236

SURFACE RUPTURE OF THE GREENDALE FAULT
DURING THE DARFIELD (CANTERBURY)
EARTHQUAKE, NEW ZEAL AND: INITIAL FINDING S

M. Quigley’, R. Van Dissef, P. Villamor?, N. Litchfield?, D.
Barrell %, K. Furlong®, T. Stahf', B. Duffy*, E. Bilderback®, D.
Noble!, D. Townsend, J. Begd, R. Jongen$, W. Ries, J.
Claridge’, A. Klahn', H. Mackenzi€', A. Smith', S. Hornblow,
R. Nicol', S. CoX, R. Langridge’, K. Pedley

SUMMARY

The M, 7.1 Darfield (Canterburygarthquake of 4 September 2010 (NZST) was the first earthqoake i
New Zealand to produce grousdrface fault rupture since the 1987 Edgecumdréhquake Surface
rupture of thepreviously unrecogsed Greendale Fautturing theDarfield earthquakextend for at
least 29.5 km and comprisan enechelon series of easiest striking, leftstepping traces. Displacement

is predominantly dextral strikslip, averaging ~2.5 m, with maxinod ~5 m alongthe central part ahe
rupture Maximum vertical displacemeig ~1.5 m, but generallx 0.75m. The south side of the flau
has been uplifted relative to the noftin ~80% of therupturelength,except athe eastern envhere the
north side is up. Theone ofsurface rupture deformation ranges in width from ~30 to 300 m, and
comprisesdiscrete shears, locadid bulges andprimarily, horizontaldextral flexure. At least a dozen
buildings were affected by surface rupture, but none collapsed, ldrgeusemost of the buildings
were relatively flexibleand robustimberframed structures and becaueformationwas distribued
over tens to hundreds of metregidth. Many linear features, such as roads, fences, power lines, and
irrigation ditches were offset or deformeby fault rupture providing markers for accurate

determinations of displacement.

INTRODUCTION

The previoust unrecogried Greendale Fault ruptured during
the shallowfocus (<11 km deep) M 7.1 Darfield earthquake

of 4 September, 2010 (NZST). The earthquake epicentre was

located~8 km southeast of Darfield township (Figure 1), and
~37 km west of the centre of € st chur ch,
second largest city. This event marked the end of-ge28
hiatus since the lasfiroundsurface fault rupturen New
Zealand during the1987M,, 6.3 Edgecumbe=arthquake, Bay
of Plenty, North Island (Beanlaret al. 1989, 1990)Surface
rupture of theGreendale Fault extemdvesteast for at least
29.5 km across gravelominated alluvialplains (Figure 1).
Surface displacement is predominantigxtral strikeslip,
expressed on lefitepping, en echelon traces across |tve
relief and exceptionally maintainegiastoral landscapef the
Canterbury Plains (Figusel, 2, 3 & 5) which affordsan ideal
environment for charactasig even the most subtle of
earthquakeelated ground deformation at high resolution. This
paper presents amitial summary of the surface rupture
deformation features produced during Berfield earthquake
Seismological(e.g. Cousins& McVerry 2010, Gledhillet al.
2010) and geodetic (Beavan et al. 2010) aspects of the
eartlquakeareaddresseélsewhere intis volume.
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GREENDALE FAULT SURF ACE RUPTURE

A Rapid and Coordinated Scientific Response

Immediately after the earthquaké:35 am) earth scientists

Ne frem zhg éinvgrﬁita gfsCanterbury (UC) rushed to inspect

earthquake damage In Christchurch and provide idiste
information to the public via media. Within three hours of the
earthquake, a fault rupture reconnaissance and response team
had been deployeded by scientists from the UC Active
Tectonics team anithe GNS Scienc&arthquake Geology and
Geological Mapping teams Fanning out towards the
epicentral area, the localyased UC team located the first
evidence for groundurface fault rupture at 9:30 am and
began to assess hazards to the affected community and
conduct measurements of fault offsets acroasls and fences.
Upon arrival in the region, GNS scientists undertook a
helicopter reconnaissance flight to define the limits of obvious
surface deformation andb photgraph key featurege.g.
Figures 2A, 2C, 3 &). By the end of Day 1, a first apprexi
mation of the surface rupture length and general damage
patterns had been established, and formed the basis for
planning the scientific documentation of the event. Priorities
were set to rapidly examine features ttegtposed a potential
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Meters

Figure 1: A) DEM of the Christchurch area of the Canterbury region showing location the Greendale Fault and other
tectonically active structures. Red lines are active faulisad yellow and green lines are, respectively;land and
off-shore active foldcombined data from Forsyth et al. (2008) and GNS Active Faullatabase). B) Mapped
surface trace ofthe Greendale Fault. Red arrows indicate relative sense of lateral displacement, while vertical
displacements denoted by red U = upnd D = down. Also shen are locations ofFigures 1C, 1D, 3 &5, and
Darfield earthquakeepicentre (red fowpointed star). C & D) LiDAR hillshade DEM¢illuminated from the NW)of
two ~1.5 km long sections of the Greendale Fault, showing characteristied&fpping en echelonupture pattern
and dextral offset of roads, fences, hedges and crop reMso shown are loations of Figures 2A, 2B & 2C.

risk to people(e.g.fault scarps in close proximity teouses In the weeks following the earthquake, a variety of methods
landslides/surface cracks in elevated aresas] b) were likely including tape and compass, differential and Real Time
to be removed quickly by land remediation and infrastructure Kinematic (RTK) GPS surveysnd terrestrial laser scanning
repair (e.gcracks in roads, deformed power BjeThe rapid were used to map the Greendale Fault in high resolution. The

collaborative scietific response ensured that these fault location of the fault rupture in an agricultural landscape that
deformation features were accurately documented prior to contairs numerous linear features such as roads, fences,
their removal. hedgerows, irrigation channelsand powetines provided a
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wealth of fault displacement markers. In soplaces fault Surface Fault Displacement and Expression
offsets of < 100 mmwere able to be documented using these
anthropogenic markers. Progressive iterations of maps of the
surface rupture were made available to the publitirenand
presented to local and regional counesiswell adandowners.
Airborne LIDAR (Figures 1C & 1D) and vertical aerial photo The faul_twas named the Greendale Fault by tait rupture
graphs wereacquiredover ~20 km of the Greendale Fault six reconnaissance and response teate gross morphology of
days after the everPostmai nshock surface eﬁ( rgace upture '5 tlhaégh n th h series of eagest
Greemale Fault is being monitored at several locations by striing, le stepplngsurface races gure 1yhe largest
repeat Total Station surveys (~2 to 3 times per month), and stepover is ~1 km w@e located ~7 km iroine eastern end
off-fault deformation is being precisely measured by of surface rupture, with another ~20 stagers between 300

reoccupation of prearthquake cadastral surveyds a atnd t75 r;] W'dfe’ angl at mu“t'tu??hc’f smaltler_ Qnejﬁmh
consequence a rich dataset of faut deformation, structureshaveiormed at most of these restraining ps

displacement, buckling and detailed fracture patterns has been with amplitudes up t&1 m, but typically< 0.5 m(Figures 1C

The zone ofidentified surface rupture extends from ~4 km
west of the hamlet of Greendale for about 29.5 kmnan
eastern tip ~2 km north of the town of Rolleston (Figure 1).

obtained forthe full length of the surface rupture. Fault data & 1D).

continue to be analyzed by GNS and UC persoriwéien Many well-defined straight features were offdst the fault
complete, the dataset will represent the nushprehensive (Figure 2),allowing the amounts and styles of displacement to
and detailed collation of grourslirface fault rupture be measured with high precision at more than 100 localities
characteristicof any earthquake in New Zealagrahd one of along the entire length of surface rupture. Average
the best documentations of surface rupture wuaitte. The displacement over the full length of surface rupture is ~2.5 m
surface rupturedatasetis currently beingcombined with (precbminantly dextral), and is distributed across-20 to
seismological and geotie datasetsand collectively,they are 300m wide deformation zone, largely as horizontal flexure.
yielding exciting insights into the rupture processaand On average, 50% of the dextral displacement occurs over 40%
dynamicsof the Darfieldearthquakde.g. Beavaret al. 2010, of the total width of the deformation zone. Offset on discrete
Gledhill et al.2010, Holderet al.2010) shears, where prest, typically accounts foonly a minor

percentage of théotal displacementAcross the paddocks

Figure 2. Oblique aerial photographs of Greendale Fault surface rupture (see Figurés & 1D for locations). Lateral
displacenent is distributed across a deformation zone of several tens of metres width; red arrows inditatiee
sense of lateral displacemenk) 4.5 to 5 m of dextral displacement afsinglelane gravel road Photo takenby Simon
Cox about 11 hours after theearthquakelooking north. B) ~3.5 m of dextral displacement of two wire fences and
row of small pine treesPhoto taken by Richard Cosgroveeveral days after the earthquakeoking north. C)4.5 to
5m of dextral displacement oé hedgerow (wind break)of pine treesand tractor tyre tracks Photo taken by David
Barrell about11 hours after the earthquakéooking north.



deformed by fault rupture, there is a threshold of surface
rupture displacement of1.5 m above which discte ground
cracks and shears occur and form pdrthe surface rupture
deformation zone, and below which they are not present. The
distributed nature of Greendale Fault surface rupture
displacement no douhteflects a considerable thickness of
poorly consolidated alluvial gravel deposits underlying the
plains.

The distribution of surface rupture displacemenajproxk
mately symmetrical along the fault, witt6 km at either end
of the fault where overall displacement is less than ~1.5 m,
and an ~8 km long centrakction where net displacemést

> 4 m, with maxima of ~5 m(Table 1) Overthereach of the
fault where displacaent exceeds the averatiee deformation
zone comprises easbutheasstriking Riedel fractures with
right-lateral displacements, southeasstriking extensional
fractures, soutisoutheast to soutlstriking Riedel fractures
with left-lateral displacements, northeast striking thrusts,
horizontal dextral flexure, and decimetmplitude vertical
flexure and bulging (Figurg).

Vertical throw across théull width of the surface ruptur

deformation zonas typically < 0.75 m Generally thesouth

sideis up, though the eastern ~6 km of rupture is nsitke

up. Vertical displacement increasesally to ~1 to 1.5 m at
majorrestrainingandreleasing bends

The trace of the Greendale Fawktends across a Late
Pleistocene braidplain of subdued fluvial bars and channels of
similar or greater topographic relief than the deformation
caused by the surface rupture. Without distinct linear markers
such as fences, werobably would have identifte no more
than ~70% of the surface rupture length. As fissures heal and
bumps smooth out, the ability to discern the fault trace,
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without reference to mamade features, will diminish further.

As a consequence, the length of surface rupture presamwed,
discernable, in the geological record will be a significant
underestimate of the true surface rupture lengthis has
implications for future seismic hazard assessment in the region
and the search for possible past éhaletype ruptures
elsewhere.

Table 1. Amounts of surface rupture displacement along
the Greendale Fault.

Net surface rupture
displacement

Cumulative length of
surface rupture

<15m 12 km
15t025m 3 km
25t04m 6.5 km
>4m 8 km
Average ~2.5m Total ~29.5 km

Maximum ~5 m

The Greendale Fault has a notably large surface rupture
displacement (both maximum and average) for its surface
rupture length when compared to international datasets of
historic surface rupture earthquakes (e.g. Wesnousky 2008,
Wells & Coppersmith 1994), ising the possibility that it is a
high stresgirop rupture. Also, based on the currently known
surface rupture length of the Greendale Fault, the magnitude
of the Darfield earthquakéM,, 7.1) would be underpredicted
using the magnitude/ruptutength regessions in the above

Figure 3: Oblique aerial photograph of Greendale Fault surface rupture (see Figure 1B for location). Red arrows indis
relative sense and width of lateral displacememiere, ~3.5 m of dextral displacement is distributed across
deformation zone up to 40 m wide compng Riedel shears, conjugate Riedel sheansrizontal dextral flexure, and
decimetreamplitude vertical flexureand bulging Photo taken by Richard Jongensabout 11 hours after the

earthquakelooking northweg.
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two papers (M 6.8 for both Wesnousky 2008 and Wells &
Coppersmith 1994), and a recently developed regression fo
low slip-rate reverse and strilgdip New Zealand earthquakes
(equation 1 inStirling et al. 2008 M,, 6.9, assuming sub
surface rupture length is about 15% longer than surface
rupture length). However, preliminary seismological (Gledhill
et al. 2010, Holdenet al. 2010) and geodetic (Beava al.
2010) interpretations of the rupture process of Breefield
earthquakeattribute a component of the total moment release
to a precursor blind thrustipture suggesting that the moment
associated with the rupture of the Greendale Fault was les:
than the totalfor the earthquake as a wholBreliminary
modelling of the Greendale Hawomponent of thearfield
earthquakeesults in a N, of 6.9 based on seilogical data
(Holdenet al. 2010), and N, 7.0 from geodetic data (Beavan
et al. 2010), similar to the N derived from the empirical
regressions considering Greendale Fault mgpalone.

The Greendale Fault rupturec nhamé

surface, abandoned by rivers at the end of the Last Glaciatior

(Forsythet al. 2008). No evidence of previous faulting had

been recogsed, either prior to the earthquake or in

retrospetive examination of prearthquake aerial photo

graphs. However, thorough cultivation of the Canterbury

Plains following the arrival of Europeans in the mid 1800s has

subdued some detail of the original river channel form.

Coupled withthe small and distbuted vertical offset along

much of the new fault trace, and the possibility that previous

earthquakes may not have produced significant surface

rupture, there is reason for caution in drawing preliminary

conclusions of the long term earthquake history tloé

Greendale Fault. Figure 4. Examples of houses affected by Greendale Fat
surface rupture. A) Timbefframed, brickclad
house with concrete slab fowation and light

Effects on Man-Made Structures and Property weight roof that islocated within a~150 m wide

Over a dozen buildinggypically timberframed housesnd deformation zone accomnaatng 4 to 5 m of

farm shedswith light-weight roofs lay either wholly, or dextral displacement. House Isadly damagedy

partially, within the Greendale Fault surface rupture ~0.5 m of discrete strikslip rupture that passes

deformationzone. Mne of these buildings collapsed, even the through the foundation of thehouse as well as

two with 0.5 to 1 m of discrete shear extending through/under distributed shear withinthe broad deformation

them (Figure 4A) but all were more damaged than zone. Photoby Dougal Townsend. B) Light

comparable structures immediately outside the zone of surfact gauge steel framed, plywoednd weatherboard

rupture deformationrSome of the propees worst damaged by clad house with steel pile foudation and steel

fault rupture have been condemneirom a life safety beam bearers that is tilted, and rotated, borly

standpoint, all these buildings performed satisfactorily, but slightly damaged, by-1 m of distributed vertical

with regard to posevent functionality, there are notable and dextral fault rupturespread oveseveral tens

differences. The houses with concrete slab foundations of metreswidth. Photoby Russ Van Dissen.

(typically brick-clad) sufferedmoderate to severe structural

and nonstructural damagewhile a light industrial building

with a more robust concrete slab, and the two piled structures g e f or mat i on were subjected to
(Figure 4B were less damaged and will be more total surface rupture displacement, and no structuremittis
straightforward to reinstate zone collapsed. Thisprovides a clear example of the

In 2003, the Ministry for the Environment (MfE), New appropri at en eDBigributed Faut ICemplékityE 6 s
Zealand, published best practice guidelines for mitigating fault parameter, at least for Building Importance Category 2a

surface rupture hazar(Kerr et al. 2004, MfE Active Fault structures (i.e. residential structures).
Guidelines Also seeVan Dissenet al. 2006) Key rupture Some irrigation channels flooded due tthe fault
hazard parameterin the MfE Active Fault Guidelinesare displacements, other ground disturbance and/or changes in

Fault Complexityalong with Building Importance and fault  groundwater tablesThe most spectacular and extensive
recurrence interval. Whemeipture is distributed over a wide  fiooding caused by fault rupture occurred at the Hogorat
area, the amount of deformation at a specific locality within  Rjver, near the western eraf the fault (Figures 1B & 5),

the distributed zone is less comphte where the deformation where~1 to 1.5m of both dextral and verticasguthwesside

is concentrated on a single weltfined trace. The relative  yp) rupture extended across the river, partially blocking its
fault rupture hazard is therefore less within a zone of channel, and resulting ipartial avulsion Deepening of the
distributed deformation thatwould bewithin a narrow weH channel downstream dhe fault rupture, via two backhoes,
defined zone. Surface rupture displacement onGteendale was required in order teeturn the full river flow to its original
Fault was typically distributed across a relatively wide zone of  channel position.

deformation. Buildingdocatedwithin this distributed zone of
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Figure 5: Obliqueaerial photograph of Greendale Fault surface rupture and partial avulsion of the Hororata River (see Fig
1B for location). Hororata River flows right to left (i.e. southeast), loat of Greendale Fault is denoted by dashe
red line with relative sense of lateral displacement shown by red arrows, and relative vertical displacement ind
by red U = up and D = down. Here, ~1.5 m of oblique dextsauthwestside up rupture of theGreendale Fault
HIWHQGHG DFURVV WKH +RURUDWD 5LYHU SDUWLDOO\ EORFNLQJ
significant flooding of dairy farmland. Poto taken by David Barrell about ILhours after the earthquake looking
west.

Fences, roads, power and telephone lines, irrigation channels portions of ovettightened and tensietlamaged wire fences
and underground pipes were also deformed by Greendale and localized road cracking that appears to define aSME
Fault rupture, with damage commensurate with the type of trending damage zone, b) a MEV trending belt o&ftershock
feature, its orientatio with respectto the fault, and the epicentreghat includes some M> 4 thrustsenseeventswith
amount, sense and width of surface rupture deformation. Of NW-SE dippingfocal planes, and c) a NEW trending area of
particular note, linear features that spanned all, or part, of the 6t owar d £ 6 s anto ¢llmomthedAEOSand Envisat
surface rupture deformation zone, as well as being displaced interferograms presented irBeavanet al. (2010;their figures
across the fault, were also setfed to lengthening, or 3-5). Interpretations of seismic reflection data (Forsstial.
shortening, depending on their orientations with respect to the 2008) suggest the presence of an unnameddipping thrust
dextral shear direction (e.g. Taylor & Cluff 1977). fault underlying this area Collectively, the evidence is
Substantial damage occurred within pine forest plantations Suggestive of some surface uplift, perhaps in the form of
throughout the area. Many trees within the surface raptu  Pulging rather than discrete fault offset, relating to slip on a
deformation zone were damaged, tilted, and/or felled due to thrust fault at depth. Documenting fault rupture on any other

faulting of root systems. la wider area around the faud, structures around the periphery of theequivocal area of

surprising number of trees blew down during strong Nw Surface rupture fault deformation would provide additional
winds in the days following the earthquak@his possibly insights into the dynamics of the rupture process and
reflects the looseing of tree root zones due to strong relationship between total rupture area, seismic moment
earthquake shaking. release and smadicale changes in surface topography.

Ongoing colaborative research between students and staff at

UC and scientists from GNS is focused on documenting
OTHER POSSIBLE SURFACE RUPTURE FEATURES fiperipheral o defor mat i-®lated and d

Large earthquakes are commonly characterized by a rupture deformation from Qeformation_ resu!ting from other causes
process involving slip on more than one fault (e.g. 20g2 M Such as grounehaking, and/or liqueféon.
7.9 Denali earthquak&berhartPhillips et al. 2003 2010M,,

7.0 Haiti earthquakeHayeset al. 2010) In the case of the CONCLUSIONS
Darfield earthquake, preliminary seismologi¢aledhill et al. )
2010, Holderet al. 2010) geodeti(Beavanet al. 2010) and TheM,, 7.1 Darfield (Canterburyparthquakef 4 September

geological field evidence all suggest that thisthquake was 2010 (NZST) was the first New Zealand surfaspture
associated with smallexcale rupture on other faults in  €artlguake since the 1987 Edgecumbmtlequake, and the
addition to the main rupture on the Greendale Fault. An area first surfacerupture earthquakein New Zealand since
~3 km southwest of Hororatmwnshipis characterized bya) publication ofthe MfE Active Fault Guidelines.



