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Abstract

New Zealand is locatedang the boundary between the Australian and Pacific plates.
Althoughthere arsnumeroudaults associated with thiglate boundary settingew have ruptured
during the nearly years of European settlement. Ypgleoseismology provides clear
evidenceof relatively recent activity on manyf them Knowledge of the shallow structure and
other characteristics of these fau#t important for understandirtge relatedseismic hazardnd
risk. Key properties of faults that produce infrequent large eartrepiake usually determined or
inferred from paleoseismological investigationissurface outcrops, geomorphologyenches,
and boreholes In an attempt to improve our knowledg&d understandingf active faults
beyond the reach of conventional paleoselsgioal methods (i.edeepe than a few rates), we
have acquiredhigh-resolution seismic reflection and groupdnetrating radar (GPR) data across
the following three fault systems oNew Zealand'sSouth Island(i) a northernsectionof the
transpressi@ Alpine Fault »ne, (i) numerous reverse faults hidden beneath the very young
sediments that cover the nomtast Canterbury Plains, an(ii) a critical portion d the reverse
Ostler Fault mne in the souticentral part of the IslandAfter subjecting oudatato diverse
processingproceduresthe resultant seismic and GPR sections providd images of thearget
structuresOn the 2D and 3D highesolution seismic and GPR imagdsthe Alpine Fault zone
we see the principalault dipping steeply thnogh Quaternary sediments and offsetting the
basementA distinct 25 m vertical dfset of basemenprovides amaximum~1.4 mm/yr dip-slip
displacementate The more important strikglip component of displacement has yet to be
estimated at this locatiorOur highresolution seismic and GPR sections across parts of the
northwest Canterbury Plains display a complex pattern of faults and folds beneath a variably
thick veneer of flalying sediments.Structural restorations of the seismic images suggest
10- 23% compressive strainwhich would correspond to an average strain ravé
20- 50x 10°yr if the onset otompression coincided with the accelerated uplift of the Southern
Alps approximately Ba. Finally, multiple 2D highresolution seismic images dfda Ostler Fault
zone reveal a15°-55° westdipping principal fault and two subsidiary 2530° westdipping
faults, one in the hanging wall and one in the footwall ofpitirgcipal fault. Again, we are able to
structurally restore models based on thema imagesTheserestorationsare compatible with
440 - 800 m ofvertical offset and 8701080m of horizontal shorteningcross the Ostler Fault
zone which translateto a relatively constant deformatioate of 0.3 1.1 mm/yr since thé&ate
Pliocene- Pleistocene
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Introduction

New Zealand's South Island & dynamic landmass distinguished by two active subduction
zones and an intervening transform plate boundary. Thedirested Hikurangi subduction zone
in the north is connected to the edsected Puysegur subduction zone in the south via the
Alpine Fault zone anda broad expansef @bligue compression (Figure).1Paleoseismological
studies suggest the Alpine Fault is accommodating-thivds to threequarters of the
35-38mml/y of relative motion between the Australian and Pacific plates in thealamid
southern parts of the South Island, with the renmeirzking distributed over a 15@00-km-
wide region that encompasses the Southern Alps and atjeegions to the east (Figure 1
Norris et al., 1990; Pettinga et al., 2001; Sutherland et @06;2Cox and Sutherland, 2007,
Norris and Cooper, 2007).

The Alpine Fault became a significant plate boundary 22 Ma (Cooper et al., 1987; King,
2000; Cox and Sutherland, 2007), about the same time the Hikurangi subduction zone started to
consume théacific Plate (Stern et al., 2006). Since then, the zone of deformation has gradually
broadened, with accelerated levels of faulting, folding, tilting, and uplift in the Southern Alps
commencing ~5.0 Ma (Sutherland, 1995; Coates, 2002). The zone of defornextended
further east into theegion of the Ostler &ult zone prior to the Late Btene andnto the
northwestCanterbury Plainsither prior to oduring the Quaternary (Forsyth et al., 2008). There
are areasof active and Quaternary deformatiolose to the South Islandtao largest cities,
Christchurchand Dunedir{Figure 1)with populatiors of ~370,000and ~124,000respectively

The identification and characterization of active faults are critical to studies of regional
seismic hazardMcCalpn, 1996; Yeats et al., 1996). Probabilistic seismic hazard analyses
require seismic source models, which are usually constructed by assigning earthqaakigs to
faults based on seismological, other geophysical, and geological information. Oncenalt seis
sources are defined, their characteristic earthquake magnitudes and recurrence frequencies are
determined (Thenhaus and Campbell, 2003). Histbaiod instrumental records of seismicity do
not completely characterize the earthquake cycle of manyedetiNt zones, because the records
are generally much shorter than the repmaeg of the largest earthquakddis is a particular
problem in New Zealand, where relatively complete records of hiatoaied instrumental
seismicity exist for only the pasR00 and ~50 years, respectively, whereas large active faults on
the islands are estimated to have recurrence intervals of many hundreds of years (Stirling et al,
1998). Consequently, paleoseismic studies are important for characterizing the numeveus acti
faults that extend along the length of the country (e.g., Berryman, AZ80;Dissen and
Berryman, 1996; Benson et al., 2001; Villamor and Berryman, 2001; Sutherland et al., 2007).

Conventional paleoseismologic&chniquesbased onsurface outcrops, epmorphology,
trenches, and boreholésicCalpin 1996; Yeats et al., 199@jsually supply details onmajor
faults that have disrupted the upper fewtes of the ground. To providstructural and other
information at greater depths, we have acquired-hegblution seismic reflection and ground
penetratingradar (GPR)data across two active fault zones and an active fault network on the
South Island. Our first targel (in Figure } is the Alpine Fault zone at a rare accessible site
wherea ~2-m-high linearfault scarp cuts across a sequence of abandovexdterraces Apart
from a nearbycampground, several housesid a small village, this locatian the north of the
Southlslandis relatively isolatedA network of faults hidden beneath variably thicka@ernary



sediments that characterize the remarkably flat m@shCanterbury Plains is our second target
(2 in Figurel). A major buried or blind fault beneath the southernmost part of this target area is
less tharO km from ChristchurchThethird target (3in Figure 1 is a region of the Ostler Fault
zonewherethick sediments of the Mackenzie Basin arkseif Thislocationin the soutkcentral
part of the Island is quite close égght hydreelectric power damtghat supply a large proportion
of the Suth Island's electricity

After briefly describing the geology at the study sites, we show examples of the high
resolution seismic reflection imagesaditthree locations.
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Figure 1. Plate tectonic setting of New Zealand's South Island showing the west-directed
Hikurangi subduction zone in the north, the east-directed Puysegur subduction zone in the south,
and the Alpine Fault. Also shown are our study sites: 1 - northern section of the Alpine Fault zone,
2 - northwest Canterbury Plains, 3 - Ostler Fault zone.



Geology in the vicinity of the three study sites

Alpine Fault zone

The Alpine Faultis the principal elementf the onshore boundary between the Pacific and
Australian plategFigure 1) Offset of basemenérrainsby ~470 km along the fault since tlate
Oligoceneto early Mioceneis evidence for the importance of this struetun accommodating
relative plate motionAt our Alpine Fault study sitea sequence ofaulted abandonediver
terracess derived fromglaciofluvial valley sedimentgatingfrom periods of aggradation that
followed phase of advance and retreat ofade Pleistocengylacier. Basement southeast of the
fault is schist derived fronTriassicagesedimentswhereas that to the northwesPialeozoieage
marble Paleoseismic trench&s the youngest river terrace intercept a narrow znariably
dipping (40 - 90°) faults within the upper 12 m of gravels Yetton, 2002) Such gravels are
either exposed at the surfaaecovered by a thin layer aindisturbed topsoil.

GPR surveys ahe sitereveal anarrow fault zone dippig steeply to the southeast aD%&
a depth of 45 m (McClymont et al., 200& 2010. Notable changes in GPR reflection geometry
are observed across the matnandof the fault. Additional changes ieflection characteristic
~30 m on either side of the masitrandare interpreted asecondary lefstepping en echelon fault
strandsand associatedeformationThis pattern of lefstepping traces ia consistenfeature of
the surface geomorphology within 1 km to the the SW of the Hite relationshibetween the
main fault and secoiaaly faults below the sediment coveunknown.

NorthwestCanterbury Plains

Lithologies and structures beneath the surfiselimentsf the 8000 krh Canterbury Plains
are only poorly known. The landscaeflat and even in most areasgith little surface evidence
of underlying geological complexity. Limited lithological information is provided by four
moderately deep hydrocarbon exploration boreholes, a large number of shallowvelbteles,
and outcrops in the hills and along the river banks (Moken1981; Cowan, 1992; Evans, 2000;
Estrada, 2003; May2004; Finnemore, 2004; Forsyth et al., 2008). Useful structural details are
supplied by these same outcrops, sparse hydrocarbon exploration seismic lines (recorded with the
intention of imaging muckleeper features; Jongens et al., 1999), and a number of short seismic
lines recorded by the University of Canterbury geophysics group (Estrada, 2003; Finnemore,
2004). Collectively, these sources of information suggest that the subsurface beneath the
Cantebury Plains comprises Permiafiriassic basement rocks overlain successively by Late
Cretaceous Tertiary interbeddedsedimentaryand volcanic layers and Quaternary sediments.
However, the details of most buried structures are either unknown or basggkeanative
extrapolations.

Ostler Fault zone

The Ostler Fault zone is one of a number of distinct structures east of the Alpine Fault that
accounts for a significant component of strain between the lates. It accommodates
1.1- 1.7mm/yr of east west compression (Amos et al. 2007) and-A.&® mm/yr of vertical
deformation that is mostly taken up by buckling in the fault hangingwall (Blick et al., 1989). In
the area of the Mackenzie Basin transected by the Ostler Fault aosapstantiallate
Pliocene- Pleistocene fluviolacustrine sequenseoverlain bya series of Holocene glacial and
fluvioglacial gravels and associated terraces (Ghisetti et al. 2007)ndrtle- south striking
Ostler Fault zone, whit can be traced for a distance exceedigkm, comprises a highly
segmented series of predominantly waigping surfaceupturing pure reverse faults. Fault
segments are nearly orthogonal to inferred maximum horizetrzds directions. They occur



over an area up to 3 km wide, with complexagsrof multiple fault segments in the central parts
of the fault zone, where basin fill is thicker.

The surface dip of the principal Ostler Fault plane appears to vary along its length. Davis et
al. (2005) measured an average westerly dip af 90 A GFR survey in the northern part of the
Clearburn area revealed a complex pattern of linked faulting, with multiple strands dipping to the
west at20 - 30° (McClymont et al. 2008bAnother 3D GPR survey in the northern section of the
Ostler Fault zonéoundthe principal fault plane to be westerlypping at 51+ 10° (Amos et al.,

2007; Wallace et al., 2010)

Seismicreflection data acquisition and processing

For each study sitee designed a targspecific data acquisition strategy andatadriven
processing scheméseneral nformation on the data acquisition strategabof which involved a
240-channelrecording system and single B@ geophonesare provided in the sections below,
but we refer the readers toetielevant papers for details tre individual processingschemes
(Kaiser et al., 2009, @.0; Dorn et al.,, 20H) 201(®; Campbell et al.2010a, 2010b201X).
After assigning coordinates and editing traces,tested a full range of processing procedares
all data sets: i\ mutes of varioustypes, including airwave attenuation(ii) amplitude
erhancement and trace balance,) (ispectral balance (iv) surfaceconsistent predictive
deconvolution, (v) elevation statics, (vi) refraction statics with complemeRtargve velocity
tomograms deried from first arrivals, (viisurfaceconsistentesidwal statics,(viii) various types
of velocity analysis, ik) normatmoveout corrections, (xa variety of dipmoveout (DMO)
analyss and corrections, (xi) frequency filtering, Miiequencywavenumberfiltering, (xiii)
frequencyspace filtering(xiv) various types of stacking, (xv) time migration followed by time
to-depth conversigrand (xv) depth migration. The processes were not necessarily applied in the
order listed and not all processes werecssgsfulin improving image quality For example,
application of refraction static corrections was essential for imaging the Alpine Faubsiitea
in markedly inferiorimages ofthe northwest Canterbury Plain@and Ostler Faultegions In
contrast, DMD processing improved thmagesfor the latter two regionsbut yielded variable
quality imagesacross the Alpine Fault. Several of the processes were applied bo#mgngost
stack and some processes were applied iiteaative fashion (e.g.surfaceconsistent residual
statics and velocity analyses).

Results of seismic surveying thélpine Fault zone

Across the Alpine Fault zoneewvecorded anltra-high-resolution 2D seismic reflectiatata
set along a 36fn-long line and a pseud8D seismic refletion data setthat spanned a
500x 200m area(Kaiser et al., 2009, 2010Energy generated by 6 blows of a hammer at 1
intervals recorded oreceiverslocated every 0.5n provided 66fold ultra-high-resolution data.
For the pseud@D survey, energy fra small 30g explosive charges detonated eveny 8vas
recorded simultaneously kneceiverslocated everyd m along two parallel lineseparated by
8 m; one of the twaeceiver lines was algbe source lineThis strategy provided >2fold data
on a unifem 2 x 4 m CMPgrid. Together, these two data seiglded very high-resolution
details along a single profile aneliableinformation over a large area in a cost effective manner.

Figures 2 and 3 showa depthconverted timamigrated 2D ultrenigh-resoltion imageanda
depthhmigrated 3D highresolution imageof structures in the vicinity of therincipal Alpine
Fault (AF in the figures)strand Seismic units Al, A2, and A3 of strong semicontinuous
reflections on either side of the fault from near thdase to as deep as ~60 m are interpréted
be late Pleistocene gravelseriches and pits at the site revealnalll gravel in the uppermost



2 m. Undifferentiated gravel was intersected from the near surface to 26 m depth in the borehole
southeast of & surface fault traceF{gure 2; Garrick and Hatherton, 1974); note the good
correlation between the thickness of gravels observed in the seismicsiaray¢heborehole
information Along the southeastern half of the two data setffections from seism unit A3

appear to grade into gently dipping continuous reflectiohs B at greater depth. We interpret
seismic uni BO - B2 asoriginating fromlayeredglaciolacustrine sediments
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Figure 2. (a) Depth-converted migrated section derived from the ultra-high-resolution seismic data
set recorded across the Alpine Fault (AF). (b) Interpretation of depth-converted migrated section. The
various units are described in the text. Information from a nearby ~80 m deep borehole is projected
on to the line at about 143 m distance.

The sedimenbasement interfa produces strong reflections C1 and C2 that are offset across
the Alpine FaultAF and at other locations along the prefiFrom mapped surface outcrppse
infer that marble basement C1 to the northwest is juxtaposed against schist basement C2 to the
sautheast.In Figures 2 and 3nuch of the reverse slip along the Alpine Fault at Calf Paddock
appears to be confined to a single major fatthnd More minor faults in Figure 2 are identified
by dashed lines, with the most significdabeledl and Il. Minor fault 1l projects toone of the
subsidiary faul(SF in Figure 2mapped in GPR da{@icClymont et al.2010).



Based on reflection truncations, tpencipal strandof the Alpine Faulthas an apparent
southeasterly dip of 7680° fromits surface sag through the Quaternary sediments to the offset
basement at ~60 m depifhe dip of the Alpine Fault within the shallow basement is not so well
constrainedAs a consequence, we show a range of plausible depth trajectories for the Alpine
Fault in Figure 2, with possible dip estimates in the basement varying betweeiarisD 80.
Because reflections BO B2 from the former flatying glaciolacustrine units are only gently
tilted, our preferred interpretation that the Alpine Fault continues to dip relaliy steeply
within the shallow basemef(igure 3) The average-25 m apparent vertical offset of basement
across therincipal Alpine Faultstrandtogether with the estimatedaximumage of the eroded
basement surface amide measured fault dip within th@uaternary sediments yieldnaximum
dip-slip strainrate of~1.4 mm/yr (estimated range of 0192.2 mm/yr) The much larger strike
slip displacement rate has yet to be determfoethis region of the Alpine Fault zone
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Figure 3. (a) Depth-migrated volume of the pseudo-3D data set recorded across the Alpine
Fault. (b) As for (a), but highlighting the Alpine Fault strand AF and geological units A1-C2
discussed in the text. (c) 3D representation of the horizons picked in b). Dashed lines
indicate where horizons onlap basement.
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Results of seismic surveying across the nomestCanterbury Plains

We recorded higinesolution seismic reflection data along 4 lines within the mash
Canterbury Plains (S54 in Figure 4 - 4e Dorn et al.,2010a,2010h Campbell et al., 2010b)
using ~60g explosive chargesn 1-m-deepshoholes every 1@n. By recording theresultant
energy orreceiversevery 5m, we acquired 6dold data at an interval of 2rh. Extensive rock
exposures to thaorth andwest of our study area and isolated oypsreo the eastFigure 4e)
provide important constraints on the interpretation of the vaseissnic reflectiorpatterns The
most important geological units for this study are: (i) unsatur¢édegely unconsolidategioung
Quaternary gravel and sand, (@aturatedconsolidatedolder Quaternary gravel and sand, (iii)
interbedled Late Cretaceous Tertiary sediments and volcanicand (iv) Permian Triassic
Torlesse basement rock#&dditional critical information is supplied by refraction velocity
tomogiams deried from inversions of the firgrrival traveltimesrecordedon the raw seismic
data. Velocities in these tomograms vary freees than1200 m/sin the shallow subsurface
through to3000m/s andgreater thar3500m/s By combining this informationwe discover that
the uppermost quasbntinuous subhorizontal reflections with velocities less than &#60
originate from young Quaternary gravel and sand. The next deeper unitrefligitions
distinguished by distinct offsets and foldiagdvelocities up to 300@/s is likely to be the older
Quaternary gravel and sand, whereas the underlying unit eégbontinuous to laterally
continuous reflectivityand velocities up to 300@n/s is very probablyinterbedled Late
Cretaceous Tertiary sediments angolcanics. Finally, reflectionfree regions withvelocities
greater than 3B m/s represenightly folded and steeply dippingasementocks

The interpreted seismic reflection images Rigure 4- 4d are based on an integrated
analysis of all availaklinformation Abrupt truncations of prominent layered refieas from the
Late CretaceousTertiary and older Quaternary sequences and juxtipof reflections from
these units with contrasting dips delineate a number of important faults. Modmrtteasterly
dips and distinct curvature of the layered reflections define regions of tilting and foldiag.
vast majority of interpreted faults are distinguished by an anticlinal fold in the hanging wall and a
synclinal fold in the footwall, both feaws being indicative of normal drag during reverse
faulting (Grasemann et al., 200®)f the 8 identified primary faults, 5 are plausible or probable
extensions of exposed faults in the neighboring Hilks.,, Fa1, Fa2, Fa2a, FA3a, and Fae). In
particular, Fae at the southern end afeismic sectiorS2 (Figure 4c) may be a major basin
bounding faultA major faultpropagated foldFo) recognized on theameseismic sectiocan be
confidently traced to an exposed anticlimbe seismic sections also proviaeaiges of numerous
secondary faultéhin dashed lines)

Restorations to the top of the basement on thelémgest seismic lines providgsidence for
10- 23% compressive straiiampbellet al., 2010b). This corresponttsan average strain rate
of (i) 4.5- 11.0 x 10° /yr if deformation commenced whenovemenglong the Alpine Fault vea
initiated 23 Ma or (ii) 26 50 x 10%yr if compression began when uplift of the Southern Alps
acceleated ~5 Ma. The strain appsdo be spatially concentrated in e¢hnorthern area of our
study site.

The geometry of the Quaternary units suggests that deformation is ongoing in this region. A
small discrete offset of reflections from very recent sedim@grasshown hereCampbellet al.,
2010b) weak curvature of rifctions from the youngest Quaternary sediments, and minor
undulations in the surface topograpiMay, 2004, Forsyth et gl2008)are evidence for blind or
buried active faults beneath some of the seismic lines.



Figure 4. High-resolution seismic reflection data recorded across the northwest Canterbury Plains. Sketch of interpreted geology superimposed on time-
migrated seismic sections for (a) S4, (b) S1, (c) S2 and (d) S3. Solid and dashed lines indicate the level of confidence in the interpreted features. The very
approximate depth scale on the right is based on a single velocity of 2300 m/s. (e) Location of the S1 - S4 seismic lines in the northwest Canterbury Plains.

Regions of rock outcrop are shaded.



