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Abstract

New Zeahndis host to faults which can cause significant damage, suichtlas
1987 Edgecumbe earthquake, registering as M 6.3 (the smallest of the 10 biggest
earthquakes in the #@entury in NZ) and causing NZ $300 million in damage
throughout the Edgecumbe ar@ahe Whakatane Graben, North Island, New Zealand.
Groundpenetrating radar (GPR) has the potential to help understarthttasdn New
Zealandbecause of its ability to pick up shallow subsurface stratigraphy. This study
compares GPR data, topograptiata, and field data over the Edgecumbe and Awaiti
faults in order to understand what role GPR can play in understanding the active fault
zone of the Whakatane Graben. The 1987 Edgecumbe earthquake was studied in detail
(see New Zealand Journal of Geolagyd Geophysics vol. 32:-190), and this
knowledgeactedas a tool with which to calibrate how well GPR can visualize known
offsets on preserved and natural scarps on the Edgecumbe fault. A fault scarp in which
little knowledge exist®f its formation,part of the Awaiti fault, was then examined to see
what GPR reveals with |ittle to nbDGHRI el d
profiles over the Edgecumbe fault and-DZ5PR profile over the Awaiti fault were
examined. Vibracores were taken the Edgecumbe fauthe upthrown and
downthrown sids, in order to groundtruth the reflectors seen in tH2 GPR profiles.
This study concludes that excellent field data and prominent reflectors are extremely

important to GPR interpretations regardinglfa, and also that faulting in soft sediments
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is complex. Troubles encountered included topographic field data as well as topographic
corrections during posdteld data processing. Should future work be done in this area,
these troubles, as well as manéense groundtruthing and different field methodologies

regarding how the GPR unitphysicallymoved, should be seriously taken into account.

Introduction

New Zealand is worlgdlenowned for its complex and active geology, and the
many active faulten New Zealanctontribute greatly tohis complexity and activity In
the year 2008, New Zealand experienced over 15,000 earthquakes, and over 6,500
earthquakes in the first four months of 2009, according to GéolNethe 26' century
alone, New Zealahexperienced 10 earthquakes of a magnitude 6 or higher, with 9 of
these being higher than a magnitude 7. One of themosht and dramatic earthquake
in New Zealandthe Edgecumbe earthquakecurred orMarch 2, 1987%n the
Whakatane Graben (Figurg 1The Edgecumbe earthquake registereld &3 and
causedNZ $300 million in damage (Smith and Wood 198Buring this earthquake,
movement was recorded owmer 7 faults including some previously buried fault traces
(Nairn and Beanland 1989Based on a seismic hazard analysisdean and Beanland
1989), the recurrence of such a moderate magnitadghquakes lends itself to a
substantial seismic hazard within the region of the Whakatane Grabéght ofthe
destructive potential of thesarthquakes and associated fatiis,importance of
understandinghis activefault systenmbecomes cleaand grounepenetrating radar
(GPR) has the potential teelp further this understandin PR6 s abiupi ty t o
shallow subsurface stratigraphg well as offsets in this stratigrapimakes it a powerful

tool with which to gain a better insight into faults.

! Geonet.org.nz is a website run by both the Earthquake Commission and GNS Science. It is meant to
provide the public withhazard information.



GPR use in relation to faults abounds in the literat@®@®R has been used in
conjunction with such tools as remote sensing (such as LilEABlekemier and Khan
2007), field observations (Wyatt and Temples 1996, Balewial.2006, Hauseet al.
2001), seismic refraction (Engelkemeir and Khan 2007, McClyrabak 2008), gravity
data (McClymontet al.2008), seismic reflection (Baldwit al. 2006), electrical
resistivity tomography (ERT) (Vannestéal.2008), resistivity mapping (Vannesteal.
2008), trenching (Baldwiet al.2006, Hauseet al.2001), and boreholes (Baldwet al.
2006, McClymontet al.2008). GPR has been used tadst faults in everything from
coastal sediments (Wyatt and Temples 1996) and alluvial sediments (Veatraste
2008, Englekemeir and Khan 2007, and Baldetial.2006) to gravel (McClymorgt al.
2008) and bedrock (Hausetral.2001). The aims of thesstudies varied from proving
the reliability of GPR in the context of analyzing faults (Wyatt and Temples 1996,
Hauseret al.2001) to constraining the timing of the last event on a fault (Baldtwa.
2006). Both 2-D profiles(Englekemier and Khan 2@, Baldwinet al.2006, and Wyatt
and Temples 1996) and3 profiles (McClymontet al.2008, Vannestet al.2008, and
Hauseret al.2001) were usetb interpret information about fault§ he present study is
similar inthat: 1)it takes place in aoastal settingWyatt and Temples 199@nd
unconsolidated sediments (Wyatt and Temples 1986nesteet al. 2008, Englekemeir
and Khan 2007, and Baldwet al.2006), 2)it uses2D profilesfor interpretation
(Englekemier and Khan 2007, Baldwehal.2006 Vannestest al.2008, and Wyatt and
Temples 1996)and 3) it is attempting to assess the viability of using GPR to understand
faults (Wyatt and Temples 1996 aHduseret al.2001).

Hauseret al.2001 concluded that GPR is a viable method with whidbcate
and observe bedrock fault offsets, such as the offset causes on the Neodani fault by the

Kobi earthquake, beneath unconsolidated sediments. That study suggested that this



viability meant that GPR coulide used to locate the best locationsféit trenching in a
norrinvasive manner (Hauset al.2001). Wyatt and Temple§l996 conclude that GPR
is a viable method with which to study faulis conjunction with ample field data)
noting that high amplitude reflectors are important in intergtien of faults in GPR data.
Wyatt and Temples 1996terpretfaulting characteristics such as fault stranding, drag,
and rollover features in their GPR profilessed on Bonilla and Lienkaemg&©90),
among othersVannesteet al. (2008 found that theirdult in questiorwasexpressedh
GPRas a fAélaterally consistent disruption of
sense of offset are inconsistent. Vannesta. (2008 alsofound that it was hard to
obtain slip sensand amounfrom GPR profiles alone, notirtgat the extremely shallow
subsurface is dominated by postdepositional soil development rather than traditional
faulting. However, the paper also used electrical resistivity tomography, resistivity
mapping, and trenching in addition to GPR, which completedeachotherwell. GPR
is a viable technique in conjunction with proper field work and other shallow geophysical
techniques.

In this project | compard GPRprofilesof 2 transects over thedgecumbe fault
(A and B to onetransectC, overanother possibl@ault scarp(Figure 2). Transech was
takenon McCracken Rdwhich was rebuilt after thE987 Edgecumbearthquake
separated the roathereby leaving a snapshot in time of the fault displacemErgnsect
B was takeron a farm on MCracken Rd (the southern side of roadgrthe Edgecumbe
fault scarpformed during the same evemhich has since undergone significant
human modification TranseciC was taken in a similar setting Bx(i.e. on a farm,
having no significant human rddication) overa possible fault scarpBegg and
Mouslopoulou in pres$ call this scarp an extension of either the Awaiti or Otakiri faults

(see their Figs. 2 am?) based solely on LIDAR data without field verificatioRor



consistencywithin this study, | will call the possible fault scarp over which transect C
was taken the Awaiti fault, even though this scarpdmg been suggested by LIDAR
data(Begg and Mouslopouloun press.

This projectaims to furtheour understanding of hoand how wellGPR data can
be used to understand active fadd{scomparingGPR,topographicand fielddata setsfo
the Edgecumbe fault to”R,topographi¢and fielddata sets of the Awaiti fault in the
Whakatane Graben. This project is unique in the respedt tmhbinesthe GPR and
topogrp hi ¢ data sets of the Edgecumbsewost aul t wi't
recentseismic and fault displacement eveanid then compares this to the Awaiti fault, in
which the formation mchanism and timing is unknowiguch a case study will allow for
a better understanding of how and how well GPR can be used to understand an active

fault system.

Study Site Background

The March 1987 Edgecume earthquake occurred imet Whakatane Grabgn
whichis located at the intersection of the nesthuth trendindNorth Island Shear Zone
and the rifting andhortheastsouthwest trendingTaupo Volcanic ZoneTVZ) (Figure
1). The basement Mesozoic rocksvie been downfaultezlkm below current sea level,
andthe graben has beearfilled with Quaternary volcanic deposits from the TVZ as well
as young alluvial and coastal sedimgiiNairn and Beanland 19897T he alluvial
sedimentarederived from the Tarawra, Rangitaiki, and Whakatane river systems that
cross the graben on their way to the sea, and the active coastline has prograded 10 km in
the last 7,000 yeaduring the Holocenstill-stand(Nairn and Beanland 1989Y he
grabenhas undergamQuaternaryextension and subsideng& which the 1987

Edgecumbe earthquake was a continuatra rate of 2 mm/year during the past



5,500 yeargNairn and Beanland 1989)n contrast to this subsidence, the graben
margins are being uplifted: the western mamji a rate of 044.7 mm/year and the
eastern margin at a rate of 0.5 mm/year during the last 0.12 million({&&ire and
Beanland 1989).

Within the Whakatane Graben, the Rotoitipakau, OAeggecumbe, and Matata
fault zones have been active within thet 5,500 years. During the Edgecumbe
earthquake, the previously known Edgecumbe, Onepu, Matata, and Rotoitipakau faults
ruptured asvell as the buried Te Teko, Otfakand Awaiti faults. Like the majority of
faults in the Whakatane Graben, these tatriktnd roughly NESW. The majority of
faults that slipped in 1987 did so in a norrdig-slip fashion, with the NW side being the
downthrown side (Beanlaret al. 1989). The two faults of interest in this study are the
Edgecumbe and Awaiti faults. Tllgecumbe fault, near McCracken Rd, slipped2l.5
m vertically and up to 1-2 m horizontally during the 1987 Edgecumbe earthquake
(Beanlancet al1989). The fault model for the slip during the 1987 Edgecumbe
earthquake is a fault plane trending NE, digpb5°, and becoming almost vertical in the
top 10 m of the ground (Beanlartial.1989). The average slip vector of motion from
the 1987 Edgecumbe earthquake trends 330°, plunges 55°, and represents approximately
3.1 m of normal fault slip (Beanlaredal. 1989). The style of deformation seen in the
1987 Edgecumbe earthquake included vertical as well as horizontal offset, encompassing
fissures, warping, smaficale cracks, sidsteps, bifurcation, parallel ruptures, and bends

(Beanlancket al.1989) (Figuire 2 and 3). Trenches as well as roatlexposures from
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Figure 1: Adapted from Taylat al.2004. This figure shows the location of the Whakatane Graben
within the Bay of Plenty (BOP) on the North Island of New Zealand. Its relation to the Talgani

Zone (TVZ), the North Island Dextral Fault Belt (NIDFB, also the North Island Shear Zone), the Havre
Trough (HT), and the relative motion of the Pacific plate (PAC) and the Australian plate (AUS).

Beanlancket al. 1989 encapsulate the complexatfcrosssection views inherent with
such a complex deformation style (Figure 3).

As previously mentioned, the part of the Awaiti fault referred to in this paper has
been interpreted as such using LIDAR data (Begg and Mouslopoulou, in press), but not
field data, virbracore, or GPR. This part of the fault (if it is indeed a part of the fault) did
not slip in the 1987 Edgecumbe earthquake (Beardaatl 1989), and there is no field

data available recording how or when it formed.



Cross section of typical fault rupture
Vertical offset -

/ Width of fault

Plan view of typical fault rupture
Extensional offset

Hi Lil

LAY PR Ll i —

f warp
T E——
—— / Tos -f;; warp, commonly
Ewxtension summed across Mo match marked by compressional
cracks and fissures where across fissure turf rolls
turf can be matched across
Plan view of typical fault rupture, with fence crossings
Lateral offset
™ #
AN # Apparent left lateral
Apparent right I.=nera|\"i:r // offset across fault
offset across fault N\ slip :vectur \)r
‘:___E_I___Ll.i-—--— T m mi fissure
/ toe of wamp
_____-..4_.*——9""""_

N\

U

Vector surmns of apparent pairs
provide slip vector estimate

Figure 2: Taken ditly from Beanlanckt al. (1989) (Appendix 1). This figure shows thigle of

deformation which occurred during the 1987 Edgecumbe earthquake, in cross section and plan view. Note
that horizontal and vertical displacement occurred simultaneously, fofissuges, cracks, warping, and

side steps.
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Figure 3: (A) and (b) taken directly from Beanlagtchl.
(1989) (Figures 6 and 9). (A) is a trench along the
Edgecumbe fault trace southwest of McCracken Rd soon
after the 1987 Edgecumbe earthquake. Note the offset
Kaharoa ash, Taupo Alluvium, and the fossil cracks from
previous earthquakes on this fault. (B) is a road cut along
the Rotoitipakau Fault Zone ihég Whakatane Graben soon
after the 1987 Edgecumbe
cracks are cracks formed during the 1987 Edgecumbe
earthquake and extend up to 5 m below the scarp. Note
t he of f-lseed d ddVeflBidth (@) ardgbhared
meant to gie an idea of the complexity of structures relate
to normal faulting in the Whakatane Graben.



Methods
Field

GPR, topographic, and vibracore data were collected in February 2009 at the field
locations specified in Figure 4

GPR transecta (300 m)andB (75 m)on the Edgecumbe fault atdnseciC
(500 m)on the Awaiti fault wereollected with a GSSI 200Digital GPR unit using a
200 MHz antennaThe Edgecumbe and Awaiti faults strike MRV, so transects A, B,
and C trended NWBE. In general, 10200 MHz penetrates-55 m in dry sad (Bailey
and Bristow 2000).Two runs vere completed on each transesing different range
settingsyielding a shallower, higher detail transect and a dedgss detailedransect
On transect8 and G the runs were done in opposite directions, /bih transect A, the
runs were done in the same directidrhe annotatioB-B6 RGB will be used to
denote theéransectdirection (Figure & Transect AA dised ranges 200 ns and 150 ns.
TransectBB 6 u 80®dgamge whi | e -Buseda F5ensrangeBléansect €
Cb6 uS80®dgange whi |l e -€Cusedma $50 nostingeC 6

Topographic profiles along each GPR transect were measured using a Sokkia
Electronic Total Station. These profiles were measured at 50 m intervals on transects A
andC and 25 m intervals on transec{iB addition to the scarp face on transect B)

Vibracores were collected in on transects B and C. On transect B, vibra&ore V
1 (vibraccoreEdgecumbel) was taken on th@éowrthrown side of the Edgecumbe fault,
and \LE-2 was taken on thepthrown side of the Edgecura fault. The cores from

transect C have not yet been opened, and will not be discussed in this study.
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Figure4: Modified from Begg and Mouslopoulou (in preasd Google Maps. This figure shows the
locations of GPR transects A, B, and C, locatioingbracores VVE-1 andV-E-2 and the Edgecumbe and
Awaiti faults within the Whakatane Graben. Note that the faults strik€WHith a dipslip component
such that th@orthwest is the downthrown side of the fault.

Laboraory

Basic GPR theory and princgs relevant to this study can be found in Davis and
Annan(1989 as well as many geophigal textbooks such as Burgsral. (2006 and
Milsom (2003. In the lab the computer program Radan 6.5 was used to complete GPR
data processingTwo steps, normazation and topgraphic correction, were involved in
this process, both of which are outlined in the RadatJéérManual(GSSI) The

topographic field data were used in both stefglielectric constant of @iaschoserfor



the material of dry sanohsedon the Radan 6.8serManual(GSS), even though some
of the material was not dry sand@his valuewasused to convert the range setting into
penetratiordepthfor each transectThe collected virbracores were analyzed and logged
in order to serve asgroundtruth agent to verify the selected dielectric constant of 6 by
confirming the initial reflecto@depth

The above posfield processing yielded the2 profiles presented below.
Interpretatios of these2-D GPRprofileswerebased on the methods usedtyatt and

Templeq1996 as well as Bonilla and Lienkaemp@990.

Results

A total of 6 GPR profiles were processadd allbut 2 are presenteteré
(Figuresb-11). Transect AAG6 penet r atgeld ngsdeAppendixpsdi~8 m
using 150 ngFigure 5. Transect BB dFigure 73 penetrated 12 m using 200 ns, and
t r an skE(Eigure Bppenetrated 10 m using 175 ns. Transe&@ Gsee Appendix)
penetrated8 musing300ns whi | e -G (FiguresOepenetrate® m using 150
ns. The 12m deep transectAd | s n o in thetextbecausetsweface rupture is of
primary interest in this study, and the 8 m deep &rofile has better resolutioof this
area Thel8 m deep transect-C 6 i @mesantednh the textbecause its lack of
resolution does not yield any useful information about the formation of the surface scarp.

When discussing the results of this stu2i) GPR profiles, it is important to
understand what a reflector is and what types of reflectors will f@iexed in this study.
A reflectorrepresents the part of the electromagnetic signal (emitted by the antenna)

which is reflected back to the receiver (Davis and Annan 1989) due to changes in the

2The entirety of 12 mdeep transect¥ and tCrdarcsaeictbeC found in the Appendi



electricalpropet i es of t he-ampti é itflea@blenteans #at fhéthe g h
materialr e f | ect s much o fw-arhel iseflepdosadeans thahthel e a
material is not reflecting much of the signal. In this study, | will use the following terms,
in addition to highamplitude and lovamplitude, to describe theR GPR profiles
presented:parabolic, discontinuous, continuous, dipping, horizontal, and grouped, most
of which are selexplanatory. Parabolic reflectors are reflectors shaped like upside down
parabolasand are sometimes calleddeybolic reflectors (Ruthenberg 1998)hey
commonly result from single objects, not a continuous layer. For instinese, types of
reflectors were common iRuthenberg 1998vhichused GPR to find pipes and cables

Figure 5shows the entire 300 mrigthof the2-D GPR profile of transect A 6
which penetrated 8 m, and FigurelkBows a sectionfahis profile in more detail. Figure
5 shows parabolic, continuous, discontinuous, dipping, and horizontal reflectors. The top
of the scarp is known fromdid observation, but the end of the scarp horizontally was
not observed. The mbgrominent features of Figuredbe the parabolic reflectors in the
box onpart(b) and the continuousiearlyhorizontal high amplitude reflector which
starts in the box opart (0). This highamplitude reflector continues into Figure 5c until
eventually intersecting the ground reflector (the top most reflector on the préfitg)re
6 shows a close up of the beginning of the prominent,-aigplitude reflector and the
pambolic reflectors.

Figure 7shows the entire 75 m lengtt the2-D GPR of transectsB 6 a #d B
TransectBB 6 ( F a)peanetratedl2 nede p, a n d -Bt(Rigare b) pen¢trat&lo
10 m deep.Figure 7shows the top and bottom of the scarp, aased by field

observations, as well as the location and depths of coed ¥énd \VE-2. Figures 7a

Al
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Figure 5: 2-D profile of transect AA 6 Collected with a GSSI 2000 Digital GPR unit using a 200 MHz antenda 150 ngange. Penetratioredth is ~8n and the total distance of the profile
300 m. The profile is brokenup into 3 partc(d@, each 100 m, totaling 300 m. The profil e st arcanrgectsawith the teft end
part (b), and the same for connecting (b) and (c). Field observatitinatethat the top of the scarp is as shown, but field notes are lacking as to the horizontal length of tlegoarp. shows
the yellow box in more detail. Note the highnditude, nearly horizontal reflector throughout much of the profile. Also note the parabolic reflectors in the yellow box.



