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a b s t r a c t

Kilometre-wide airborne light detection and ranging (LiDAR) surveys were collected along portions of
the Alpine and Hope faults in New Zealand to assess the potential for generating sub 5-m bare earth
digital elevation models (DEMs) from ground return data in areas of dense rainforest (bush) cover as an
aid to mapping these faults. The 34-km long Franz-Whataroa LiDAR survey was flown along the densely-
vegetated central-most portion of the transpressive Alpine Fault. Six closely spaced flight lines (200 m
apart) yielded survey coverage with double overlap of swath collection, which was considered necessary
due to the low density of ground returns (0.16 m�2 or a point every 6 m2) under mature West Coast
podocarp-broadleaf rainforest. This average point spacing (w2.5 m) allowed for the generation of a
robust, high quality 3-m bare earth DEM. The DEM confirmed the zigzagged form of the surface trace of
the Alpine Fault in this area, originally recognised by Norris and Cooper (1995, 1997) and highlights that
the surface strike variations are more variant than previously mapped. The 29-km long Hurunui-Hope
LiDAR survey was flown east of the Main Divide of the Southern Alps along the dextral-slip Hope
Fault, where the terrain is characterised by lower rainfall and more open beech forest. Flight line spacings
of w275 mwere used to generate a DEM from the ground return data. The average ground return values
under beech forest were 0.27 m�2 and yielded an estimated cell size suitable for a 2-m DEM. In both
cases the LiDAR revealed unprecedented views of the surface geomorphology of these active faults.
Lessons learned from our survey methodologies can be employed to plan cost-effective, high-gain
airborne surveys to yield bare earth DEMs underneath vegetated terrain and multi-storeyed canopies
from densely forested environments across New Zealand and worldwide.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Large magnitude earthquakes that rupture the Earth’s surface
pose a great risk to human life, buildings and infrastructure,
especially along plate boundaries. Where faults rupture the Earth’s
surface, characteristic tectonic features such as fault scarps can
provide insight into location, magnitude, frequency and nature of
past earthquakes and fault slip rates (e.g., Sieh, 1978; Wallace,
1968). Therefore, identifying and understanding these tectonic
features is important for the accurate location of active faults and
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the quantification of their activity and contribution to earthquake
hazards.

Generally, the most common and cost effective method used to
map the location of past surface rupture events has been through
the interpretation of stereoscopic aerial photography. However, this
method is of limited use in areas covered with dense forest, leading
to a disparity in the abundance and accuracy of mapped fault traces.
For this reason, it is likely that many fault scarps in remote, tree-
covered landscapes remain unidentified (Cunningham et al.,
2006; Prentice et al., 2009). In such forested areas, the presence
of major faults (i.e. faults that rupture frequently and with a large
magnitude) can usually be recognised at least approximately by
large cumulative displacements of landscape features at moderate
scales, e.g. 1:50,000. However, detailed structural and surficial
characteristics of the fault zones, such as the distribution of scarps,
5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
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secondary faults, fissures, and the precise locations of such tectonic
features are often missing.

One of the most significant advances in mapping active faults
during the last decade has come from the analysis and interpreta-
tion of Light Detection and Ranging (LiDAR) data (Meigs, 2013).
LiDAR is a geophysical swath mapping technique that uses light
energy from a laser, in this case directed from a plane toward the
ground. The frequency of energy returns can be used to resolve
point source reflections filtered from varying levels in the land-
scape, such as tree canopies, under-storey, scrub, human-built
structures and the ground surface. Ground returns are typically
used to develop digital elevation models (DEMs) that display the
surface morphology of the underlying landscape. Thus, LiDAR has
the potential to produce ‘bare earth’ images of landscapes that are
otherwise obscured by vegetation (Haugerud et al., 2003; Koehler
et al., 2005; Barth et al., 2012).
Fig. 1. Active fault map of southern New Zealand highlighting the Alpine Fault, Marlborough
also Inset). LiDAR survey areas along the Alpine (1) and Hope (2) faults are marked in bold. A
(2011). Other faults are: Wairarapa Fault (WaF); Porters Pass-Amberley Fault Zone (PPAFZ).
and Australian plates is shown in mm/yr from De Mets et al. (1994).
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The transpressive Pacific-Australian plate boundary through
New Zealand is dominated by long strike-slip and oblique-slip
faults (Fig. 1; Yeats and Berryman, 1987; Berryman and Beanland,
1988; Langridge et al., 2013). In the South Island the main
onshore expression of this boundary is the Alpine Fault. To the
northeast of the Alpine Fault, upper plate motion is distributed
across a plexus of sub-parallel strike-slip faults, including the Hope
Fault (Figs. 1 and 2). The Alpine and Hope faults, and even the
Wellington Fault, all have a significant proportion of their surface
trace length obscured by forest vegetation (>90, 35 and 35%,
respectively), which has hindered the accurate mapping of the
location and surface expression of these seismogenic faults.

In this study, we use airborne LiDAR to produce high-resolution
(e.g., sub 5-m) bare earth DEMs along these faults. In both surveys
we specifically targeted remote areas of high research impact that
were covered in dense, old growth (primary) forest to test the
Fault System (MFS) and southern part of the North Island Dextral Fault Belt (NIDFB; see
nother survey acquired along the Wellington (WeF; 3) Fault is included from Langridge
Inset shows plate tectonic setting of New Zealand. Relative motion between the Pacific

5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
s, Journal of Structural Geology (2013), http://dx.doi.org/10.1016/



Fig. 2. Physiographic maps of the central South Island covering the LiDAR collection areas along the Alpine (Franz-Whataroa; FW) and Hope (Hurunui-Hope; HH) faults. A. Colour
hillshade map across the Southern Alps orogen; B. Active fault map (Source: http://data.gns.cri.nz/af/); C. Contoured rainfall map (Source: www.niwa.co.nz); D. Native forest cover.
All other vegetation and land use types are uncoloured (Source: Newsome, 1987).
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viability and data quality obtained from airborne LiDAR in the
forested and mountainous New Zealand environment for geologic
and neotectonic applications. Because this study represents the
first time that major elements of the plate boundary have been
targeted for LiDAR data collection, we also present examples of the
quality of the data and a brief summary of the results that have
come from preliminary interpretations of the LiDAR DEMs (see also
Barth et al., 2012). These examples show the importance of linking
fault mapping to fault segmentation and the earthquake rupture
process (e.g. Harris et al., 1991; Wesnousky, 2006). We also quan-
tified the effects of overlapping flight paths on the density of
ground point return for various vegetation types, which combined
with ground truthing, can provide valuable insights into how future
LiDAR campaigns can be planned to maximise the scientific value
extracted from them.

1.1. Background

Airborne LiDAR provides a relatively cheap means of obtaining
high precision topographic data for use in geomorphic studies of
landscape. Digital elevation models derived from airborne LiDAR
have been used worldwide in areas of active Quaternary tectonics
to verify the location and geomorphic structure of faults (Hudnut
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et al., 2002; Bevis et al., 2005; Prentice et al., 2009; Barth et al.,
2012; Meigs, 2013). LiDAR has been invaluable in detecting fine-
scaled geomorphology in environments ranging from dry and
unvegetated, e.g. southern and eastern California (Frankel et al.,
2007; Arrowsmith and Zielke, 2009; Zielke et al., 2010) to humid
and heavily forested climes, e.g. northern California, Pacific
Northwest, Taiwan (Haugerud et al., 2003; Chan et al., 2007;
Zachariasen and Prentice, 2008). LiDAR-derived DEMs have
higher positional and vertical accuracies than DEMs derived from
other topographic survey techniques and provide better resolution
of geomorphic features, especially under vegetation where other
surveying techniques are limited (e.g. RTK-GPS surveying, radar
interferometry). However, there remain issues concerning the
collection and interpolation of LiDAR data, with respect to ground
return density in relation to topography, aspect, and different
vegetation cover.

Such remotely collected data can be used to map faults, define
offset features, determine slip rates and recognise promising sites
for paleoseismic studies (Koehler et al., 2005; Zielke et al., 2010). In
addition, repeat LiDAR swaths have been flown following recent
surface-rupturing earthquakes along faults to investigate differen-
tial movement related to co-seismic ground displacement, e.g., the
El Mayor-Cucapah Fault, northern Mexico and the Greendale Fault,
5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
s, Journal of Structural Geology (2013), http://dx.doi.org/10.1016/
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New Zealand (Oskin et al., 2012; Quigley et al., 2012; Duffy et al.,
2013).

To date, there have been few LiDAR studies in New Zealand that
have specifically targeted active faults and much of the LiDAR
collected thus far has been flown according to industry standards
for local government purposes, i.e. broad swaths at higher eleva-
tions and low data densities (Langridge et al., 2006; Begg and
Mouslopoulou, 2009; Adams et al., 2011). In addition, many of
these studies have not been undertaken across densely forested
terrain. Therefore, our study provides an opportunity to test LiDAR
collection and processing techniques across a landmass of varying
elevation, relief, aspect, rainfall, and particularly diverse vegetation
cover specifically targeted towards capturing neotectonic data
relating to active faults (Fig. 2). This study focuses on the strategies
for airborne LiDAR collection, processing and the resultant ground
point densities that were obtained from two surveys located on
opposing sides of the Main Divide of the South Island, i.e., west of
the divide along the Alpine Fault, and east of the divide along the
Hope Fault. In the South Island, the Southern Alps form a major
mountain barrier which creates a strong orographic effect from the
west (wetter) to the east that results in different vegetation
coverage (Fig. 2a, c). The results of a third survey area along the
Wellington Fault (Fig. 1; Langridge, 2011) will be briefly discussed
as a comparison to the Alpine and Hope fault surveys.

2. Methods

2.1. Survey areas

2.1.1. Alpine Fault (Franz-Whataroa survey)
The dextral-reverse-slip Alpine Fault is one of the major conti-

nental transpressive faults worldwide (Berryman et al., 1992;
Hodgson et al., 2003; Cox and Sutherland, 2007; Sutherland et al.,
Fig. 3. LiDAR flight paths and resultant hillshade models. A. The Franz-Whataroa survey wa
The resultant 3-m hillshade follows the rangefront of the Southern Alps along the Alpine
township and topographic profile AeA0 used in Fig. 5 are shown. B. Flight lines for the Huru
(red line). Fault location shown comes from Langridge and Berryman (2005). Boxes show d
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2007). ENE-directed tectonic convergence across the central
South Island occurs atw37� 2mm/yr (DeMets et al., 1994;Wallace
et al., 2007). In this area, a large proportion (60e80%) of Pacific-
Australia plate motion is taken up by the NE-striking Alpine Fault
(Norris and Cooper, 2001; Sutherland et al., 2006, 2007), while the
remainder is accommodated by the uplift of the Southern Alps and
deformation on faults across the width of the South Island margin
(Wallace et al., 2007; Beavan et al., 2010; Cox et al., 2012) (Figs. 1
and 2). Along the central section of the Alpine Fault which we
chose to survey (Fig. 3a and Fig. 4) both the strike-slip (w25e
29 mm/yr) and dip-slip rates of motion are high (w10 mm/yr)
(Norris and Cooper, 2001, 2007).

The predominant westerly winds cause heavy rainfall along the
western side of the South Island where moist, rising air impinges
against the steep western flank of the Southern Alps. Rain is shed
onto short catchment systems which leads to intense erosion via
landsliding, over a landscape covered by a dense cover of temperate
rainforest vegetation (Korup, 2006; Dawson and Lucas, 2011). A
positive feedback exists between uplift of the Southern Alps on the
hangingwall block of the Alpine Fault, and rapid erosion rates near
the fault, which tends to focus continued deformation on the Alpine
Fault (Norris and Cooper, 1997; Koons, 1990).

The West Coast coastal plain comprises a remnant glaciomor-
phic landscape in which short, high-energy rivers traverse the
fault-bounded rangefront of the Southern Alps (Fig. 2a and Fig. 3a).
Mean annual rainfall for the surveyed area isw3.8e4.8m, however,
catchment headwaters within the Southern Alps experience from 5
to more than 13 m/yr of rainfall (see http://www.niwa.co.nz;
Fig. 2c). The survey area is characterised by high relief with eleva-
tion varying from 70 to 890 m a.s.l. (Table 1; Fig. 4). The faceted
rangefront is cut by large rivers and steep gullies. Native forests,
locally called ‘bush’, growing along the survey are categorised as
mixed podocarp-broadleaf forests that include includes native rimu
s composed of seven main segmented flight lines that led to 42 individual flight paths.
Fault (red line). Fault location shown comes from Cox and Barrell (2007). Franz Josef
nui-Hope survey and the resultant 2-m hillshade that was produced for the Hope Fault
etailed example areas shown in Figs. 6e8.

5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
s, Journal of Structural Geology (2013), http://dx.doi.org/10.1016/
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Fig. 4. Oblique aerial photo viewed to the northeast along the Alpine Fault and Southern Alps (peaks at top right). The processed LiDAR swath along the fault is within the white
dashed lines, along with the town of Franz Josef at centre. Also shown are different substrate types, such as grassland and bush. (Photo: Lloyd Homer, GNS Science). Profile AeA0 and
box show areas of detail covered by Figs. 5 and 6.
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(Dacrydium cupressinum), matai (Prumnopytis taxifolia), kamahi
(Weinmannia racemosa), and ponga (tree fern; Cyathea dealbata)
forming a canopy over a dense understorey dominated by Pseu-
dopanax species and supplejack (Rhipogonum scandens) vines
(Newsome, 1987; Dawson and Lucas, 2011). This especially dense,
multi-tiered forest structure provides a test of the effectiveness of
LiDAR surveying. Lowland areas below the rangefront have typi-
cally been cleared for grassland dairy farming and now lack
extensive tree cover. Scrub, dominated by ‘Tutu’ (genus Coriaraia),
Hebe, Coprosma and Dracophyllum, covers areas where young al-
luvial terraces have been colonised or where forest is regenerating.
The only significant area within the LiDAR swath covered by
buildings is the town of Franz Josef (Fig. 5).
Table 1
Natural parameters and data related to the lidar surveys.

Alpine Fault (Franz-Whataroa) Hope Fault
(Hurunui-Hope)

Latitudea 43� 200 S 42� 390 S
Elevation range (mb) 70e890 520e1240
Typical relief (m) 400e600 200e400
Rainfall (mm/yr) 3800e4800 1500e3000
Dominant vegetation

cover
Mixed podocarp-broadleaf
forest

Beech forest

Percent ground returns 9.8 16.9

a Latitude of central point within swath.
b Metres above sea-level.
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In this study, we have flown, processed and analysed LiDAR data
along a 34 km long stretch of the central Alpine Fault extending
roughly between Franz Josef andWhataroa townships (Fig. 3a). This
stretch of the fault was targeted to test the viability of LiDAR as a
tool to obtain a ‘bare earth’ DEM through West Coast native forest,
Fig. 5. Schematic diagram showing the elevation and flight path profile along AeA0

from the Alpine Fault LiDAR survey. These three of six flight lines show the broad
effects of topography on the survey band width. Flight lines were 200 m apart which
produces bands of no overlap and single or double overlap of point collection.

5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
s, Journal of Structural Geology (2013), http://dx.doi.org/10.1016/
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which is recognised as some of the densest forest in New Zealand
and which has been a significant obstacle to detailed geological
mapping and neotectonic study of the Alpine Fault (e.g., Cox and
Barrell, 2007) (Fig. 2d). Some applications of this LiDAR dataset
have already been introduced (Langridge, 2011; De Pascale and
Langridge, 2012a; Barth et al., 2012).

2.1.2. Hope Fault (Hurunui-Hope survey)
Located to the east of the Main Divide, the dextral-slip Hope

Fault is part of the Marlborough Fault System, a zone of distributed
strike-slip faulting (Fig. 1 and Fig. 2b) (Holt and Haines, 1995; Van
Dissen and Yeats, 1991; Langridge et al., 2003; Yeats and
Berryman, 1987; Berryman et al., 1992; Wallace et al., 2007).
Dextral slip rates in the east along the Conway segment of the Hope
Fault are high (18 � 8 mm/yr; w23 � 4 mm/yr) (McMorran, 1991;
Langridge et al., 2003), but are somewhat lower in the west
(14 � 3 mm/yr; w10e13 mm/yr; Cowan, 1990; Langridge and
Berryman, 2005) where motion is partitioned between the Hope
and Kakapo faults.

LiDAR has already been proven to be an effective tool for map-
ping the eastern part of the Hope Fault (Beauprêtre et al., 2012). At
the eastern end of the fault, the orographic rainshadow of the
Southern Alps has brought about a landscape that is semi-arid,
largely grass-covered and sparsely forested. Here, mean annual
rainfall is 1.0e1.6 m (Fig. 2c). In comparison, along the Hurunui
segment of the Hope Fault wherewe established our second survey,
average annual rainfall is w1.5e3.0 m; intermediate between that
for the West Coast and eastern Marlborough (Fig. 2d).

Apart from areas of active alluviation and grasslands, the land-
scape is covered by relatively open native beech (Nothofagus) forest
with a thin understorey (Fig. 2d). The forest is characterised by red
beech (Nothofagus fusca), silver beech (N. menziesii) and mountain
beech (N. solandri var. cliffortiodes), which all share a similar tree
structure (Fig. 2d) (Wardle, 1984; Langridge et al., 2007). Scrub in
the low-lying areas of alluvial valleys within this survey is domi-
nated by Matagouri (Discaria toumatou) bushes.

A 29 km long LiDAR survey was flown along the western part of
the Hope Fault extending from the Hurunui to the Hope River
(Fig. 3b) (Langridge and Berryman, 2005). Local parameters for
rainfall, elevation, relief, and vegetation type for this area are dis-
played in Table 1. A west to east gradient in rainfall exists between
the western end of the swath (w2.4e3.0 m annually) and the
eastern end of the swath (w1.5e1.8 m annually; see http://www.
niwa.co.nz).

2.2. Flight planning

To obtain the best possible results from the airborne LiDAR a
data collection plan was developed for each fault. The first part of
this plan was to define flight paths with the data provider, New
Zealand Aerial Mapping Ltd (NZAM). Project budget dictated that
the target width around each fault was limited to a corridor
of w�800 m in width (Fig. 3). In both cases we used regional
geological maps and the national active faults database as a basis
for defining the centre line of the LiDAR swaths (e.g., Nathan et al.,
2002; http://data.gns.cri.nz/af). The natural parameters of each
study area are outlined in Table 1 and discussed below.

Different flight path spacings were selected for each survey
based on the forest type and density, with a view to improve the
number of ground returns in areas where several pre-lidar recon-
naissance trips indicated dense, multi-tiered vegetation cover and
very high relief (e.g. Langridge and Berryman, 2005; Langridge and
Ries, 2010). Flight path spacing was particularly important along
the Alpine Fault where the steepness and density of forest cover
were highest.
Please cite this article in press as: Langridge, R.M., et al., Developing sub
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The outcome was a flight plan for the Franz-Whataroa survey
that comprised six, parallel, zigzagged lines spaced w200 m apart
(Fig. 3a). The zigzagged form of the flight plan was designed to
follow the segmented trace of the Alpine Fault in this region as
previously identified by Norris and Cooper (1995). The middle of
the survey strip was centred just to the southeast of the mapped
trace of the fault in order to not only capture the primary zone of
faulting and offset features, but to focus on the hangingwall side of
the fault, where deformation was expected to be greater (Cox and
Barrell, 2007; Barth et al., 2012). Two additional short lines were
flown in the Whataroa valley for use by the Deep Fault Drilling
Project (Sutherland et al., 2012, Fig. 3a).

2.3. Data acquisition

LiDAR data were acquired with an Optech ALTM3100EA in-
strument flown from a light plane at a typical altitude of w1200 m
above ground level (a.g.l.; Fig. 5), i.e., which had to be adjusted for
the higher elevation parts of both surveys. To aid the processing of
the data, colour orthophotographs were taken in conjunction with
the LiDAR using an integrated Rollei AIC camera. The Optech
scanner field of viewwas set to 39�, which produced a swath width
of w390 m either side of the instrument above flat ground.

For the Franz-Whataroa survey, individual flight swaths span-
ned this width over flat terrain meaning that there was almost
complete single-overlap between sets of adjacent swaths; the
exception being the two outermost strips along the swath (Fig. 5).
In the middle part of the swath double overlap of data was ach-
ieved. In addition, small areas of triple overlap of data, i.e. four
discrete scans of the same area, were also obtained around the six
bends in the swath (Fig. 3a). Overlap of flight swaths is normal
practice; however, in this case it was deemed important to the
success of the Franz-Whataroa LiDAR survey to obtain some double
overlap of flight lines due to the density of the West Coast bush.

For the Hurunui-Hope survey, the flight collection plan
comprised three flight lines at an average spacing of w275 m
(Fig. 3b). This is a default flight line spacing for LiDAR collection
used for the forest industry and which was deemed suitable for
beech forest cover (Adams et al., 2011). This simple flight plan was
aided by the fact that the Hope Fault here was known to be rela-
tively straight compared to the central-most part of the Alpine Fault
where the Franz-Whataroa survey was staged.

Independent ground surveys established a reference control
network that tied the data into the national geodetic reference
system of New Zealand (NZGD2000). Data points have an xey po-
sitional accuracy of�0.30 m and a vertical accuracy of�0.15 m. The
data supplied by NZAM comprised point clouds of ground and
unclassified (above ground) returns, used to develop a bare-earth
DEM and hillshade model. Also supplied were 0.5 m contours
developed from Triangular Irregular Networks (TIN) generated
from the ground return point cloud.

2.4. DEM construction and interpolation

For unforested areas, such as over grassland and gravel sub-
strates, the number of cleaned ground returns was approximately
equal to the signal input, i.e. w100% returns. In contrast, over
forested land up to 3e4 times the number of total returns were
typically counted. In these cases, unclassified returns were being
collected from different levels of the forest, e.g. from the canopy,
sub-canopy, under-storey, and also the ground. All unclassified
returns were then filtered in-house by NZAM.

A DEM is a GIS-based, raster grid of elevation values usually
obtained by interpolation between adjacent sample points. Reso-
lution of a DEM refers to the grid size of the DEM; smaller grids
5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
s, Journal of Structural Geology (2013), http://dx.doi.org/10.1016/
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represent higher resolution and more detail. Determination of the
cell size of a DEM is a fundamental component for DEM generation
and spatial analysis. The main goal is to produce the best repre-
sentation of a terrain surface without introducing artefacts from
interpolation, i.e., the source data density constrains the resolution
of the DEM. A common method for determining the cell size of a
DEM has been defined by Hu (2003). The grid size of a DEM can be
estimated by:

s ¼
ffiffiffi
A
n

r
(1)

where s is the estimated cell size (typically in m), n is the number of
sample points and A is the area containing the sample points. The
formula above was used to calculate the estimated cell size for both
the Alpine and Hope datasets (Table 2).

This aforementionedmethod for estimating DEM cell size works
well for datasets with homogeneous vegetation and therefore ho-
mogeneous point densities. However, areas with variable vegeta-
tion are likely to produce highly variable ground return densities
and therefore using an average for the entire dataset is likely to
estimate a cell size smaller than desired in areas under thick
vegetation with low point densities.

To analyse the variability of point densities, subsets of the
following vegetation types or substrates were extracted from the
ground return point cloud. For the Franz-Whataroa survey these
were grassland, scrub, gravel (river beds) and podocarp-broadleaf
bush. For the Hurunui-Hope survey, subsets were extracted from
areas of grassland, scrub, gravel, and beech forest. Subset areas
were chosen through identification from the orthophotographs.
Twelve 50 m � 50 m (0.25 ha) areas were selected for each sub-
strate type. Table 2 shows the point densities for each subset or
substrate and the estimated cell size using equation (1). From this
analysis, the cell size for each dataset was determined. This was
then used as the input for interpolating a DEM for each area.

Interpolation is a process of predicting the value of a grid of cells.
Common interpolation methods include Nearest Neighbour, In-
verse Distance Weighting (IDW) and Kriging. There is no single
interpolation method that can be used exclusively for all purposes,
though one technique will have more advantages under certain
data conditions. For example, a DEM produced for hydrological
modelling needs to be ‘hydrologically’ correct (i.e. the surface of the
DEM needs to ensure water flows downhill and best approximates
the actual drainage). One of the end goals of this study is to accu-
rately locate and map active fault traces. It is therefore very
important to ensure the interpolation methods used does not
smooth over subtle changes in elevation that may have been pro-
duced by faulting or erosion. With this in mind, it is also important
to ensure linear artefacts produced from the interpolation process
are also limited to avoid interpreting interpolated artefacts as
geomorphic features. The balance between smoothing and
Table 2
Ground return point data from the LiDAR surveys.

Sample area substrate No. of 0.25 ha
sample areas

Area (ha) Grou
point

Franz-Whataroa Entire survey 6025.8 0.40
Gravel 12 3 1.63
Grassland 12 3 1.28
Scrub 12 3 0.53
Podocarp-broadleaf bush 12 3 0.16

Hurunui-Hope Entire survey 3543.9 0.56
Gravel 12 3 1.47
Grassland 12 3 1.60
Scrub 12 3 0.78
Beech Forest 12 3 0.27
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avoiding artefacts is hard to achieve and in many cases relies on a
good working knowledge of the interpolation method, the input
parameters, as well as trial and error (Arrowsmith and Zielke,
2009).

DEMs produced for the two study areas were interpolated with
IDW using a power value (significance of surrounding points in the
interpolated value) of 2 and a search radius of 12 points with a
maximum radius of 20 m. This method and input parameters
provided a good balance between interpolating subtle changes in
slope without producing large anomalous artefacts in areas of low
point densities. This does not however, imply that the DEMs pro-
duced for this study are free from error or artefacts.
3. Lidar survey results and DEM creation

The purpose of this section is to describe how we defined the
grid spacing for the two DEMs. In each survey area we selected a
representative area in which to undertake an analysis of the point
density and point spacing of the datasets. The results of DEM
analysis allowed us to distinguish between the LiDAR characteris-
tics and data quality of podocarp-broadleaf versus beech forest
cover as these were the dominant substrate types along both sur-
vey areas. LiDAR ground return points from each swath were used
to create DEMs that were relevant to the point densities and
spacings that are shown in Table 2.
3.1. Franz-Whataroa survey

Across the measured 0.25 ha sample boxes, the average ground
returns per m2 were high for gravel and grassland (1.63 m�2 and
1.28 m�2, respectively), but significantly lower for scrub (0.53 m�2)
and especially for podocarp-broadleaf forest (0.16 m�2). The latter is
equivalent to having a ground return point about every 6 m2. The
average ground returns across the entire survey were 0.40 m�2

which yields an estimated cell size of 1.59 m using Equation (1).
However, considering the high proportion of the study area covered
by bush (w90%), it is more efficient to consider the estimated cell
size under podocarp-broadleaf forest (Fig. 6). In this case, equation
(1) yields an estimated cell size of 2.52 m (Table 2). In detail, the
point cloud underneath the forest was not evenly distributed, with
areas of clustered points inmore open spaces contrasting other areas
with low point densities (Table 2). Considering the extremes in point
spacing under forest (rather than the mean), we inferred that the
most suitable grid size for a DEM and hillshade model of the area is
3-m. Despite the low ground return ratio, i.e., w9.8% returns
compared to gravel substrate, we inferred from extensive ground
truthing in the forest, that the resulting DEM provides a valid
interpretation of the ground topography. Fig. 6 highlights the dif-
ference in precision between the national scale 25-mDEMversus the
3-m LiDAR DEM and its accompanying colour orthophotograph.
nd return
s (m�2)

Estimated cell
size (m)

Total returns Unclassified
returns (m�2)

1.59 e e

0.78 49210 1.64
0.88 38806 1.29
1.37 131859 4.40
2.52 180227 6.01
1.34 e e

0.82 73073 2.44
0.79 70477 2.35
1.13 78352 2.61
1.93 108971 3.63

5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
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Fig. 6. Visual comparisons of data coverage at Lavender Farm, west of Franz Josef. A. national scale 25-m DEM with trace of the Alpine Fault (red line) as shown on Cox and Barrell
(2007). B. 3-m LiDAR hillshade model highlighting geomorphic features including strike-slip (red arrows) and thrust (black arrow) fault traces. C. Ground return point cloud for the
same area highlighting differences between grass and bush substrates. D. Orthophotograph showing actual vegetation cover.
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An interesting product of our analyses is the recognition that up
to 6 m�2 unclassified returns were collected from each sample shot
(c. w1.64 m�2 for gravel substrates; Table 2). This means that there
are about four times the number of returns from dense bush, which
highlights the multi-tiered nature of the forest structure.
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3.2. Hurunui-Hope survey

Across the measured 0.25 ha sample boxes along the Hurunui-
Hope survey, the average ground returns per m2 were high for
gravel and grassland (1.47 m�2 and 1.60 m�2, respectively), but
5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
s, Journal of Structural Geology (2013), http://dx.doi.org/10.1016/
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significantly lower for scrub (0.78 m�2) and for beech forest
(0.27 m�2). The latter is equivalent to having a ground return point
about every 4 m2 on average. The average ground returns per m2

across the entire survey were 0.56 m�2 which yields an estimated
cell size of 1.34m using equation (1). However, considering the high
proportion of the study area covered by forest, it is again more
useful to consider the estimated cell size under beech forest. In this
case, Equation (1) yields an estimated cell size of 1.93 m (Table 2).

Therefore, for this survey a robust 2-m DEM was generated
across beech forested terrain (Fig. 3b). A 1-m DEM revealed a
similar amount of geomorphic detail as the 2-m DEM, but suffered
from some processing artefacts such as facets, blisters and pock-
marks. These were particularly evident across the steep, heavily
forested rangefront slopes. We observe that the entire width of
fault deformation was captured within the 1.3 km width of the
Hurunui-Hope swath, validating our choice of using only three
flight lines spaced every w275 m (Fig. 3b).

4. DEM-based characterisation of geomorphic features

4.1. The Alpine Fault e Mt Price and Lavender Farm areas

The Franz-Whataroa DEM offered the opportunity to observe
the complex zone of deformation in the hangingwall block of the
Alpine Fault, including primary traces of the fault that were pre-
viously unrecognised (De Pascale and Langridge, 2012a; Barth et al.,
2012).

Fig. 6 highlights the geomorphic detail observed from the 3-m
DEM compared to the national scale 25-m DEM. In this area west
of Franz Josef, the difference between the point density under bush,
versus grassland, hedgerows or landslips is distinct (Fig. 6c). In the
25-m DEM (Fig. 6a), geomorphic features including the Alpine
Fault, are poorly characterised. In particular, the previously mapped
geologic fault trace cannot be resolved on this DEM. That is, at
scales of 1:50,000 or more only a general view of the actual fault
location, strike and complexity is realistic and past fault mapping
efforts have been limited by the vegetation (Cox and Barrell, 2007;
Norris and Cooper, 1995). However, from the 3-mDEM it is clear the
fault occupies a wider zone of deformation, with partitioning into
weast-west-striking strike-slip faults that create and translate
topography, and a frontal thrust trace that takes up the outboard
Fig. 7. Hillshade model along the Alpine Fault between the Whataroa River and Gaunt Cree
characterised by parallel partitioning, into a zone of strike-slip faulting in the east near th
creeks. White circles identify paleoseismic sites. Large black arrow marks the motion direc
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dip-slip component of fault motion (Barth et al., 2012). Field
reconnaissance shows that these strike-slip fault bounded ridges
are draped by deformedmorainic deposits from the last glacial. The
frontal thrust trace is highlighted by a topographic scarp intowhich
a small stream has incised (Fig. 6b).

Fig. 7 highlights the LiDAR coverage centred about Mt Price
between Gaunt Creek and theWhataroa River. Along the rangefront
of the fault west of the river, alluvial terraces and fans, risers,
ridgelines, scarps, lineaments, folds were recognised and these
helped to define the location and style of faulting (Fig. 7c; Barth
et al., 2012). The character of the Alpine Fault zone in this locality
is expressed by 2 or 3 sub-parallel, active ENE-striking fault traces
each separated by 100e300 m. These faults have a dominant
dextral-slip style of motion, based on the recognition of dextrally
deflected streams and spurs (ridgelines) and uphill-facing scarps.
This is particularly true of the area between the Matainui and Mint
Creek catchments. The scale of these deflections ranges from tens
to hundreds of metres across each fault trace implying that these
faults carry a significant proportion of the dextral motion across the
central Alpine Fault (Langridge, 2011; Norris and Cooper, 2001). The
dextral-slip character of this 5 km stretch of the fault was previ-
ously known (Read, 1994; Norris and Cooper, 1995, 1997; Cox and
Barrell, 2007); though, was much more coarsely and incompletely
resolved before the availability of this dataset. We found no small
(sub-decametre) sized displacements along this short 5 km reach of
the fault where there were multiple strike-slip fault traces. How-
ever, geomorphic features with potential single-event displace-
ments were identified in other areas along the Franz-Whataroa
survey where the fault zone is less complex (De Pascale and
Langridge, 2012b).

The surface projection of the Alpine Fault zone is obscured
across low-lying terraces of the Whataroa River and active drain-
ages adjacent along the rangefront such as Matainui Creek (Fig. 7c).
This is because the presently abandoned alluvial terrace of the river
and the fans that grade to it were rejuvenated following the last
surface-rupturing earthquake along the Alpine Fault in w1717 A.D.
(Wells et al., 1999, 2001; Yetton, 2000; Berryman et al., 2001).

A prominent bend in the surface trace of the Alpine Fault is also
highlighted in Fig. 7. In the area north of Gaunt Creek, NNW-
striking fault traces are mapped bounding the rangefront to the
west of Mt Price. One of these traces was exposed near Gaunt Creek
k. The LiDAR strip highlights the transition from thrust faulting to a transitional bend
e river. Note the large dextral offsets of spurs and creeks between Matainui and Mint
tion for the Alpine Fault.

5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
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and a paleoseismic study was undertaken to document the faulting
at that locality (De Pascale and Langridge, 2012a). The main fault
associated with this exposure was a low angle thrust with an atti-
tude of 334/26� SE. Thirteen other attitudes measured fromwithin
faulted and fractured mylonites in the hangingwall of this exposure
are also consistent with NNW-striking and WSW-directed
thrusting, i.e. sigma-1 oriented at c. 072/10�.
4.2. The Hope Fault west of Three Mile Stream

Fig. 8 shows a w5 km long section of the Hurunui-Hope LiDAR
survey between Three Mile and McMillan streams. This area is in
the higher elevation, central part of the survey where beech forest
covers most of the landscape (Fig. 8b). The 2-m DEM has enabled
the recognition and mapping of alluvial terraces and risers, spurs,
and alluvial fans, and helped define the main fault traces related to
the Hope Fault (Khajavi et al., 2012). Broad fans and terraces that
emanate from the Macs Knob range were deposited after the Last
Glacial Maximum (LGM). Later, incision during the Holocene by
tributaries of ThreeMile andMcMillan streams cut the fans forming
a complex of gullies and small valleys (Barrell et al., 2011; Langridge
and Berryman, 2005).

In this area, the Hope Fault is expressed by a single, main ENE-
striking fault trace (Fig. 8). Deflected streams and offset terrace
risers, fans and spurs confirm that the Hope Fault is a dextral-slip
fault and that post-LGM landforms have been offset horizontally
by tens to more than 100 m. Langridge and Berryman (2005) used
the scale of displaced landforms in this area from aerial photo-
graphs to estimate a Holocene dextral slip rate ofw10e13mm/yr. A
distinct advantage for future displacement and slip rate studies is
the clarity with which the fault and offset features are expressed in
Fig. 8. A. 2-m LiDAR-derived hillshade model of the ENE-striking Hope Fault between the
displaced landforms and geographic features. A c. 100 m left step in the main fault express
LiDAR point data were undertaken. B. Colour orthophotograph covering the same area as t
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the DEM (Fig. 8), giving greater confidence in the size of displace-
ments, the measurement uncertainty, and the relative age of
landforms. Curvature of the main fault trace (slightly concave to the
south) suggests that the Hope Fault dips steeply to the south in this
area. In addition to the main fault trace, subsidiary and secondary
faults, and fault stepovers can be mapped to the east of the Three
Mile Stream area. In many places such structures can be mapped
out to a distance ofw300m from the main trace, which defines the
probable width of deformation throughout the Holocene
(Langridge, 2011; Khajavi et al., 2012).
5. Discussion

5.1. Aspects of data collection issues

The data collection and processing strategy devised for this
project enabled us to generate reasonable and high quality, sub 5-m
bare earth DEMs across the Franz-Whataroa (3-m DEM) and
Hurunui-Hope (2-m DEM) survey areas. A higher resolution DEM
was possible for the Hurunui-Hope survey even though the line
spacing and resultant levels of swath overlap were diminished. The
number of unclassified returns (i.e. all returns including ground
returns) for the West Coast mixed podocarp-broadleaf bush was
w6 m�2 returns (four times that from gravel), indicating the multi-
tiered structure of the canopy in this area. In comparison, the
number of unclassified returns for beech forest was w3.63 m�2,
indicating a more open forest structure (w2 returns per sample
shot). Above all these results highlight the difference in undertak-
ing LiDAR surveys under these forest types of different density
either side of the Main Divide.
Hurunui and Hope river catchments highlighting the main fault trace (red arrows),
ion occurs at top right. The white boxes show typical 0.25 ha areas where analyses of
he orange box and highlighting beech forest cover.

5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
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Fig. 9. Examples of DEMs created at different grid sizes for the same area west of the
Whataroa River. A. and B. 0.5-m and 1-m DEMs. These are characterised by pockmarks
(PM) and blisters (B) in the data. C. and D. 2-m and 3-m DEMs.
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Topography (aspect, slope and elevation of the ground surface)
has also been identified as influencing the number of ground
returns. The main effect of steep slopes is to limit the swath width
of point collection and increase the likelihood of erroneous ground
returns. The narrowing of the ‘footprint’ of data collection is clearly
evident at the edges of the survey where elevations are higher and
relief increases. However, the decreased swath width does not
overtly affect the quality of the survey data other than to reduce the
area that was surveyed.

Qualitative analysis of the ground return point cloud for both
surveys show areas where ground returns are limited on some
aspects due to parallel flight direction combined with steep slopes
producing areas shadowed by the topography, e.g. hillslopes either
side of northeast-trending spurs. Generally, the recovered point
density (and thus data quality), was less in steep areas (e.g., terrace
edges along the rangefront of the Alpine Fault), especially where
these areas are incised by gullies. While this influence reduces the
number of ground returns on some slopes the overall average point
spacing does not vary significantly enough to cause interpolation
errors and therefore erroneous topographic artefacts.

Our strategy to overcome the effect of especially dense forest
cover in the high rainfall Franz-Whataroa survey area was to in-
crease the number and degree of overlap between the adjacent
flight lines. Without doubt, for the Franz-Whataroa swath, the
double overlap strategy was essential toward developing at best a
3-m DEM. While this strategy was essential for this central-most
part of the Alpine Fault, we note that the default LiDAR collection
parameters for forested areas (e.g., 275m flight line spacing) should
be applicable to the northern Alpine Fault, where the natural con-
ditions are more like the western Hope Fault (Fig. 1 and Fig. 2d).
This would allow for the generation of robust 2-m DEMs of high
quality along the northern section of the Alpine Fault at a lessened
cost compared to that for the Franz-Whataroa survey.

Data from both surveys indicate that 1-m DEMs could be
generated in open areas of gravel and grassland where ground re-
turn values are high (Table 1). This means that for site-specific
studies, e.g., where a fault under forest emerges into grass-
covered areas, constructing a 1-m DEM from a subset of the data
cloud is valid. To test the validity of our selected DEM cell sizes we
developed 1-m DEMs for both surveys. We observed that for areas
under podocarp-broadleaf bush, processing (interpolation) arte-
facts such as facets were locally apparent where point densities
were relatively low, which validated our cell size choices. Fig. 9
shows the differences in DEM or image quality between 0.5-, 1-,
2- and 3-m DEMs created for a heavily forested area west of the
Whataroa River (Fig. 7). Pockmarks and blisters are evident on the
0.5- and 1-m DEMs, which highlights that the DEM is over-
interpolated relative to the data. In contrast the 2- and 3-m DEMs
can appear pixelated at detailed scales (Fig. 9).

As part of a wider national project, a third short (6 km) LiDAR
survey was collected along a forested portion of the Wellington
Fault within the Tararua Range (Fig. 1) (Langridge, 2011; Langridge
et al., 2005). In this area the relief is similarly high (300e500 m),
rainfall is intermediate between the two South Island surveys
(w2.5e3.0 m/yr), and the rangefront of the fault is covered by a
mixed lowland podocarp-broadleaf-beech forest (Newsome, 1987)
with a significant component of ponga (tree fern; C. dealbata). This
Tararua forest assemblage is intermediate in density compared to
the two South Island forested areas. In this case, with five flight
lines spaced at distances of w240 m, the average ground returns
under this forest assemblage was w0.19 m�2. As with the Franz-
Whataroa survey, this level of data return could be used to
develop a robust 3-m DEM. This allowed for the recognition of a
multi-event, transpressive fault scarp in the Waiohine River valley
under dense forest for the first time (Langridge, 2011).
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5.2. Implications for active fault studies

We observe that the pattern and style of surface faulting
expressed along the central-most Alpine Fault is consistent with
the fault segmentation model shown by Norris and Cooper (1995,
1997) and on regional geology maps (Cox and Barrell, 2007). A
key difference with the latter is the level of detail at which the fault
can now be mapped compared to previous scales (see Fig. 3c.f.
Fig. 6). Other important differences were observed from the LiDAR
DEM, such as the number of strike-slip fault traces within the zone
of active fault deformation in the Mint to Arthur creek area (2-3
main traces), where fault strikes of 070 � 10� were evident (Fig. 7).
The average strike of the Alpine Fault along its length is 055�. Thrust
5-m LiDAR DEMs for forested sections of the Alpine and Hope faults,
s, Journal of Structural Geology (2013), http://dx.doi.org/10.1016/
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fault scarps with strikes of 350 � 10� were evident in the Gaunt
Creek area (De Pascale and Langridge, 2012a). Between these two
end-members (north of Gaunt Creek: thrust-dominated; west of
Whataroa River: dextral-dominated), the area west of Matainui
Creek is highlighted by a transitional bend of up to 600 m width
where it appears that parallel partitioning of the Alpine Fault is
occurring. Here, the surface form of the Alpine Fault zone is char-
acterised by a set of outboard reverse to thrust faults with strikes
that curve to compensate for the surface bend in the fault trace; and
weast-west striking, closely-spaced strike-slip faults within the
hangingwall block (Fig. 7). All these structures are potentially
consistent with the overall oblique motion direction of the Alpine
Fault in this area (c. 070�). In addition, this transitional bend is
associated with the highest peak (Mt Price) within 1 km of the
Franz-Whataroa survey locally. These results confirm the fault
segmentation and parallel partitioning scheme of the central-most
part of the Alpine Fault (Norris and Cooper, 1995, 1997; Barth et al.,
2012), and highlight the advances that can be made in under-
standing the structural geology of the fault using a high resolution
DEM (Meigs, 2013). Furthermore, the LiDAR hillshade highlights
that the map and strike variations shown by the Norris and Cooper
(1995, 1997) models can be even more extreme in map view than
predicted.

The DEMs produced from this study have great potential for use
in neotectonic and hazard studies. Along the Alpine Fault, we have
already been able to identify future paleoseismic sites and confirm
the recent activity of north-striking thrust traces such as those at
Gaunt Creek (Fig. 7; De Pascale and Langridge, 2012a). Paleoseismic
studies at Mint Creekwill test the viability of uphill-facing scarps as
locales where late Holocene sediments accumulate and preserve
evidence of recent faulting events. In addition, detailed fault
mapping such as this can be useful for considering fault segmen-
tation and the endpoints of fault ruptures (Harris et al., 1991;
Wesnousky, 2006).

With respect to displacement and slip rate studies, it is impor-
tant to understand the strengths and limitations of the LiDAR-
derived DEM. For example, the 3-m cell size from the Alpine Fault
survey means that this technique will revolutionise the collection
and interpretation of multi-event displacements along the fault
from which geologic slip rates can be developed. Large strike-slip
offsets of many tens to hundreds of metres have already been
recognised in the Mint to Arthur creek area, and potential single-
event displacements have also been recognised southwest of Gaunt
Creek (De Pascale and Langridge, 2012b). For large displacements,
the proportion of error related to the cell size of the DEM (w�3 m)
is small compared to the scale of the displacements. In contrast, the
error on single-event displacement values of sub-decametre size
recognised from the LiDAR indicates that they will have large un-
certainties that make such measurements less meaningful for the
fault under dense forest. An outcome of this observation is that
while LiDAR has proven itself as a useful remote reconnaissance
tool for identifying potential single-event displacements in areas of
dense vegetation, there is still no substitute for reconnaissance and
measurement of fault parameters in the field.

Along thewestern part of the Hope Fault, the 2-m LiDAR-derived
DEM has improved both the location and mapping of the fault in
detail (c.f. Langridge and Berryman, 2005; Nathan et al., 2002). It
has also been possible to recognise numerous secondary faults
including normal, reverse and oblique-slip faults, that were previ-
ously unknown across a wider zone of tectonic deformation that is
100e300 m wide (Khajavi et al., 2012). Importantly, as with the
Franz-Whataroa survey, the 2-m LiDAR DEM has given an unprec-
edented view of offset geomorphic features (e.g. alluvial fans and
terraces, channels, spurs) that allow for the robust and routine
measurement of dextral-slip offsets along the fault. The improved
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clarity and error related to the 2-m DEM means that the un-
certainties on large offsets (tens to hundreds of metres) are rela-
tively small, while the ability to locate and assess single-event
displacements of 3e6 m size with such uncertainties (w�2 m) will
be difficult without field verification (Langridge and Berryman,
2005; Langridge et al., 2013).
6. Conclusions

Sub 5-m digital elevation models (DEMs) were derived from
airborne LiDAR surveys for active faults in New Zealand under
varying degrees of forest cover and relief. In each case, the high-
quality bare earth DEMs derived from the LiDAR data allowed us
to recognise and map in detail many fault-displaced landforms and
other geomorphic features that were previously unknown or
poorly resolved. The LiDAR data revolutionises our understanding
of fault location and fault structure in these variably forested areas
of active deformation.

Project design, flight planning and data processing methodolo-
gies that we developed for these areas of especially dense vegeta-
tion cover were at times intuitive but provided us with valuable
insights and experience. For example, along the rangefront of the
central part of the Alpine Fault, reducing the flight line spacing from
275 to 200 m and increasing the amount of data overlap (i.e. two-
or three-fold overlap of data coverage) compensates for the low
ground returns from the dense native forest cover and steep and
gullied terrain allowing us to produce a 3-m DEM. In contrast, a
275 m flight line spacing was adequate to produce a 2-m DEM and
sufficient to resolve fault traces and offset geomorphic features
along the beech-covered, western part of the Hope Fault.

We used an IDW technique to interpolate the ground return
point cloud data. However, based upon the results from previous
research, it is apparent that no interpolation method is universally
superior. Ground return spacing (which is a function of lidar survey
parameterisation and vegetation density), raster spatial resolution,
the complexity of terrain morphology, and the assumptions un-
derpinning a given interpolator’s mathematical design affect the
ability of interpolation algorithms to generate accurate and useful
DEMs.

The results of this study will assist in the future planning of
airborne LiDAR collection in New Zealand and show the great po-
tential and limitations of LiDAR as a cost-effective, utile tool for the
precise mapping and study of active faults and other geomorphic
features that are covered by dense old growth forest worldwide.
Such results are important for future studies that consider fault
segmentation and rupture patterns as part of seismic hazard
analyses.
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