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[1] Where they can be correlated with geological exposures and trenches,
3-D ground-penetrating radar (GPR) data can contribute critical subsurface information
to paleoseismic investigations. Because active faults are typically characterized
by complicated near-surface structures that vary with the styles of faulting and the types
of rock that are ruptured, GPR data can be difficult to interpret. We have acquired
3-D GPR data sets across three active fault zones within New Zealand that have different
deformation styles: the strike-slip Wellington fault zone, reverse faults of the Ostler
fault zone, and normal faults of the Maleme fault zone. To improve our interpretation
of the processed GPR volumes, we employed two suites of geometric attributes. The first
suite was computed using a coherence-based algorithm. It provided estimates
of the coherency, azimuth, and dip of reflections. The second suite quantified
the volumetric textures of reflections, which allowed different reflection facies
to be defined objectively. We have demonstrated how some attributes were more
successful at visualizing certain structural or depositional characteristics than others.
For example, the coherency attribute was an excellent tool for highlighting normal faults
within volcanic deposits of the Maleme fault zone, whereas the texture-based attributes
were most useful for discriminating between the gravel and metasediment units
juxtaposed by the Wellington fault zone. Our GPR data sets and associated attribute
volumes showed details of near-surface fault geometry that were not obvious from surface
mapping, and they revealed evidence of off-fault deformation, gravitational collapse,
and topple structures.

Citation: McClymont, A. F., A. G. Green, P. Villamor, H. Horstmeyer, C. Grass, and D. C. Nobes (2008), Characterization
of the shallow structures of active fault zones using 3-D ground-penetrating radar data,J. Geophys. Res., 113, B10315,
doi:10.1029/2007JB005402.

1. Introduction

[2] The identification and characterization of active faults
are critical for studies of regional seismic hazard [e.g.,
Thenhaus and Campbell, 2003]. Historical and instrumental
records of seismicity do not completely characterize the
earthquake cycle of many active fault zones, because the
records are generally much shorter than the repeat times of
the largest earthquakes [McCalpin and Nelson, 1996]. This
is a particular problem in New Zealand, where relatively
complete records of historic and instrumental seismicity
exist for only the past� 150 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 determining the seismic hazard posed by
the numerous active faults that extend along the length of
the country [e.g.,Berryman, 1980;Van Dissen et al., 1994;
Van Dissen and Berryman, 1996; Benson et al., 2001;
Villamor and Berryman, 2001;Sutherland et al., 2007].

[3] Paleoseismic investigations of active faults are
primarily based on surface mapping and trench excavations
[McCalpin and Nelson, 1996]. In many regions, surface
mapping allows the major faults to be identified. However,
the surface expressions of faulting are subject to modifica-
tions by erosion and burial, such that subtle features of past
earthquakes (e.g., distributed faulting at fault bends and
stepovers, tension fractures, and folding) may not be
evident on standard geological and topographic maps.
Trenching can be used to determine the amount of fault-
related movement, but a single excavation is unlikely to
capture all recent surface faulting events [Michetti et al.,
2005]. Three-dimensional high-resolution ground-penetrating
radar (GPR) surveying of active faults provides a noninvasive
cost-effective means to complement observations from surface
mapping and trenching [e.g.,Gross et al., 2002, 2003, 2004;
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Green et al., 2003;Grasmueck and Viggiano, 2006;Tronicke
et al., 2006;Amos et al., 2007].

[4] Although 3-D GPR does not provide direct evidence
of past earthquake parameters, it can be used to extrapolate
or interpolate information based on exposures and trenches.
It can also be used to optimize the location of trenches that
provide critical ground-truth information, including samples
that can be dated. Over the past 15 years, 2-D GPR
profiling has been used extensively in paleoseismic studies
to investigate active faults (e.g., Wasatch fault [Smith and
Jol, 1995], Portland Hills Fault [Liberty et al., 2003]).
Unfortunately, isolated 2-D profiles may be contaminated
by out-of-plane reflections and may not be sufficient for
imaging highly heterogeneous structures, including faults
distinguished by complicated geometries. In contrast, cor-
rectly processed and migrated 3-D GPR data allow the
interpreter to observe high-resolution images of structures
in any direction with approximately equal fidelity.

[5] We demonstrate here the utility of 3-D GPR data for
investigating the shallow structure of different types of
active fault that have ruptured within different types of
near-surface material. To minimize the subjectivity of our
interpretations and to extract maximum structural informa-
tion, we take advantage of attribute volumes computed from
the processed GPR volumes. A wide range of mathemati-
cally defined attributes are commonly used to aid the
interpretation of 3-D seismic data. The form and appearance
of typical GPR and reflection seismic data are similar. Yet,
attributes based on 3-D GPR data have only been reported in
a relatively small number of publications [Grasmueck, 1996;
Young et al., 1997;Sénéchal et al., 2000;Corbeanu et al.,
2002;Tronicke et al., 2006;McClymont et al., 2008].

[6] Attributes are used to enhance features distinguished
by specified characteristics (e.g., reflection amplitudes,
frequencies, dips, azimuths, and continuity, and general
texture and form) or to reveal information that is not
obvious in standard images. Some attributes are calculated
explicitly from the processed data, whereas others are based
on picked horizons. We employ two independent methods,
originally developed for the interpretation of 3-D seismic
data, to generate different types of attribute volume.
Complete details on these methods and their application
to 3-D GPR data recorded across the Alpine fault zone in
New Zealand are contained in the work ofMcClymont et
al. [2008]. The first is a coherence-based technique that
quantifies the geometry of reflections (i.e., coherency,
azimuth and dip [Marfurt et al., 1998]). The second is a
texture-based technique that allows different patterns of
reflections associated with changes in subsurface geology to
be delineated [West et al., 2002; Gao, 2003]. From the
multitude of coherence- and texture-based attribute volumes
we are able to identify subtle characteristics of active faulting
that might be missed using traditional approaches to 3-D
GPR interpretation.

[7] We acquired 3-D GPR data sets across three active
fault zones in New Zealand (Figure 1). The faults sampled
in our surveys represent a range of deformation styles: the
strike-slip Wellington fault zone, thrust faults of the Ostler
fault zone, and normal faults of the Maleme fault zone
(Figures 1 and 2). The processed GPR volumes are rich in
detail, illustrating the complex 3-D characteristics of fault
zones and nearby sedimentary architecture in the near-

surface. Specific geometrical characteristics of reflections
in each data set (e.g., dip, azimuth, and texture) are enhanced
by calculating different geometric attributes. The parameters
used to transform the GPR volumes to attribute volumes are
determined according to the resolution and types of structure
present in the data. We demonstrate the suitability and
different types of information provided by each attribute
for characterizing subsurface structure at each location.

[8] After reviewing briefly the tectonic setting of New
Zealand, we introduce the local geology and hazards/risks
associated with the faults at our Wellington, Ostler, and
Maleme fault zone survey sites. Relevant geomorphic and
trenching data are presented for each site. We then sum-
marize the data acquisition and processing procedures for
the three 3-D GPR data sets. Subsequently, we outline the
essential elements of the two attribute techniques and apply
them to each data set. On the basis of their information
content, we select a reduced suite of attribute volumes
specific to each data set to help us interpret the different
fault structures. Finally, on the basis of the GPR, surface
geology, trench and exposure data, very preliminary inter-
pretations of the shallow fault structures are presented for
each location.

2. Tectonic Setting

[9] New Zealand straddles the boundary between the
obliquely converging Australian and Pacific plates (Figure 1).
Pacific-Australia convergence decreases southward from
� 45 mm/a at 35� S to � 35 mm/a at 45� S. Deformation
acquires a progressively larger strike-slip component south-
ward [Wallace et al., 2004]. Active tectonics on the North
Island are dominated by the consequences of westward
subduction of the Pacific Plate beneath the Australian Plate
at the Hikurangi Subduction Zone (Figure 1). Some oblique
convergence is accommodated onshore by a combination of

Figure 1. New Zealand plate boundary setting and
locations of the ground-penetrating radar (GPR) surveys
across the (1) Wellington, (2) Maleme, and (3) Ostler fault
zones. Major faults (bold lines) and tectonic domains,
including the Marlborough fault system (MFS), North
Island Dextral Fault Belt (NIDFB), and Taupo Rift Zone
(outlined by dotted lines), are annotated.
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right-lateral strike-slip faults of the North Island Dextral
Fault Belt (NIDFB; Figure 1) and rotation of major tectonic
blocks [Wallace et al., 2004]. Back-arc extension within
the overriding Australian Plate northwest of the NIDFB is
represented by normal faults of the Taupo Rift Zone
(Figure 1).

[10] West-directed subduction terminates near� 43� S
where thick buoyant continental crust of the Pacific Plate
intersects the plate margin, giving rise to a zone of oblique
continent-continent convergence along the Southern Alps of
the South Island. Approximately two thirds of this conver-
gence is accommodated by the right lateral transpressive
Alpine fault zone [Norris and Cooper, 2001] (Figure 1).
The remaining deformation is distributed on structures east
of the Alpine fault zone, such as the Ostler fault zone [Read,
1984;Davis et al., 2005]. Continent-continent convergence
across the Alpine fault zone is linked to the Hikurangi
Subduction Zone to the north by the Marlborough fault
system (MFS), a series of right lateral strike-slip faults that
take on a component of thrust motion as they trend offshore
(Figure 1).

[11] The Alpine fault zone continues offshore to the south
near Fiordland where motion becomes almost pure strike
slip [Hull and Berryman, 1986; Sutherland and Norris,
1995]. Further to the south, Pacific/Australia convergence is

increasingly absorbed within the Fiordland Subduction
Zone, where the Australian Plate plunges beneath the
Pacific Plate (Figure 1).

2.1. Wellington Fault Zone Setting and Survey
[12] The Wellington fault zone is one of a number of major

faults forming the NIDFB (Figure 1). The Wellington–Hutt
Valley (W-HV) segment of the fault zone is� 75 km long
and has a variable strike between NNE–SSW and ENE–
WSW (Figure 2a) [Van Dissen et al., 1992; Langridge et
al., 2005]. A future major rupture of the W-HV segment
could have catastrophic implications for the densely pop-
ulated Wellington region. Although the sense of motion is
predominantly strike slip, variable amounts of vertical
displacement have produced prominent scarps along the
fault zone, with the sense of vertical motion varying along
strike and with time [Begg and Johnston, 2000;Langridge
et al., 2005]. The W-HV segment last ruptured� 300–
450 cal. years BP. It has an expected recurrence interval of
500–770 years [Berryman, 1990;Van Dissen et al., 1992;
Van Dissen and Berryman, 1996]. The average Late
Quaternary slip rate is 6.0–7.6 mm/a and individual
surface rupture events with local displacements of between
3.8 and 4.6 m have been observed [Berryman, 1990;Van
Dissen and Berryman, 1996].

Figure 2. (a) Location of the GPR survey across the Wellington–Hutt Valley segment of the Wellington
fault zone (bold line), which traverses the capital city of Wellington. Shaded relief topography and fault
trace data were obtained from the GNS Science Active Faults Database (http://data.gns.cri.nz/af/).
Rectangles mark the locations of paleoseismic trenches and/or geological exposures. (b) Same as
Figure 2a, but for the Maleme fault zone. Some of the longer fault traces (>3 km) adjacent to and north of
the fault zone are plotted as dotted lines. Segment domains are fromRowland and Sibson[2001].
(c) Same as Figure 2a, but for the Ostler fault zone. The irregularly shaped, white-filled body outlines the
canals and reservoirs forming the Upper Waitaki Power Development Scheme.
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[13] At our Totara Park study site, the surface trace of the
Wellington fault zone is delineated by a 1.2- to 2.0-m-high
fault scarp (Figures 3a and 3b). Here, geomorphic obser-

vations provide little indication of the subsurface fault
geometry. A nearby riverbank exposure (Figure 2a) demon-
strates that the fault dips steeply (� 65� ) to the southeast with

Figure 3. (a) Aerial photo showing fault scarp morphology that delineates the Wellington fault zone at
our survey site. The white rectangle outlines the area of the 3-D GPR survey, and arrows indicate the
sense of strike-slip motion. (b) Ground-level view of the GPR survey across the Wellington fault zone
scarp. The arrow shows the location of the photograph in Figure 3c. (c) Riverbank exposure of the
Wellington fault zone. Dashed lines delineate major geologic units, and arrows show the principal fault
strand. Photo and interpretation courtesy of John Begg, GNS Science (NZ). (d) Trench exposure of the
Wellington fault zone� 10 km to the northeast of the survey site (Figure 2a). Figures 3a and 3d are
reproduced fromGross et al.[2004].
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a horizontally stratified 2- to 10-m-thick sequence of Holo-
cene alluvial gravels overlying sheared graywacke basement
rock and older alluvial gravels (Figure 3c). Clasts within the
older gravel unit on the northwest side of the fault are
imbricated parallel to the fault plane, indicating that, like
the graywacke, this unit has been subject to long-term
shearing over multiple earthquake cycles. The riverbank
exposure also reveals a 2- to 3-m-wide fault-parallel zone
of disrupted sediments within the younger gravels on the
southeast side of the fault (Figure 3c). Unfortunately, slip
rates have not been determined at this site, because gravel
horizons cannot be dated or correlated across the fault
[Berryman, 1990]. A second 8- to 10-m-deep trench exca-
vated across the fault� 10 km to the northeast of our study
site (Figure 2a) reveals a similar geological sequence
(Figure 3d).

[14] The objective of our 3-D GPR survey was to image
the subsurface and identify deformation structures that may
differ from the nearby riverbank exposure. By constraining
along-strike variations in fault geometry, we could better
estimate the impact of future surface ruptures to the nearby
housing community (Figure 3a).

2.2. Maleme Fault Zone Setting and Survey
[15] The Taupo Volcanic Zone is a region of back-arc

extension on the central North Island that results from
westward subduction of the Pacific Plate beneath the
Australian Plate. About 75% of the� 10 mm/a of rift-wide
extension is accommodated on steeply dipping (60� –90� )
normal faults of the Taupo Rift Zone (Figure 1) [Villamor
and Berryman, 2001;Nicol et al., 2006]. In 1987, theML 6.3
Edgecumbe earthquake ruptured multiple fault segments
within the onshore part of the rift, causing widespread
ground damage that included soil liquefaction, soil and
rock slope failures, and localized ground subsidence and
cracking [Franks, 1988;Beanland et al., 1989].

[16] The entire rift is partitioned along strike into rift
segments. Accommodation zones transfer displacement
between these offset extensional domains by soft linkage
of normal faults [McClay and White, 1995; Rowland and
Sibson, 2001]. A major bend in the Taupo Rift Zone takes
place in the Okataina area, where fault traces appear to
rotate from an ENE–WSW orientation within the Okataina
domain in the north to a NE–SW orientation within the
Ngakuru Subdomain in the south (Figure 2b) [Rowland and
Sibson, 2001].

[17] The Maleme fault zone forms a dense array of at
least 16 discrete fault strands that span an� 2.5 km wide
graben at the northern end of the Ngakuru Subdomain
(Figures 2b and 4a) [Villamor and Berryman, 2001]. Sur-
face and subsurface (GPR) mapping shows that the faults
are steeply dipping (� 75� ), forming a complex pattern of
splaying and merging strands [Villamor and Berryman,
2001;Tronicke et al., 2006]. These faults displace a former
horizontal surface that developed as a result of sedimenta-
tion within a lacustrine environment. Drainage of the lake at
� 20 ka resulted in local stream dissection of the surface and
deposition of an overlying alluvial unit. The lacustrine and
alluvial sediments were subsequently mantled by a series of
volcanic tephras originating from nearby and distant volca-
nic vents; the youngest from the most recent Taupo eruption
at 1718 cal. years BP [Villamor and Berryman, 2001]. From

scarp height measurements along a transect across the
Maleme fault zone,Villamor and Berryman[2001] deter-
mined a vertical displacement rate of 3.55 ± 0.3 mm/a over
the past� 20,000 years.

[18] We acquired a 3-D GPR data set across a NW-facing
fault scarp at the northern end of the Maleme fault zone that
encompasses the site of a paleoseismic trench (Figures 2b
and 4). Our objectives were to correlate the complex fault
structures observed on the trench walls with structures
observed in the GPR volume and to extrapolate their 3-D
geometries beyond the trench. Our correlation of the GPR
data with the trench logs is described in section 6.3.

2.3. Ostler Fault Zone Setting and Survey
[19] The Ostler fault zone is a N–S trending thrust system

on the east flank of the Southern Alps. It can be traced over
50 km, forming a� 3-km-wide zone of reverse faults within
the intermontane Mackenzie Basin (Figure 2c). Cenozoic
sediments within the basin reach a maximum thickness of
� 1 km and lie uncomformably above graywacke basement
[Read, 1984;Blick et al., 1989]. Surface geological map-

Figure 4. (a) Aerial photo showing numerous NE–SW
trending fault scarps (arrows identify one of these scarps)
and the location of our GPR survey within the Maleme fault
zone. Coordinates are from the New Zealand Map Grid.
(b) Ground-level view of the GPR survey across one of the
topographic scarps. The dashed line defines the top of the
scarp (the row of trees in the background is on the top of
another scarp).
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ping and seismic reflection data indicate that the fault was
originally a normal fault during the Late Cretaceous–
Paleocene and was reactivated as a high angle (50� –60� )
thrust fault in the last 2.4 Ma [Ghisetti et al., 2007].

[20] The fault zone has been the subject of a deformation
monitoring project since 1966, prior to the construction of
the Upper Waitaki Power Development Scheme, which
includes a series of canals, dams, and reservoirs located
adjacent to and within the fault zone (Figure 2c). Continued
warping of the ground adjacent to the fault zone suggests a
significant component of aseismic deformation [Blick et al.,
1989; Van Dissen et al., 1994]. Nevertheless, vertical
displacement of surfaces and strata across the fault zone
provide strong evidence for coseismic displacement on a
kinematically linked fault system [Van Dissen et al., 1994;
Davis et al., 2005]. Two trenches excavated across seg-
ments of the fault zone to the north (Figure 2c) found
evidence for large earthquakes that occurred approximately
3600, 6000, and 10,000 cal. years BP [Van Dissen et al.,
1994].

[21] Seismic reflection data indicate that the main fault
segment dips 50� –60� westward to depths of� 1.5 km
[Ghisetti et al., 2007]. By aligning scarps crosscutting
multiple fluvial terraces formed by the Ohau River
(Figure 2c),Davis et al. [2005] measured an average
near-surface fault dip of 50 ± 9�. Using this characteristic
dip together with vertical offsets observed on terrace surfa-
ces and surface ages estimated byRead [1984], they
calculated shortening rates across the Ostler fault zone of
0.7–1.0 mm/a. From observations of warped and tilted
fluvial terraces at the same location,Amos et al.[2007]
postulated that the Ostler fault zone is a listric thrust that
shallows with depth. Their 3-D GPR data revealed multiple
fault planes with an average dip of 56 ± 9�.

[22] Near our Clearburn study site, two main thrust seg-
ments are separated by a� 500-m-wide slip transfer zone
(Figure 2c) [Davis et al., 2005]. At this location, the fault
zone cuts Late Pleistocene glacial outwash gravel. Numer-
ous late glacial to interglacial braided river channels are
carved into the outwash surface [Ghisetti et al., 2007]
(Figure 5a). From geomorphic mapping,Davis et al.[2005]
identify 12 small (30–300 m long) subparallel reverse faults
in this area, each of which has maximum vertical displace-
ments of 1–3 m. In noting that the cumulative vertical
displacement on these faults is anomalously low compared
to that measured on arrays of faults to the north and south,
they suggest that most of the displacement deficit is accom-
modated by fault-related folding on a large hanging wall
anticline that warps the outwash surface west of the slip
transfer zone (Figure 5a).

[23] To investigate the details of small-scale faults that do
not form obvious scarps, we acquired a 3-D GPR data set

Figure 5. (a) Orthorectified photo of the Ostler fault zone
at Clearburn and the location of our GPR survey. Triangles
are on the hanging wall side of the fault zone. West of the
main deformation front, an anticlinal bulge warps the
surface of the glacial outwash gravels. A network of braided
paleochannels (facing arrows identify one of these channels)
is etched into this surface on both sides of the fault zone.
Coordinates are from the New Zealand Map Grid.
(b) Ground-level view across the deformation front (dashed
line) of the Ostler fault zone.

Table 1. Acquisition Parameters for Each 3-D Ground-Penetrating Radar Survey

Fault Zone

Wellington Maleme Ostler

Nominal antenna frequency (MHz) 100 100 100
Antenna separation (m) 1.0 1.0 1.0
Antenna configuration perpendicular-broadside perpendicular-broadside perpendicular-broadside
Sampling rate (ns) 1.0 0.5 0.4
Trace length (ns) 750 460 500
Number of traces 10,251 32,040 51,675
Number of lines 51 120 159
Average step size (x direction) (m) � 0.25 � 0.15 � 0.25
Survey dimensions (m) 50.0 � 25.0 40.0 � 30.0 81.0 � 39.5
Average velocity (m/ns) 0.10 0.07 0.11
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across the toe of the Ostler fault zone deformation front, on
the eastern side of the slip transfer zone (Figures 2c and 5).

3. Data Acquisition and Processing Procedures

[24] All of our data sets were collected using a Sensors and
Software PulseEKKO GPR unit integrated with a self-
tracking laser theodolite [Lehmann and Green, 1999]. Ac-
quisition and processing parameters are summarized in
Tables 1 and 2, respectively. The GPR antennas were
mounted on a sled. A target prism fixed to a mast on the
sled was tracked by the theodolite and coordinates measured
as the GPR data were acquired. The traces were recorded at a
relatively constant rate (<1 s per trace) along approximately
parallel straight lines (i.e., along thex direction of each
survey; Figure 6). Coordinate assignments, corrections, and
any required transformations, together with interpolation and
binning were achieved during early stages of the processing
(Table 2) [Lehmann and Green, 1999].

[25] Portions of the data from each processed GPR
volume are displayed in Figure 6. Favorable ground con-
ditions at each site allowed us to record high-resolution data
to depths >10 m. All data sets were migrated using a
constant average velocity determined from multiple com-
mon-midpoint profiles (CMPs) recorded within the survey
areas (Table 1). A 3-D phase-shift code was used to migrate
the Wellington fault zone data volume [Yilmaz, 2001].
Relatively large topographic variations within the Ostler
and Maleme fault zones required the application of a
topographic migration code [Lehmann and Green, 2000;
Heincke et al., 2005]. The constant velocity used to migrate
each data volume was used to convert the respective
migrated GPR volume from time to depth (Table 1). Finally,
the coherency of reflections was enhanced and uncorrelated

noise reduced by applying a gentlef-xy deconvolution filter
(3 � 3 traces) to each data set.

4. Transformation to Geometric Attribute
Volumes

[26] To improve and guide our interpretation of each data
set, the processed GPR volumes were converted to multiple
geometric attribute volumes. We used two independent
techniques, originally developed for 3-D reflection seismic
data, to generate coherence- and texture-based attribute
volumes [Marfurt et al., 1998; Gao, 2003; McClymont et
al., 2008]. Coherence-based attributes are useful for char-
acterizing structures like faults, stratigraphic discontinuities,
or channels [Bahorich and Farmer, 1995; Marfurt et al.,
1998, 1999;Marfurt, 2006], whereas texture-based attrib-
utes are helpful for facies discrimination [West et al., 2002;
Gao, 2003, 2004;Chopra and Alexeev, 2006]. We have
written two MATLAB codes to generate the different suites
of attributes.

4.1. Calculating Coherence-Based Attributes
[27] Coherency is a measure of reflection continuity that

can be used to determine the dominant dip and azimuth of
reflections. Unlike most methods that provide dip and
azimuth estimates using picked horizons, coherence-based
attributes are calculated directly from the data. Our algo-
rithm performs scans over a range of dips in thex and y
directions to find the most coherent planar reflections within
3-D analysis windows of data surrounding each sample
point [Marfurt et al., 1998;McClymont et al., 2008]. The
sizes of the analysis windows are dependent on the reflec-
tion characteristics. If the analysis windows are too small,
the attribute volume may appear noisy. Overly large win-

Table 2. Processing Parameters for Each 3-D Ground-Penetrating Radar Survey

Processing Step

Fault Zone

Wellington Maleme Ostler

1 Assignment of coordinates
to the traces

Assignment of coordinates
to the traces

Assignment of coordinates
to the traces

2 Median (dewow)
filter

Median (dewow)
filter

Median (dewow)
filter

3 Trace editing Trace editing Trace editing
4 Alignment of first arrivals Alignment of first arrivals Alignment of first arrivals
5 Interpolation and

trace binning
Interpolation and

trace binning
Interpolation and

trace binning
6. Final grid size

Inline (x direction) (m) 0.25 0.15 0.25
Cross-line (y direction) (m) 0.5 0.25 0.25

7 Amplitude scaling Amplitude scaling Amplitude scaling
8 Band-pass filtering Band-pass filtering Band-pass filtering
9. Migration 3-D phase shift 3-D topographic 3-D topographic
10 Time to depth conversion Time to depth conversion Time to depth conversion
11 3 � 3 traceF-xy

deconvolution filtering
3 � 3 traceF-xy

deconvolution filtering
3 � 3 traceF-xy

deconvolution filtering
12 Muting of air- and

ground waves
Muting of air- and

ground waves
Muting of air- and

ground waves

Figure 6. Portions of processed and migrated 3-D GPR volumes from the (a) Wellington fault zone, (b) Maleme fault
zone, and (c) Ostler fault zone surveys. Top mutes mask the airwaves and ground waves. Blue lines are the ground surfaces.
In Figure 6a, B is the basement of metasediments and older deformed gravel; G is an older gravel sequence; and S indicates
Holocene gravel sheets. There is no vertical exaggeration. In Figure 6b, MR1, MR2, and MR3 are reflections associated
with boundaries between different layers of tephra and paleosol that can be traced across the normal faults. The dashed
rectangle defines the walls of a former paleoseismic trench. Vertical exaggeration is 2. In Figure 6c, DG is deformed
outwash gravels and UG is undeformed outwash gravels. The white arrows identify two faults. Vertical exaggeration is 2.
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dows may result in excessive smoothing and loss of detail
[McClymont et al., 2008]. Semblance values are calculated
for a range of apparent dips in thex andy directions over a
vertical time window. The size of the time window is
usually chosen to be large enough to encompass a full
cycle of the dominant signal wavelength, but it can be
shortened or lengthened depending on the interpretation
objective. For example, shorter time windows will highlight
short-duration, low-coherency features like channel edges,
whereas longer windows will enhance near-vertical low-
coherency structures like faults [Marfurt et al., 1998]. The
maximum dip tested should be greater than the steepest
dipping reflections observed in the data.

[28] We define the coherency at each sample point as
the maximum semblance computed from the dip scan. The
apparent dip pair (qx, qy) that yields the maximum sem-
blance is used to calculate the true dip (q) and azimuth (8)
for each sample point [Marfurt et al., 1998;McClymont et
al., 2008]. This process is repeated for all sample points
until the original GPR volume is transformed into coher-
ency, dip and azimuth attribute volumes.

4.2. Calculating Texture-Based Attributes
[29] Whereas coherence-based attributes are excellent

tools for structural characterization of a GPR volume,
texture-based attributes provide information useful for radar
facies discrimination [McClymont et al., 2008]. In general
terms, texture is simply a measure of the visual character-
istics of objects or features (e.g., smooth or rough, linear or
curvilinear, parallel or divergent). For 2-D and 3-D digital
data, texture attributes provide quantitative representations
of these qualitative characteristics. Like the 3-D coherence-
based attributes, volume texture attributes are computed for
predefined 3-D analysis windows centered about each data
point. For 3-D reflection seismic or GPR data, each analysis
window consists ofNx � Ny � Nz data points in the inline,
cross-line, and vertical directions [Gao, 2003]. It should be
large enough to capture the repeating patterns that represent
a particular texture. The data points are voxels in 3-D digital
imaging terminology and the texture analysis windows are
texels (textural elements). To convert an entire 3-D data set
to a suite of texture-attribute volumes, we compute texture
attributes for all data points.

[30] Our method of calculating texture attributes is based
on the gray-level co-occurrence matrix (GLCM) method of
Haralick et al.[1973], as modified for 3-D data byWest et
al. [2002], Gao [2003, 2004], andChopra and Alexeev
[2006]. For volume texture analysis, a GLCM is a sym-
metric matrix that quantitatively describes the spatial rela-
tionships and relative occurrences of reflection amplitudes
within a 3-D analysis window. It has a dimension ofNg �
Ng, whereNg is the number of gray levels or intensities
used to quantify the GPR amplitudes. Our GPR data were
originally sampled with 16-bit precision (Ng = 65536). By

resampling the data to 4-bit precision (Ng = 16), we reduce
the dimensions of the GLCM and the number of computa-
tions required for each data point without significantly
altering the texture quality [Chopra and Alexeev, 2006;
McClymont et al., 2008].

[31] A GLCM is created for each analysis window by
counting the number of co-occurrences of a particular
spatial arrangement (orientation and distance) of reflection
amplitudes. For example, we could generate a GLCM in
which each element (i, j) of the matrix represents the
number of times that a data point with amplitudei is
adjacent to a data point with amplitudej along thex
direction of the analysis window. Although GLCMs may
be calculated for any 3-D orientation [West et al., 2002], we
limit our analyses to the three orthogonal directions x, y, and
z (t). Consequently, at each data point we generate three
GLCMs: GLCMx, GLCMy, and GLCMz.

[32] The distribution of values within a GLCM varies
according to the texture of reflections within the analysis
window. For strong continuous reflections, a GLCM calcu-
lated for a direction within the plane of the reflections (i.e.,x
and y directions for horizontal reflections) will have high
values along the diagonal. Discontinuous or incoherent
reflections will have more occurrences of high values
farther from the diagonal [McClymont et al., 2008]. Rather
than evaluate the individual GLCMs in a qualitative fash-
ion, we quantify statistically the distribution of co-occur-
rences to obtain measures of texture.Haralick et al.[1973]
derived 14 different statistical measures of texture from
GLCMs. We use four of these to quantify the distribution
within each GLCM [West et al., 2002;Chopra and Alexeev,
2006; McClymont et al., 2008]: energy, entropy, homoge-
neity, and contrast (inertia).

[33] Energy is a measure of textural uniformity within an
image. It is lowest when all elements of the GLCM are
equal and is useful for emphasizing reflection continuity
and geometry. Entropy is a measure of disorder or com-
plexity and is high for nonuniform textures that typically
yield low GLCM values. Homogeneity measures the sim-
ilarity of voxels within an analysis window. It is a useful
indicator of overall image smoothness and reflection conti-
nuity. It is high for GLCMs that have elements concentrated
near the diagonal. Contrast (or inertia) highlights local
image variations and differences between adjacent voxels.
It is high when the elements of the GLCM are scattered
away from the diagonal.

5. Interpretation of the Wellington Fault Zone
Data Set

[34] A portion of the processed Wellington fault zone
GPR volume is shown as the chair diagram of Figure 6a.
This data set exhibits a complex pattern of dipping reflec-
tions with variable continuity. After analyzing individual

Figure 7. Horizontal slices extracted at 5 m depth from the Wellington fault zone original GPR and coherence-based
attribute volumes. (a) Original GPR data. Cross sections along A-A� are shown in Figures 8 and 10. (b, c) Coherency
calculated using 3� 3 and 5� 5 trace analysis windows, respectively. (d, e) Azimuth calculated using 3� 3 and 5� 5 trace
analysis windows, respectively. (f, g) Dip calculated using 3� 3 and 5� 5 trace analysis windows, respectively. The
algorithm performed a dip search up to a maximum value of 80� . Azimuths and dips with coherencies < 0.5 are plotted gray,
and azimuths and dips for near-horizontal features are blank. B is the basement of metasediments and older deformed gravel;
S indicates Holocene gravel sheets. Arrows identify the interpreted location of the principal fault strand.
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cross sections and horizontal slices of the same data,Gross
et al. [2004] were able to identify three distinct radar facies
(Figure 6a). Two of these facies can be correlated with major
geological units seen at the nearby riverbank exposure; S
corresponds to the deposit of Holocene gravel sheets and B
matches graywacke and older deformed gravels exposed on
the NW side of the principal fault trace (Figure 3c).

5.1. Application of Coherence-Based Attributes
to the Wellington Fault Zone Data Set

[35] To aid our interpretation, the original GPR volume
was first converted to coherency, azimuth and dip attribute
volumes. We tested a range of parameters to determine the
optimum size of the trace analysis window. Figure 7 shows
horizontal slices extracted from coherence-based attribute
volumes calculated using 3� 3 (i.e., three traces in thex
direction and three traces in they direction; 0.5� 1 m) and
5 � 5 (1 � 2 m) trace analysis windows. A vertical window
of 10 ns (equivalent to 0.5 m in the depth-converted
volumes) was used for all calculations. Since cross sections
of the original data revealed some reflections with relatively
steep dips, we used a large maximum search dip of 80� for
the computation of both sets of attributes. For the Welling-
ton fault zone example, the coherency, dip, and azimuth
attribute volumes based on the larger analysis window
(Figures 7c, 7e, and 7g) provided sufficient resolution while
being smoother and easier to interpret than those based on
the smaller analysis window (Figures 7b, 7d, and 7f). For
this reason, our interpretation of the Wellington fault zone
was based on the attribute volumes calculated with the
larger analysis window.

[36] Coherency attribute slices highlight the contrast in
continuity of reflections across the fault zone (Figure 7c).
Reflections from the sheared graywacke/gravel basement
(B) northwest of the fault have little continuity with low
coherency values, whereas reflections from the Holocene
gravel sheets (S) southeast of the fault are relatively
continuous with moderately high coherency values.

[37] Azimuth and dip attribute slices reveal significant
changes in the orientation of reflections across the fault.
Figures 7e and 7g demonstrate that many reflections from
the graywacke/gravel basement dip moderately to steeply
(>40� ) either to the northwest (purple) or southeast (green).
At the riverbank exposure, shear planes within the grey-
wacke unit and imbricated clasts within the older gravel unit
are oriented subparallel to the principal fault strand on its
northwest side (Figure 3c) [Berryman, 1990]. We interpret
this fabric as the result of extensive fault-parallel shearing
within a broad zone next to the steeply dipping fault plane.
In contrast, the majority of reflections from the Holocene
gravel sheets show little evidence of deformation. They are
mostly horizontal, reflecting their recent fluvial origin
(Figures 7e and 7g).

[38] Cross sections through the original and attribute
volumes calculated with the 5� 5 trace analysis windows
allow us to visualize vertical changes in reflection geometry
(Figure 8). The coherency attribute cross section shows
clearly the difference in thickness of the Holocene gravel
sheets on the northwest (up-thrown) and southeast (down-
thrown) sides of the fault (Figure 8b). The surface forming
the base of the gravel sheets has a vertical separation of
� 3 m across the fault plane; without a well constrained

Figure 8. A-A� cross sections extracted from the
Wellington fault zone original GPR and coherence-based
attribute volumes calculated using 5� 5 trace analysis
windows (see location in Figure 7a). (a) Original GPR data.
(b) Coherency. (c) Azimuth. (d) Dip. Azimuths and dips with
coherencies < 0.5 are plotted gray, and azimuths and dips for
near-horizontal features are blank. B is the basement of
metasediments and older deformed gravel; DS is disrupted
sediments; G is older gravel sequence; S is Holocene gravel
sheets. Dashed lines delineate the base of S and DS. Facing
arrows show the interpreted location of the principal fault
strand. Double-headed arrows indicate the approximate
width of the fault zone. There is no vertical exaggeration.
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age for this surface we cannot estimate a vertical slip rate.
Unfortunately, laterally offset piercing points are not evi-
dent in our data.

[39] The coherency attribute also highlights the steep-
dipping reflection thatGross et al.[2004] interpreted as a
fault plane reflection (delineated by arrows). Multiple
high-coherency fault-parallel reflections on the NW side
of the principal fault strand indicate a concentrated� 5-m-
wide zone of intense shearing within the basement unit
(Figures 8b). Low coherencies within a 2–3 m wide zone
separate the fault plane from the undeformed Holocene
gravel sheets on the down-thrown block (DS in Figure 8b)
that formed as a consequence of fault rupture during the
Holocene. The combined width of the zone of concen-
trated shearing and disrupted sediments is 7–8 m, broadly
consistent with a fault zone width of 8–10 m proposed
by Gross et al.[2004].

[40] The horizontal slices of Figures 7e and 7g, combined
with the cross sections of Figure 8 demonstrate the hori-
zontal nature of the Holocene gravel sheets. Although the
azimuth and dip attributes provide little additional informa-
tion about the low-coherency basement and older gravel
sheet reflections, they show quantitatively the geometry of
the fault plane reflections; the relatively continuous reflec-
tions dip 70� at an azimuth of� 130� (green in Figure 8c;
burnt orange in Figure 8d).

5.2. Application of Texture-Based Attributes
to the Wellington Fault Zone Data Set

[41] In addition to the three coherence-based attributes,
we have calculated 12 texture-based attribute volumes
(i.e., energy, entropy, homogeneity, and contrast in the
x, y, and z directions) for the Wellington fault zone data
set. We used analysis windows with dimensions 7� 5 �
20 samples (1.5� 2.0 � 1.0 m) to capture changes in
reflection pattern associated with the four radar facies
shown in the cross sections of Figure 8.

[42] Horizontal slices extracted at 5 m depth from each
of the 12 texture-based attribute volumes are displayed in
Figure 9. Although the numerical values of the color
scales vary for each plot, we only highlight relative
variations (i.e., low to high values). Each row corresponds
to the three orthogonal directions used to generate GLCMs
for each data point and the columns show the four
statistical measures used to evaluate each GLCM. Some
attributes emphasize certain reflection patterns better than
others. For example, the textural differences between the
relatively continuous horizontal reflections from the Holo-
cene gravels and the semicontinuous steeply dipping
reflections from the graywacke/gravel basement across
the fault are well defined in the entropy, homogeneity,
and contrast attribute volumes calculated from GLCMx
and GLCMz (Figure 9).

[43] We are able to delineate the different reflection
patterns recorded in the Wellington fault zone GPR data
using just three of the twelve texture attributes: entropyz,
homogeneityx, and contrastx. Figure 10 shows cross sections
extracted from these attribute volumes along profile A-A� of
Figure 7a. Steeply dipping reflections from the sheared
basement produce moderate to high contrastx values, where-
as the semicontinuous shallowly dipping reflections from
the older gravel deposits produce only moderate contrastx

values (Figure 10c). On an individual inline cross section of
the original GPR volume (Figure 8a), these differences
between the two reflection patterns are difficult to recognize.
Because the texture attribute cross sections are calculated
from multiple inlines, they provide a more robust indication
of changes to the 3-D reflection patterns.

[44] Although the layered nature of the Holocene gravel
sheets is recognizable from the original data (Figure 8a), the
texture attributes allow us to delineate accurately the lower
boundary of this facies; the continuous horizontal reflec-
tions are well defined by high homogeneityx and low
contrastx values (S in Figures 10b and 10c). High entropyz
values, which correlate with high-frequency reflections,
generally coincide with radar facies S (Figure 10a).

[45] The dotted lines in Figure 10 delineate the depths to
which we can make reliable interpretations of the radar facies.
Homogeneityx is uniformly low for B and G at shallow
depths (<10 m), but increases with depth as the signal to
noise (S/N) of the reflections decreases (Figure 10b).

[46] Certain texture attributes are also useful for iden-
tifying reflections from above-ground objects, which are a
common source of noise in GPR data. High entropyz values
at the northwestern end of the cross section between z = 10
and z = 17 m (Figure 10a) coincide with high-frequency
reflections from nearby trees (Figures 3a and 3b) that were
initially identified after analyzing unmigrated cross sections
of the original data.

6. Interpretation of the Maleme Fault Zone
Data Set

[47] A portion of the processed Maleme fault zone GPR
data is displayed in Figure 6b. Relatively continuous
reflections are disrupted by a previous trench excavation
(rectangular region), and by the complex zone of faulting
beneath the topographic scarp.

6.1. Application of Coherence-Based Attributes
to the Maleme Fault Zone Data Set

[48] Unlike the Wellington fault zone, the material con-
trasts caused by faulting are not large enough to produce
fault plane reflections in the Maleme fault zone GPR
volume. Rather, the faults are evident from offsets of the
otherwise continuous reflections from the shallow-dipping
stratigraphy (Figure 6b). To highlight these sharp changes, a
relatively small trace analysis window was used to generate
the coherence-based attribute volumes. After testing a range
of dimensions, we determined an optimum trace analysis
window size of 3� 3 samples (0.3� 0.5 m) and a time
width of 5 ns (corresponding to 0.18 m in the depth-
converted volume). The relatively gentle dips observed on
cross sections of the original GPR volume (Figure 6b)
allowed us to limit the dip search to a maximum of 20� .

[49] Horizontal slices extracted at z = 4.5 m from the
original, coherency, azimuth, and dip volumes are displayed
in Figures 11a–11d. The coherency attribute is effective in
highlighting the locations of reflection discontinuities,
including fault strands, and the walls of the former trench,
which extends from z = 1 to 7 m within the GPR volume.
We interpret two fault strands south of the trench that merge
into a narrow zone of closely spaced faults north of the
trench (mf1, mf1a, and mf1b; Figure 11b). Two subparallel
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lineations observed on the footwall block to the south of the
main fault strands (shown by the red arrow in Figure 11b)
are only observed at shallow depths, suggesting that they
are either man made or represent disconnected extension
fractures formed between faults.

[50] The azimuth slice shows that, except for the regions
near the fault strands, azimuths are predominantly southeast
(green in Figure 11c). Near the fault strands, a combination
of flexure, block rotation and the mantling of sediments
across the northwest-facing scarps produce northwest azi-
muth values (red-pink in Figure 11c). These effects are also
observed on the corresponding dip attribute slice, where
reflections are generally gently dipping (<10� ), but become

steeper over 5- to 10-m-wide zones that straddle the fault
strands (outlined by thick blue lines in Figure 11d).

[51] A cross section extracted from the GPR volume
south of the trench shows fault strands mf1a and mf1b
(Figure 12a; profile B-B� of Figure 11a). These faults coin-
cide with low-coherency lineaments on the corresponding
coherency attribute cross section (Figure 12b). Although
mf1a has a steep dip (� 80� ) that is characteristic of normal
faults within the Taupo Rift Zone, mf1b dips moderately
(� 40� ) to the southeast, exhibiting an apparent reverse sense
of slip (Figures 12a and 12b).Villamor et al.[2006] observe
‘‘false reverse faults’’ from numerous trenches excavated
within the Taupo Rift Zone. They are most likely the result of

Figure 10. A-A� cross sections extracted from the most useful Wellington fault zone texture-based
attribute volumes (see location in Figure 7a). Note the color scale at the base of the figure. The texture
attributes are plotted as semitransparent colored layers overlying a variable area representation of the
original GPR data. B, G, S, dashed lines, and arrows are as in Figure 8. The lower dotted line separates
reflections with high signal to noise (above) from those with low signal to noise (below). There is no
vertical exaggeration.
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Figure 11. Horizontal slices extracted at 4.5 m depth from the Maleme fault zone original GPR volume
and various attribute volumes. White arrows identify interpreted fault strands. Rectangles outline
paleoseismic trench locations. The red arrow in Figure 11b points to an interpreted extension fracture.
Bold blue lines in Figure 11d define a zone of stratal folding with dips generally >10� that surround the fault
strands. Cross sections along profile B-B� in Figure 11a are shown in Figure 12. For the coherence-based
attributes, a dip search up to a maximum value of 20� was used.
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fault toppling, where the over steepened block on the up-
thrown side of a fault topples toward the down-thrown side,
rotating the fault plane and producing the geometry of a
reverse fault.

6.2. Application of Texture-Based Attributes
to the Maleme Fault Zone Data Set

[52] Texture-based attributes were calculated from the
original GPR volume using analysis windows with dimen-
sions of 7� 5 � 30 samples (0.90� 1.00 � 0.53 m).

Figure 12. Cross sections extracted from the Maleme fault zone original, coherency, and contrastx
attribute volumes along profile B-B� shown in Figure 11a. Arrows identify interpreted faults shown on the
time slices of Figure 11. Vertical exaggeration is 2.
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Generally, the continuous reflections from the stratigraphic
horizons have monotonously uniform textures. Substantial
changes in texture coincide with reflection discontinuities
at the fault strands and at the walls of the trench. These are
evident on the horizontal slices extracted at 4.5 m depth from
the contrastx and contrasty attribute volumes (Figures 11e
and 11f). High contrastx values highlight NE–SW-oriented
discontinuities, including the fault strands identified on the
coherency attribute images (Figures 11b and 11e). Con-
versely, high contrasty values emphasize NW–SE-oriented
discontinuities such as the trench walls (Figure 11f).

[53] High values of contrastx in the cross section of
Figure 12c show the two main fault strands more clearly
than the coherency values of Figure 12b. This difference is
attributed to the different analysis window sizes used to
generate the two types of attribute; the relatively small
windows used to generate the coherence-based attribute
volumes emphasize subtle deformation features, including
multiple overlapping strands and short discontinuities
created by faulting, whereas the larger analysis windows
used to calculate texture-based attributes smooth over

Figure 13. Correlation of GPR data with paleoseismic trench observations. (a) Geologic log from north
wall of paleoseismic trench. Arrows point to lithologic contacts correlated with GPR reflections.
(b) Outline of trench superimposed on a cross section extracted from the 3-D GPR data. Yellow shading
follows tephra-paleosol contacts correlated with GPR reflections MR1, MR2, and MR3. Airwaves and
ground waves obscure reflections from parts of the MR1 horizon within the footwall. Dotted lines show
the corresponding positions of horizon MR2 in the trench (Figure 13a) and GPR (Figure 13b) sections.
(c) Same as Figure 13b, but without interpretation.
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sharp discontinuities while highlighting the broader zones
of deformation.

6.3. Trench Stratigraphy and Correlation
With Ground-Penetrating Radar Data

[54] Geologic logs from the trench walls revealed
alternating layers of fine- and coarse-grain alluvium
overlain by a succession of tephra and associated paleosol
(Figure 13a). This well dated stratigraphic sequence is
recognized at other localities within the Taupo Rift Zone
[Villamor and Berryman, 2001]. Abrupt changes in grain
size produce strong reflections in our GPR data. Although
the trench logs reveal more deformation than can be
observed in the corresponding GPR cross sections, at least
three reflection horizons correlate with prominent tephra-
paleosol boundaries logged in the walls of the trench (MR1,
MR2, and MR3 in Figures 13b and 13c). The ages of
surfaces MR1, MR2, and MR3 are constrained by radio-
carbon dating to 1.7 ± 0.1, 15.4 ± 0.3 and 24.4 ± 0.8 cal. ka
BP, respectively [Froggatt and Lowe, 1990; Villamor and
Berryman, 2001;Alloway et al., 2007].

7. Interpretation of the Ostler Fault Zone
Data Set

[55] A portion of the processed Ostler fault zone GPR
volume is displayed in Figure 6c. Reflections from bedding
within the deformed outwash gravels dip gently to the east,
parallel to the topography west of the deformation front.
East of the break in the slope, stratigraphic bedding is
effectively horizontal (Figure 6c).

7.1. Application of Coherence-Based Attributes
to the Ostler Fault Zone Data Set

[56] Like the Wellington fault GPR volume, the pro-
cessed Ostler fault zone GPR volume contains numerous
short events superimposed on more continuous reflections
(Figure 6c). A number of shallow- to moderate-dipping
reflections from reverse faults are imaged in the original
GPR volume. We estimate that these reflections have
maximum dips of� 30� . To suppress reflections with small
lateral dimensions and emphasize the more continuous
events, coherency, azimuth, and dip attribute volumes are
generated from the GPR data using a relatively large 5�
5 trace analysis window (1� 1 m) and a dip search of up
to 35� . A short vertical analysis window of 4 ns (equivalent
to � 0.25 m in the depth converted volume) is used to resolve
the shallowly dipping faults.

[57] Figure 14 shows time slices extracted at 8 m depth
from the coherence-based attribute volumes. The coherency
attribute delineates clearly the boundaries of shallow chan-
nels (Ch in Figure 14b) within the horizontally layered
gravels east of the deformation front, but provides few

details on structures within the deformed gravels. Fortu-
nately, the azimuth attribute slice (Figure 14c) supplies
important structural details within this region. It shows how
west-dipping fault plane reflections (of1, of2, of2a, and
of2b; purple) can be distinguished from east-dipping strati-
graphic reflections (green). In addition, this slice vividly
illustrates the orientation of the north- (red) and south-

Figure 14. Horizontal slices extracted at 8 m depth from the
Ostler fault zone original GPR and coherence-based
attributes. (a) Original GPR data. Cross sections along C-C�

are shown in Figure 17. (b) Coherency. (c) Azimuth. (d) Dip.
The algorithm performed a dip search up to a maximum value
of 35� . Azimuths and dips with coherencies < 0.5 are plotted
gray. Ch is interpreted troughs of channels. Arrows identify
individual fault strands.
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facing (blue) channel banks. The dip attribute slice demon-
strates that the fault plane reflections are generally steeper
dipping than the stratigraphic reflections (Figure 14d).

[58] We can combine information contained in the
coherence-based attribute volumes to highlight features
that exhibit certain geometrical properties such as fault plane
reflections. For example, Figure 15 displays a series of
horizontal slices extracted at 6.5, 7.5, 8.5, and 12.0 m depth
from the original and azimuth attribute volumes. To empha-
size the relatively coherent reflections from the moderately
dipping faults, we only plot events that have high coheren-
cies > 0.5 and dips > 20� in the azimuth attribute slices. From
these, we identify at least three curvilinear fault strands that
traverse the width of the survey area (of1, of2 and of3 in
Figure 15). Two of these strands (of2 and of3) appear to
bifurcate at different depths into separate strands in the
southern half of the survey (of2a, of2b, of3a, and of3b in
Figures 15e–15g). These complex features would have gone
unnoticed had we based our interpretation solely on the
original data (Figures 15a–15c). As depths approach 12.0 m,
reflections from the fault strands are no longer visible
(Figure 15h).

7.2. Application of Texture-Based Attributes
to the Ostler Fault Zone Data Set

[59] Texture-based attribute volumes were calculated
from the original GPR volume using analysis windows with
dimensions 7� 7 � 30 samples (1.5� 1.5 � 0.7 m).
Reflections from the deformed outwash gravels (west side
of horizontal slices in Figure 16) have distinctly different
textures than those of the undeformed outwash gravels (east
side of the slices) in attribute volumes calculated from
GLCMx. The horizontal slices in Figure 16 emphasize
subtle textural changes across the width of the fault zone.
Curvilinear features highlighted by low homogeneityx and
high contrastx correspond to the faults identified on the
coherence-based attribute images. By inspecting horizontal
slices from both the coherence- and texture-based attributes,
we are able to pick the faults with greater confidence.

[60] Figure 17a shows a cross section through the original
GPR volume (profile C-C� of Figures 14a and 15a), on
which we indicate three of the fault strands identified in the
attribute slices (of1, of2 and of3). Unlike fault of1, which
forms the deformation front, faults of2 and of3 have no
obvious surface expression (Figure 5b). They would not
have been identified from surface mapping. In addition,
reflections from the layered gravels above and between
faults of1 and of2 have a warped, concave down geometry
(inset of Figure 17a). Long wavelength (>50 m) fault-related
folding is an important mechanism for accommodating
shortening across the Ostler fault zone [Davis et al.,
2005; Amos et al., 2007]. Our GPR data suggest that this
process may also be happening on a smaller scale (wave-
lengths < 10 m).

[61] On the original GPR sections, the fault plane reflec-
tions are only evident at depths shallower than 5 m below
the surface (Figure 17a). At greater depths, a prominent
reflection horizon from the layered gravels (OR1), which
can be semiautomatically picked throughout the GPR vol-
ume (Figure 17b), is vertically offset by� 2 m and� 3 m
across the projections of faults of1 and of2, respectively.
Furthermore, relatively low homogeneityx values and high

contrastx values delineate subparallel linear structures that
follow the projection of the dipping fault plane reflections to
depths > 5 m below the surface (Figures 17c and 17d). We
attribute the low homogeneityx and high contrastx values to a
decrease in reflection amplitude where the layered strata are
disrupted by faulting.

8. Discussion

[62] Figure 18 summarizes our preliminary geological
interpretations of the three GPR data sets. The three models
are plotted at the same scale. Major structural features
interpreted from the original GPR and attribute volumes
are shown for each.

8.1. Wellington Fault Zone
[63] Three of the major geological units in our Welling-

ton fault zone model (Figure 18a) match those identified by
Gross et al.[2004]. We interpret an extra unit of disrupted
sediment, which corresponds to the low-coherency zone
between the steeply dipping fault plane reflections and the
high-coherency reflections of the Holocene gravel sheets on
the downthrown block (Figures 8b and 18a). On the basis
of other interpretations made at the nearby river exposure
(Figure 3c) [Berryman, 1990; J. Begg, personal communi-
cation, 2008], the disrupted zone either represents scarp-
derived colluvium deposited in a tension crack created by
ground rupture or results from coseismic disruption of the
layered gravel sheets on the down-thrown block. Disrupted
clastic units that parallel the fault plane have also been
observed within exposures of the fault zone at other
locations (e.g., Figure 3d) [Berryman, 1990].

[64] The fault plane geometry measured in the GPR data
(Figures 8c and 8d) is very similar to that measured at the
riverbank exposure, where the fault plane dips at 65� to the
southeast (Figure 3c). These observations suggest that along
several hundred meters of fault strike the near-surface
morphology of the Wellington fault zone is relatively
uniform. From the attitude of the fault plane and sense of
vertical offset, we infer that this branch of the Wellington
fault zone has experienced a component of extension,
possibly associated with overlapping en echelon traces.
We estimate that the fault zone at this location has a
minimum width of 8 m. Because we have not imaged any
piercing points from which vertical and strike-slip separa-
tion can be measured, we would not recommend opening a
trench at this location. From geomorphic observations of
river terrace risers� 500 m to the northeast of our GPR
survey, Berryman [1990] reports horizontal and vertical
displacements of 20.0 and 1.4 m, respectively.

8.2. Maleme Fault Zone
[65] Our interpretation of the Maleme fault zone GPR

volume also shows a complicated pattern of merging and
overlapping fault segments. Closely spaced overlapping
segments define a principal fault strand that bifurcates into
two strands near the center of our survey area (Figures 11
and 18b). The NE–SW-oriented principal strand has a
steep dip that is characteristic of normal faults within the
Taupo Rift Zone, whereas the shallower dipping subsidiary
strand has an apparent reverse geometry that is probably
the result of fault toppling (Figure 12). Fault-toppled
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deposits have been observed at numerous trench excava-
tions within the Taupo Rift Zone. They occur where faults
exhibit listric geometries; material on the oversteepened
upthrown side of the fault tends to topple toward the

downthrown side, rotating the fault plane and producing
an apparent reverse geometry [Villamor et al., 2006]. It is
difficult to reconstruct past fault movements from trench
logs that feature these types of structures. We suggest that

Figure 15. Horizontal slices extracted from the Ostler fault zone (a–d) original GPR volumes and
(e–h) azimuth attribute volumes at depths of 6.5, 7.5, 8.5, and 12.0 m. Shallowly dipping (<20�) and
low-coherency (<0.5) elements are not plotted in Figures 15e–15h to highlight coherent reflections
from the moderately dipping (>20� ) faults. Arrows identify individual fault strands.
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3-D GPR surveying can be used to identify such compli-
cating features and help find more favorable locations for
trenching.

[66] Cross sections from the Maleme fault zone GPR
data provide reliable images of offset stratigraphic hori-

zons that can be used to measure fault offsets (Figure 12).
Nevertheless, precise offset measurements are difficult to
make because the layers between the reflection horizons
taper toward the fault plane and are deflected in the
direction of fault slip. In reflection seismology, the curva-

Figure 16. Horizontal slices extracted from the Ostler fault zone (a–d) homogeneityx and (e–h) contrastx
attribute volumes at the same depths as shown in Figure 15. Arrows identify individual fault strands.
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ture of stratigraphic markers near faults is usually inter-
preted as the result of distributed strain [e.g.,Chapman
and Meneilly, 1991; Lamarche et al., 2006]; it can be
accounted for in fault displacement measurements by
projecting the planar parts of the horizon on to the fault
plane. Unfortunately, because certain deposits (e.g., tephra)
mantle preexisting fault scarps in the Taupo Rift Zone, not
all horizon curvature can be attributed to tectonic defor-
mation [Villamor and Berryman, 2001]. This effect can be
significant on the scale of high-resolution GPR surveys,
such that fault offsets based on this projection technique
would represent maximum estimates of displacement.

[67] A minimum estimate of accumulated displacements
from past earthquakes could be obtained by measuring the
vertical separation of chronostratigraphic horizons near the
fault plane. On the coherency attribute slice of Figure 11b,
the zone of brittle fault deformation is narrowest at y =
28 m. At this location, reflection horizon MR2 is vertically
offset 1.2 m across fault strand mf1. This horizon corre-
sponds to the base of the Rotorua tephra unit (Figure 13),
which has a calibrated radiocarbon age of 15.4 ± 0.3 cal.

ka BP [Froggatt and Lowe, 1990; Alloway et al., 2007].
Using these constraints, we calculate a minimum vertical
displacement rate of 0.08 mm/a for this fault.

8.3. Ostler Fault Zone
[68] Our Ostler fault zone GPR volume provides images

of a complicated pattern of linked faulting (Figure 18c). At
least three shallow- to moderate-dipping (20–30� ) faults
are identified within the weakly layered glacial outwash
gravels. Two of these faults bifurcate into separate strands
in the southern half of the survey area (of2 and of3). These
types of segments are interpreted byDavis et al.[2005] as
strands within the Quaternary and Tertiary sediments that
merge to a single strand within the graywacke bedrock; a
single earthquake probably ruptures multiple strands at the
surface. Davis et al. [2005] report average fault dip
measurements for the Ostler fault zone of 50 ± 9�, whereas
Amos et al.[2007] determined a value of 56 ± 9� . Both
values are significantly steeper than our observations.
Faults observed in our GPR data exhibit progressively
shallower dips approaching the deformation front (of3 to

Figure 18. Simple geological models interpreted from the (a) Wellington fault zone, (b) Maleme fault
zone, and (c) Ostler fault zone original GPR and attribute volumes. Details are described in the text.
Lowercase and uppercase letters denote fault strands and stratigraphic horizons, respectively. All models
are plotted at a common scale.
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of1; Figures 17 and 18c). Their morphology resembles that
of hanging wall collapse scarps, which form by gravita-
tional collapse of the overhanging scarp [Philip et al.,
1992]. We expect fault dip to progressively increase at
greater distances from the deformation front.

[69] Published slip rates for the Ostler fault zone are
based exclusively on geomorphic interpretations [e.g.,
Davis et al., 2005; Van Dissen et al., 1994]. Although
Van Dissen et al.[1994] estimated the timing of past
earthquakes from dated colluvial deposits within a shallow
trench, they did not uncover fault offset stratigraphic
markers from which a subsurface slip rate could be deter-
mined. Interpretations of our GPR data indicate that fault
strands of2 and of3 vertically offset a shallow (<7 m depth)
reflection horizon within the outwash gravels by� 5 m
(OR1; Figure 17b). On the basis of this interpretation, we
would recommend the excavation of a deeper paleoseismic
trench at our survey site to obtain datable material from
horizon OR1.

[70] Reverse faults are difficult to characterize on the basis
of topographic expression for three reasons: (1) erosion
tends to remove topographic scarps, (2) deformation may
only be expressed as folding at the surface, and (3) the fault
planes may shallow as they approach the surface, often
following sedimentary boundaries. Our Ostler fault zone
GPR data not only reveal faults not evident at the surface,
they allow us to determine their subsurface geometry
(Figures 17 and 18c). In addition, the multiple strands and
the fault-related folding we interpret (Figure 17a) suggest
that deformation is taking place on a smaller scale than can
be observed at the surface.

8.4. Role of Surface Lithologies on Fault Character
[71] We suggest that the complexity of faulting in the

near-surface is largely dependent on the competency of
the faulted material. Although we observe a wide region
of fault-parallel shearing within the gravel/graywacke
basement of the Wellington fault zone, the strand of the
fault that has moved in the past few tens of thousands of
years seems to be relatively narrow. It appears to be
controlled by the basement rock in the shallow subsurface
(Figure 18a). Conversely, faults within the Maleme fault
zone and Ostler fault zone surveys are widely distributed,
offsetting poorly consolidated glacial outwash gravels and
unwelded volcanic ashes and fluvial gravels, respectively.
At these locations, the faults merge and change orienta-
tion within just a few meters along strike (Figures 18b
and 18c).

9. Conclusions

[72] We have demonstrated the applicability of 3-D GPR
surveying for subsurface mapping of active faults in a
range of tectonic settings. The processed GPR volumes
showed details of faulting on a scale of a few tens of
centimeters to depths > 10 m. Many of the identified
deformation structures were not evident at the surface.
Using surface-based observations from geological expo-
sures and trenches as ground truth, our 3-D volumes allow
complicated fault zone geometries to be extrapolated along
and across fault strike.

[73] In addition to faulting, we interpreted collapse/topple
structures and fault-related folding within the Maleme and
Ostler fault zone data sets. By identifying the location of
collapse/topple features and off-fault folding, future paleo-
seismic trenches can be excavated at locations where fault
deformation is less complicated. Our data sets also showed
how the geometry of faulting can change over relatively
short distances along strike.

[74] We have demonstrated the benefits of using geo-
metric attributes to represent 3-D information on 2-D
displays. Coherence- and texture-based attributes were
successfully used to emphasize structures and to identify
changes in reflection pattern associated with different
lithological units. Some attributes were more informative
than others. For example, the coherency attribute was an
excellent tool for highlighting normal faults within the
volcanic deposits of the Maleme fault zone, whereas the
texture-based attributes were most useful for discriminating
the different facies juxtaposed by the Wellington fault. In
addition, the parameters used to calculate geometric
attributes from the processed GPR volumes were depen-
dent on the resolution and structural characteristics of
each data set:

[75] 1. For the Wellington fault zone data, a combination
of coherence-based attributes captured the geometry of the
reflections from the steeply dipping fault plane and the
sheared graywacke/gravel basement. Coherency and cer-
tain texture attributes provided excellent discrimination
between reflections from the Holocene gravel sheets and
reflections from sheared graywacke/gravel basement and
an older gravel deposit.

[76] 2. Steeply dipping faults within our Maleme fault
zone data set did not produce reflections in the GPR data,
but were evident from truncations of the shallowly dip-
ping reflections generated at stratigraphic boundaries. As a
consequence, individual faults could be imaged on the
basis of their low coherency. The broader deformation that
characterized the fault zone was highlighted in contrast
attribute volumes. Azimuth and dip attributes were used
to visualize stratal folding surrounding the fault strands.

[77] 3. Because reflections were recorded from shallow-
dipping reverse fault planes within our Ostler fault zone
data set, we used coherence-based attributes to highlight
these structures. Similarly, homogeneity and contrast
attributes provided comparable definition of the faults
and allowed us to image their continuation to depths > 5 m
below the surface.
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