch: the interval of geological time spanning from ~2.6 million years ago until ~11,700 years
ago. It is succeeded by the Holocene Epoch.
Quaternary Period: the interval of geological time spanning from ~2.6 million years ago until the present day.
It comprises the Pleistocene and Holocene epochs.
Recurrence Interval: the average length of time that elapses between successive ground-surface ruptures of a
particular fault.
Riedel shears: a pattern of interlocking fractures commonly found in association with strike-slip faults. Riedel
shears commonly form on a similar strike (typically within 15°) to the overall fault, while conjugate Riedel
shears form at a high angle (typically 75°) to the strike of the main fault.
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Sediment: fragmented material, typically derived from rock or soil, that is transported and deposited by water,
ice, or wind. It may also be derived from biologic sources (e.g. peat or guano). Fragmental sediment is
commonly classified according to the size of fragments (grain-size, or ‘texture’); gravel grains are larger than 2
mm, sand grains are between 2 mm and 0.06 mm, silt grains are between 0.06 and 0.004 mm, and clay is finer
than 0.004 mm. Mud consists mostly of silt, but also commonly includes some sand or clay. Sedimentary rocks
consist of consolidated sediment (e.g. sandstone).
Sedimentation: the deposition of sediment.
Stereoscopic: see photographs (aerial).
Strike: the direction of a horizontal line on a planar feature such as a layer within a rock, or a fracture plane in a
rock. Usually measured as a compass bearing, in degrees. Strike in combination with dip defines the orientation,
or ‘attitude’, of any planar geological feature [striking; also see dip]
Strike-slip: displacement parallel to the strike of a fault
Tectonic: related to stresses within the Earth’s crust. Includes the disruption (e.g. faulting or folding) of rocks in
response to these stresses. Also see fault scarp.
Terrace: a flat or gently sloping bench. Terraces represent former river or stream floodplains that now stand
some distance above the present floodplain, as a result of incision of the river or stream system.
Terrace edge: the slope that separates two terrace levels from one another, or that separates a terrace from a
modern floodplain
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APPENDIX C MAP 1: GREENDALE FAULT-FAULT MAPPING AND ZONATION
See next page
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