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Abstract  

 New Zealand is host to faults which can cause significant damage, such as in the 

1987 Edgecumbe earthquake, registering as M 6.3 (the smallest of the 10 biggest 

earthquakes in the 20
th
 century in NZ) and causing NZ $300 million in damage 

throughout the Edgecumbe area of the Whakatane Graben, North Island, New Zealand.  

Ground-penetrating radar (GPR) has the potential to help understand this hazard in New 

Zealand because of its ability to pick up shallow subsurface stratigraphy.  This study 

compares GPR data, topographic data, 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 Geology and Geophysics vol. 32:  1-190), and this 

knowledge acted as 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 exists of its formation, part of the Awaiti fault, was then examined to see 

what GPR reveals with little to no field constraints on the scarpôs formation.  2 2-D GPR 

profiles over the Edgecumbe fault and 1 2-D GPR profile over the Awaiti fault were 

examined.  Vibracores were taken on the Edgecumbe fault, the upthrown and 

downthrown sides, in order to groundtruth the reflectors seen in the 2-D GPR profiles.  

This study concludes that excellent field data and prominent reflectors are extremely 

important to GPR interpretations regarding faults, and also that faulting in soft sediments 



 

 

is complex.  Troubles encountered included topographic field data as well as topographic 

corrections during post-field data processing.  Should future work be done in this area, 

these troubles, as well as more intense groundtruthing and different field methodologies 

regarding how the GPR unit is physically moved, should be seriously taken into account.   

 

Introduction  

 New Zealand is world-renowned for its complex and active geology, and the 

many active faults in New Zealand contribute greatly to this 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 GeoNet
1
.  In the 20

th
 century 

alone, New Zealand experienced 10 earthquakes of a magnitude 6 or higher, with 9 of 

these being higher than a magnitude 7.  One of the most recent and dramatic earthquakes 

in New Zealand, the Edgecumbe earthquake, occurred on March 2, 1987 in the 

Whakatane Graben (Figure 1).  The Edgecumbe earthquake registered as M 6.3 and 

caused NZ $300 million in damage (Smith and Wood 1989).  During this earthquake, 

movement was recorded on over 7 faults including some previously buried fault traces 

(Nairn and Beanland 1989).  Based on a seismic hazard analysis (Berryman and Beanland 

1989), the reccurrence of such a moderate magnitude earthquakes lends itself to a 

substantial seismic hazard within the region of the Whakatane Graben.  In light of the 

destructive potential of these earthquakes and associated faults, the importance of 

understanding this active fault system becomes clear, and ground-penetrating radar 

(GPR) has the potential to help further this understanding.  GPRôs ability to pick up 

shallow subsurface stratigraphy as well as offsets in this stratigraphy makes it a powerful 

tool with which to gain a better insight into faults.   

                                                   
1
 Geonet.org.nz is a website run by both the Earthquake Commission and GNS Science.  It is meant to 

provide the public with hazard information.  



 

 

GPR use in relation to faults abounds in the literature.  GPR has been used in 

conjunction with such tools as remote sensing (such as LiDAR, Englekemier and Khan 

2007), field observations (Wyatt and Temples 1996, Baldwin et. al. 2006, Hauser et al. 

2001), seismic refraction (Engelkemeir and Khan 2007, McClymont et al. 2008), gravity 

data (McClymont et al. 2008), seismic reflection (Baldwin et al. 2006), electrical 

resistivity tomography (ERT) (Vanneste et al. 2008), resistivity mapping (Vanneste et al. 

2008), trenching (Baldwin et al. 2006, Hauser et al. 2001), and boreholes (Baldwin et al. 

2006, McClymont et al. 2008).  GPR has been used to study faults in everything from 

coastal sediments (Wyatt and Temples 1996) and alluvial sediments (Vanneste et al. 

2008, Englekemeir and Khan 2007, and Baldwin et al. 2006) to gravel (McClymont et al. 

2008) and bedrock (Hauser et al. 2001).  The aims of these studies varied from proving 

the reliability of GPR in the context of analyzing faults (Wyatt and Temples 1996, 

Hauser et al. 2001) to constraining the timing of the last event on a fault (Baldwin et al. 

2006).  Both 2-D profiles (Englekemier and Khan 2007, Baldwin et al. 2006, and Wyatt 

and Temples 1996) and 3-D profiles (McClymont et al. 2008, Vanneste et al. 2008, and  

Hauser et al. 2001) were used to interpret information about faults.  The present study is 

similar in that:  1) it takes place in a coastal setting (Wyatt and Temples 1996) and 

unconsolidated sediments (Wyatt and Temples 1996, Vanneste et al. 2008, Englekemeir 

and Khan 2007, and Baldwin et al. 2006), 2) it uses 2D profiles for interpretation 

(Englekemier and Khan 2007, Baldwin et al. 2006, Vanneste et 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 and Hauser et al. 2001).   

Hauser et al. 2001 concluded that GPR is a viable method with which to locate 

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 could be used to locate the best locations for fault trenching in a 

non-invasive manner (Hauser et al. 2001).  Wyatt and Temples (1996) conclude that GPR 

is a viable method with which to study faults (in conjunction with ample field data), 

noting that high amplitude reflectors are important in interpretation of faults in GPR data.  

Wyatt and Temples 1996 interpret faulting characteristics such as fault stranding, drag, 

and rollover features in their GPR profiles based on Bonilla and Lienkaemper (1990), 

among others.  Vanneste et al. (2008) found that their fault in question was expressed in 

GPR as a ñélaterally consistent disruption of reflectorséò in which the amount and 

sense of offset are inconsistent.  Vanneste et al. (2008) also found that it was hard to 

obtain slip sense and amount from GPR profiles alone, noting that 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 complemented each other well.  GPR 

is a viable technique in conjunction with proper field work and other shallow geophysical 

techniques.   

In this project, I compared GPR profiles of 2 transects over the Edgecumbe fault 

(A and B) to one transect, C, over another possible fault scarp (Figure 2).  Transect A was 

taken on McCracken Rd, which was rebuilt after the 1987 Edgecumbe earthquake 

separated the road, thereby leaving a snapshot in time of the fault displacement.  Transect 

B was taken on a farm on McCracken Rd (the southern side of road) over the Edgecumbe 

fault scarp formed during the same event which has since undergone no significant 

human modification.  Transect C was taken in a similar setting to B (i.e. on a farm, 

having no significant human modification) over a possible fault scarp.  Begg and 

Mouslopoulou (in press) call this scarp an extension of either the Awaiti or Otakiri faults 

(see their Figs. 2 and 3) based solely on LiDAR data without field verification.  For 



 

 

consistency within this study, I will call the possible fault scarp over which transect C 

was taken the Awaiti fault, even though this scarp has only been suggested by LiDAR 

data (Begg and Mouslopoulou in press).   

This project aims to further our understanding of how and how well GPR data can 

be used to understand active faults by comparing GPR, topographic, and field data sets of 

the Edgecumbe fault to GPR, topographic, and field data sets of the Awaiti fault in the 

Whakatane Graben.    This project is unique in the respect that it combines the GPR and 

topographic data sets of the Edgecumbe fault with precise field data of the faultôs most 

recent seismic and fault displacement event, and then compares this to the Awaiti fault, in 

which the formation mechanism and timing is unknown.  Such 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 Edgecumbe earthquake occurred in the Whakatane Graben, 

which is located at the intersection of the north-south trending North Island Shear Zone 

and the rifting and northeast-southwest trending,  Taupo Volcanic Zone (TVZ) (Figure 

1).  The basement Mesozoic rocks have been downfaulted 2 km below current sea level, 

and the graben has been infilled with Quaternary volcanic deposits from the TVZ as well 

as young alluvial and coastal sediments (Nairn and Beanland 1989).  The alluvial 

sediments are derived from the Tarawera, 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 years during the Holocene still-stand (Nairn and Beanland 1989).  The 

graben has undergone Quaternary extension and subsidence (of which the 1987 

Edgecumbe earthquake was a continuation) at a rate of 2-3 mm/year during the past 



 

 

5,500 years (Nairn and Beanland 1989).  In contrast to this subsidence, the graben 

margins are being uplifted:  the western margin at a rate of 0.9-1.7 mm/year and the 

eastern margin at a rate of 0.5 mm/year during the last 0.12 million years (Nairn and 

Beanland 1989). 

Within the Whakatane Graben, the Rotoitipakau, Onepu-Edgecumbe, and Matata 

fault zones have been active within the last 5,500 years.  During the Edgecumbe 

earthquake, the previously known Edgecumbe, Onepu, Matata, and Rotoitipakau faults 

ruptured as well as the buried Te Teko, Otakiri, and Awaiti faults.  Like the majority of 

faults in the Whakatane Graben, these faults trend roughly NE-SW.  The majority of 

faults that slipped in 1987 did so in a normal dip-slip fashion, with the NW side being the 

downthrown side (Beanland et al. 1989).  The two faults of interest in this study are the 

Edgecumbe and Awaiti faults.  The Edgecumbe fault, near McCracken Rd, slipped 1.5-2 

m vertically and up to 1.5-2 m horizontally during the 1987 Edgecumbe earthquake 

(Beanland et al 1989).  The fault model for the slip during the 1987 Edgecumbe 

earthquake is a fault plane trending NE, dipping 55º, and becoming almost vertical in the 

top 10 m of the ground (Beanland et al. 1989).  The average slip vector of motion from 

the 1987 Edgecumbe earthquake trends 330º, plunges 55º, and represents approximately 

3.1 m of normal fault slip (Beanland et al. 1989).  The style of deformation seen in the 

1987 Edgecumbe earthquake included vertical as well as horizontal offset, encompassing 

fissures, warping, small-scale cracks, side-steps, bifurcation, parallel ruptures, and bends 

(Beanland et al. 1989) (Figure 2 and 3).  Trenches as well as road-cut exposures from 



 

 

 

Figure 1:  Adapted from Taylor et 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 Taupo Volcanic 
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).   

 

Beanland et al. 1989 encapsulate the complexity of cross-section 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 (Beanland et al. 1989), and there is no field 

data available recording how or when it formed.   



 

 

 

Figure 2:  Taken directly from Beanland et al. (1989) (Appendix 1).  This figure shows the style of 

deformation which occurred during the 1987 Edgecumbe earthquake, in cross section and plan view.  Note 

that horizontal and vertical displacement occurred simultaneously, forming fissures, cracks, warping, and 

side steps.   



 

 

 

(a) 

(b) 

Figure 3:  (A) and (b) taken directly from Beanland et al. 

(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 in the Whakatane Graben soon 
after the 1987 Edgecumbe earthquake.  The ñMarch 2ò 

cracks are cracks formed during the 1987 Edgecumbe 

earthquake and extend up to 5 m below the scarp.  Note also 

the offset ñWell-bedded fine ash.ò  Both (a) and (b) are 

meant to give an idea of the complexity of structures related 

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 transects A (300 m) and B (75 m) on the Edgecumbe fault and transect C 

(500 m) on the Awaiti fault were collected with a GSSI 2000 Digital GPR unit using a 

200 MHz antenna.  The Edgecumbe and Awaiti faults strike NE-SW, so transects A, B,  

and C trended NW-SE.  In general, 100-200 MHz penetrates 5-15 m in dry sand (Bailey 

and Bristow 2000).  Two runs were completed on each transect using different range 

settings, yielding a shallower, higher detail transect and a deeper, less detailed transect.  

On transects B and C, the runs were done in opposite directions, while on transect A, the 

runs were done in the same direction.  The annotation B-Bô or Bô-B will be used to 

denote the transect direction (Figure 4).  Transect A-Aô used ranges 200 ns and 150 ns.  

Transect B-Bô used a 200 ns range, while transect Bô-B used a 175 ns range.  Transect C-

Cô used a 300 s range, while transect Cô-C used a 150 ns range. 

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 

and C and 25 m intervals on transect B (in addition to the scarp face on transect B).  

Vibracores were collected in on transects B and C.  On transect B, vibracore V-E-

1 (vibra-core-Edgecumbe-1) was taken on the downthrown side of the Edgecumbe fault, 

and V-E-2 was taken on the upthrown side of the Edgecumbe fault.  The cores from 

transect C have not yet been opened, and will not be discussed in this study.   

 



 

 

 

Figure 4:  Modified from Begg and Mouslopoulou (in press) and Google Maps.  This figure shows the 

locations of GPR transects A, B, and C, locations of vibracores V-E-1 and V-E-2 and the Edgecumbe and 

Awaiti faults within the Whakatane Graben.  Note that the faults strike NE-SW with a dip-slip component 

such that the northwest is the downthrown side of the fault.   

 

Laboratory 

Basic GPR theory and principles relevant to this study can be found in Davis and 

Annan (1989) as well as many geophysical textbooks such as Burger et al. (2006) and 

Milsom (2003).  In the lab, the computer program Radan 6.5 was used to complete GPR 

data processing.  Two steps, normalization and topographic correction, were involved in 

this process, both of which are outlined in the Radan 6.5 User Manual (GSSI).  The 

topographic field data were used in both steps.  A dielectric constant of 6 was chosen for 



 

 

the material of dry sand based on the Radan 6.5 User Manual (GSSI), even though some 

of the material was not dry sand.  This value was used to convert the range setting into 

penetration depth for each transect.  The collected virbracores were analyzed and logged 

in order to serve as a groundtruth agent to verify the selected dielectric constant of 6 by 

confirming the initial reflectorsô depth.   

The above post-field processing yielded the 2-D profiles presented below.  

Interpretations of these 2-D GPR profiles were based on the methods used in Wyatt and 

Temples (1996) as well as Bonilla and Lienkaemper (1990).   

 

Results 

A total of 6 GPR profiles were processed, and all but 2 are presented here
2
 

(Figures 5-11).  Transect A-Aô penetrated ~12 m using 200 ns (see Appendix) and ~8 m 

using 150 ns (Figure 5).  Transect B-Bô (Figure 7a) penetrated 12 m using 200 ns, and 

transect Bô-B (Figure 7b) penetrated 10 m using 175 ns.  Transect C-Cô (see Appendix) 

penetrated 18 m using 300 ns, while transect Cô-C (Figure 10) penetrated 8 m using 150 

ns.  The 12 m deep transect A-Aô is not presented in the text because surface rupture is of 

primary interest in this study, and the 8 m deep A-Aô profile has better resolution of this 

area.  The 18 m deep transect C-Cô is not presented in the text because its lack of 

resolution does not yield any useful information about the formation of the surface scarp.   

When discussing the results of this study, 2-D GPR profiles, it is important to 

understand what a reflector is and what types of reflectors will be examined in this study.  

A reflector represents 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 

                                                   
2
 The entirety of 12 m deep transect A-Aô and transect C-Cô can be found in the Appendix. 



 

 

electrical properties of the material.  A ñhigh-amplitudeò reflector means that there the 

material reflects much of the signal, while a ñlow-amplitudeò reflector means that the 

material is not reflecting much of the signal.  In this study, I will use the following terms, 

in addition to high-amplitude and low-amplitude, to describe the 2-D GPR profiles 

presented:  parabolic, discontinuous, continuous, dipping, horizontal, and grouped, most 

of which are self-explanatory.  Parabolic reflectors are reflectors shaped like upside down 

parabolas, and are sometimes called hyperbolic reflectors (Ruthenberg 1998).  They 

commonly result from single objects, not a continuous layer.  For instance, these types of 

reflectors were common in Ruthenberg 1998, which used GPR to find pipes and cables.   

Figure 5 shows the entire 300 m length of the 2-D GPR profile of transect A-Aô 

which penetrated 8 m, and Figure 6 shows a section of this profile in more detail.  Figure 

5 shows parabolic, continuous, discontinuous, dipping, and horizontal reflectors.  The top 

of the scarp is known from field observation, but the end of the scarp horizontally was 

not observed.  The most prominent features of Figure 5 are the parabolic reflectors in the 

box on part (b) and the continuous, nearly horizontal high amplitude reflector which 

starts in the box on part (b).  This high-amplitude reflector continues into Figure 5c until 

eventually intersecting the ground reflector (the top most reflector on the profile).  Figure 

6 shows a close up of the beginning of the prominent, high-amplitude reflector and the 

parabolic reflectors.   

Figure 7 shows the entire 75 m length of the 2-D GPR of transects B-Bô and Bô-B. 

Transect B-Bô (Figure 7a) penetrated 12 m deep, and transect Bô-B (Figure 7b) penetrated 

10 m deep.  Figure 7 shows the top and bottom of the scarp, constrained by field 

observations, as well as the location and depths of cores V-E-1 and V-E-2.  Figures 7a  



 

 

 

 

 

Figure 5:  2-D profile of transect A-Aô.  Collected with a GSSI 2000 Digital GPR unit using a 200 MHz antenna and a 150 ns range.  Penetration depth is ~8 m and the total distance of the profile is 

300 m.  The profile is broken up into 3 parts (a-c), each 100 m, totaling 300 m.  The profile starts at point A, 0 m, and ends at point Aô, 300 m.  The right end of part (a) connects with the left end of 

part (b), and the same for connecting (b) and (c).  Field observations indicate that the top of the scarp is as shown, but field notes are lacking as to the horizontal length of the scarp.  Figure 6 shows 

the yellow box in more detail.  Note the high-amplitude, nearly horizontal reflector throughout much of the profile.  Also note the parabolic reflectors in the yellow box.   
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