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Abstract

The Kaikōura earthquake ripped across the North Canterbury and Marlborough regions of the South 

Island on 14th November 2016. It initiated on the Humps Fault, near Waiau township and propagated 

north-eastward. The Leader valley, which is the focus of this study, is located ~16 km northeast of 

Waiau. During the Kaikōura earthquake, the Humps Fault East (HFE) and South Leader Fault (SLF) 

ruptured to the surface at Leader valley causing incredible surface deformation. In light of this 

catastrophic seismic event, this investigation aims to understand the Late Holocene to recent (post-

Kaikōura earthquake) landscape evolution of the Leader valley.

Firstly, detailed geomorphological maps of the pre-earthquake and post-earthquake (2016) landscape 

were produced, supported by aerial imagery and published geological maps of the area. Then Ground 

Penetrating Radar (GPR) surveys were undertaken across mapped geomorphological features 

complemented by field truthing (exposure logging). Geomorphological maps and GPR survey results, 

in support with supplementary data, were used to identify processes driving the landscape evolution 

of the Leader valley.

Geomorphological maps showed that the landscape of the Leader valley changed significantly 

following the Kaikōura earthquake. The co-seismic Leader landslide, Lake Rebekah and waterfalls are 

some of the key features observed in the post-earthquake (2016) landscape. These features are 

not observed in the pre-earthquake setting.

The GPR survey results suggest that the gravel terraces were formed in a braided gravel bed river 

setting, because wide, and flat bedded channels with gravel bars are identified in the radargrams. This 

interpretation agrees with the current river channel morphometry because geomorphological mapping 

indicates channels are wide, flat and shallow.

The GPR survey results for the steep slopes northwest of the site do not indicate large scale landslides. 

The debris slumps interpreted on the radargrams do not resonate with the size of the Leader landslide, 

therefore they are interpreted as debris slumps occurring from small instabilities on these steep slopes. 

Unfortunately, GPR surveys were not successful in identifying fault expressions at Leader valley.

Geomorphological processes at this site can be categorised as: (1) structural controls on 

geomorphology, (2) hillslope processes and (3) fluvial processes. The evolution of the Leader valley 

is reduced to four key stages: (1) the original landscape where cover rocks overlaid the basement rock, 

(2) folding and thrusting in the Northern Canterbury Domain resulting in uplift of the basement, (3) 

glaciated alluvial greywacke gravel deposition in the basins, and (4) down cutting of the alluvial gravel 

terraces due to end of glaciation. Since its inception, the key geomorphological processes evolved the 

Leader valley, and will continue to change and shape the valley in the future as well.
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1 INTRODUCTION

On 14th November 2016 just after midnight, the moment magnitude (Mw) 7.8 Kaikōura earthquake, 

ripped across the North Canterbury and Marlborough regions of New Zealand, producing incredible 

surface deformation and ground shaking. It is one of the most complex and largest ever instrumentally 

recorded earthquakes in New Zealand (Cesca, et al., 2017; Ulrich, et al., 2019;). The epicenter of the 

Kaikōura earthquake was located 4 km from Waiau (Figure 1.1) and it initiated at a shallow depth of 

14.1 km at the transition between the southern Hikurangi subduction zone and continental colli-

sion zone along the Alpine fault (Duputel & Rivera, 2017; Stirling, et al., 2017; Nicol et al., 2018). 

This transition zone comprises the Marlborough Fault system (MFS) and North Canterbury fault 

and fold thrust belt (Barrell and Townsend, 2012; Ballance, 2017; Stirling, et al., 2017). The 

earthquake originated within the latter province; on the Humps Fault and subsequently ruptured 

more than 20 faults; some were previously unmapped (Cesca, et al., 2017; Stirling, et al., 2017; 

Ulrich, et al., 2019). See the Figure 1.1 for the regional context of the MFS and the surface rup-

tures of the Kaikōura earthquake.

The complex, multifault ruptures such as the Kaikōura earthquake are now being documented in 

exceptional detail by techniques such as light detection and ranging (LiDAR) differencing, optical 

imaging, along with integration of geological and geophysical techniques (e.g. field mapping, Ground 

Penetrating Radar (GPR), seismology and Interferometric Synthetic Aperture Radar (InSAR)) 

(Litchfield et al., 2018).

The Kaikōura earthquake triggered more than 10,000 landslides over a total area of approximately 

10,000 km2, with the bulk of it concentrated to an area of about 3,600 km2 proximal to the surface 

ruptures of multiple faults (Dellow et al., 2017a; Dellow et al., 2017b; Massey et al., 2018). Most of 

these landslides occurred within remote, sparsely populated areas, however, a smorgasbord of surface 

deformation and manifestation of the landslides was widely observed across the regions. Due to strong 

ground shaking and simultaneous rupture of multiple fault systems, co-seismic landslides caused major 

disruption to road and rail links, including the State Highway 1 (SH1) which is an arterial road in the 

South Island (SI), and the Main North Line railway link between Picton and Christchurch (Dellow et 

al., 2017a).
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Figure 1.1: The regional context of the 2016 Kaikōura earthquake fault ruptures and MFS. The map of New Zealand at the top left shows the regional
inset with respect to the main islands of New Zealand. The main map at the centre shows the Kaikōura earthquake fault ruptures across the north east SI
(LiDAR data provided by GNS Science). The small map on the right shows the active three main faults of the MFS (Awatere, Clarence, and Hope Faults)
in red lineaments. The yellow lineaments are active minor faults in the MFS, including the North Canterbury fold and thrust belt south of the Hope Fault.

Notes:
Kaikōura 0.30 m rural aerial photos (2016-2017) and New Zealand 250Topo map from LINZ Data Service; Kaikōura earthquake fault rupture LiDAR
data from GNS Science; MFS active faults data from New Zealand Active Faults Database, GNS Science (Langridge et al., 2016).
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These co-seismic landslides also caused more than two hundred dams blocking steep confined valleys 

in the North Canterbury and Marlborough regions (Massey et al.,2018). The largest of these landslides 

is the Hapuku rock avalanche (photo A in Figure 1.2) with a volume of 12 million m3 and its debris 

traveled 2.7 km2 downslope damming the Hapuku River (Dellow et al., 2017b; Massey et al., 2018). 

Another landslide of similar size is the Seafront rockslide/slump (photo B in Figure 1.2), it is 10 million 

m3 in volume (Massey et al., 2018). The Stanton landslide, albeit a small volume of 1.5 million m3,

Figure 1.2: Hapuku and Seafront landslides caused by the Kaikōura earthquake 2016. The Hapuku landslide dam (A) in 

the upper reaches of the Hapuku river. At the top right and bottom right are the source area and the Hapuku lake, 

respectively. Source: Massey et al., 2018. The Seafront landslide (B) within the Seaward Kaikōura Ranges. The landslide 

slump at the forefront of. Source: Massey et al., 2018. 
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blocked the Stanton River (photo C in Figure 1.3) and it is considered to have a similar style and 

geological setting to the Leader landslide (Jibson et al., 2017). The Leader landslide (photo D in Figure 

1.3) is observed in the study site of this research project; it is a rockslide/slump and 6 million m3 in 

volume (Massey et al., 2018). As shown in these photos (Figure 1.2 and Figure 1.3) the incredible 

Kaikōura earthquake changed the landscapes drastically. Hence, the surface deformation that 

accompanied this incredible seismic event provoke questions about controls on landform evolution in 

New Zealand.

Figure 1.3: Stanton landslide dam in the foreground (right) and the small lake caused by the landslide dam in the centre 

(C). Source: Jibson et al., 2017. The Leader landslide and dam in photo D. The landslide source area (headscarp) at the top 

right and the landslide slump in the middle of the photo. Lake Rebekah in the background. Source: Massey et al., 2018.  
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This study aims to understand the Late Holocene to recent landform evolution of the Leader valley in 

Waiau; by evaluating the landscape before and after the Mw 7.8 Kaikōura earthquake in 2016. To 

achieve this goal, I have undertaken a selection of field and laboratory techniques pertaining to the 

study area, such as: geomorphological mapping of the pre- and post-earthquake landforms (remote and 

field mapping), Ground Penetrating Radar (GPR) surveys, exposure logging, a desktop study of 

available geological maps and aerial imagery. As part of this study, I expected to establish absolute 

ages of landforms where feasible, for which a dendrochronological approach was actioned in the field. 

Core samples for tree ring dating were collected from Black Beech trees within the site, however, the 

results were inconclusive. For completeness of this thesis, the methodology and the results of the tree 

ring dating exercise is presented in Appendix A. Additionally, radiocarbon dating was proposed for 

organic material, however reconnaissance field visit proved this an unviable option. Firstly, the 

inability to hand auger through massive gravel deposits meant collecting organic samples from depths 

was not feasible. This could have been overcome by vibracoring for sample collection, however, due 

to COVID-19 restrictions, mobilising a field team and equipment to SI became unattainable. Secondly, 

vibracoring and assessments that entail would have been an extensive task beyond the scope of this 

study.

In general, geomorphological mapping of the pre- and post-earthquake landforms was undertaken in 

the field as well as remotely using LiDAR data. To complement the mapping exercise, I undertook 

GPR surveys over mapped landforms within the site. Additionally, field exposures were logged to 

support the geomorphological maps and GPR profile interpretations. The background information and 

methodology I used are presented in Sections 2 and 3.

 OBJECTIVES 

The objectives of this investigation are: 

• To assess the Late Holocene to recent evolution of the landforms within the Leader valley 

(study site) by: 

▪ Mapping the study area to generate detailed geomorphological maps of the pre-

earthquake and post-earthquake (2016) landscape, supported by aerial imagery and 

published geological maps of the area. 

▪ Acquiring and analysing GPR data across mapped geomorphological features at the 

study site and field truthing (exposure logging) allowing for correlation of GPR data 

and subsurface stratigraphy. 
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• Reviewing and selecting appropriate methods for constraining timing of landform 

development to identify targets for chronological control. 

• Field investigations to acquire samples, data processing and analysis to establish constrained 

or partially constrained timing relationships for landform development. 

• Identify processes driving landform evolution to produce orthographic illustrations of the 

evolution of the Leader valley. 

 ORGANISATION OF THIS THESIS

This thesis is organised into four chapters in addition to the introduction, which introduces the aims of 

this research including the study site and its regional geological setting. Chapter Two presents the 

methodology and results of the geomorphological mapping task. Chapter Three presents the 

methodology and results of the GPR surveys, and also includes radargram interpretations. The 

discussion and summary of key findings are presented in Chapter Four. The conclusions are in Chapter 

Five, and this chapter also provides comments on future works and challenges encountered during this 

investigation.

Due to inconclusive results, the tree ring dating methodology and results are presented in Appendix A. 

The appendix also includes a brief commentary on what the results may signify.

 GEOLOGICAL BACKGROUND OF NORTHERN CANTERBURY REGION 

The basement rock of Northern Canterbury comprises hard sandstones and flaky mudstones of the 

Pahau terrane, commonly called greywacke and argillite, respectively (Rattenbury et al., 2006; Barrell 

& Townsend, 2012). In Figure 1.4 the basement rock is undifferentiated Pahau. They are ancient rocks 

from the Triassic to Early Cretaceous age (i.e., 250 - 100 million years old), and are mantled by 

younger sedimentary rocks referred to as the cover sequence or cover rocks, which includes coal 

measures, quartz sands, marine mudstones, limestones and gravelly conglomerates (Rattenbury et al., 

2006; Barrell & Townsend, 2012; Ballance, 2017). The age of the cover sequence varies between 85 

to 1 million years old and, together with basement rock, these form the ‘bedrock’ in the context of 

geomorphic studies (Barrell & Townsend, 2012). The Pahau terrane is poorly bedded to massive 

sandstone lithotype that can be several kilometres thick, some large beds even traceable to over tens 

of kilometres and these rocks were deposited as a subduction accretionary wedge during the Late 

Jurassic to Early Cretaceous (Rattenbury et al., 2006).  
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Figure 1.4: Regional geology in reference to the study site. The study site is shown in yellow
outline, while the inset map is shown in red outline.

Note: Geological data of the Kaikōura area is from GNS Science Qmaps (Rattenbury et al.,
2006) and Kaikōura 0.30 m rural aerial photos (2016-2017) from LINZ Data Service. 
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The cover rocks act as reference markers in identifying faults and folds in the field because their well-

developed sedimentary layers indicate fault offsets, while tilted layers may indicate the effects of 

folding (Barrell & Townsend, 2012).  Uplift and erosion have removed large amounts of the cover 

rocks within the mountain ranges in the Hurunui District, exposing the basement rock (Barrell & 

Townsend, 2012; Ballance, 2017). In the eastern part of the Hurunui District, some of the cover rocks 

have been preserved around the flanks of the ranges, in broad valleys and basins (Barrell & Townsend, 

2012).

The youngest materials found here are unconsolidated sediments resulting from uplift and erosion of 

the ranges during the latter half of the Quaternary period (approximately 1 million years ago to present 

day) (Barrell & Townsend, 2012; Ballance, 2017). These sediments are deposited in the basins, valleys 

and mantled over the basement and cover rocks (Barrell & Townsend, 2012). In Figure 1.4, alluvial 

and fan deposits as well as landslide debris are the geologically youngest material. The erosion and 

deposition cycle in this period was significantly influenced by episodes of glaciations and 

interglaciations in the last 500,000 years (Barrell & Townsend, 2012; Ballance, 2017).

The last ice age was about 18,000 years ago, during which glacier meltwater transported large volumes 

of sediments through the river systems, into the basins and out towards the coast (Barrell & Townsend, 

2012; Ballance, 2017). Lack of trees during the glaciation aided the erosion of hill and mountain slopes, 

subsequently promoting build-up of river sediments in the valleys and basins (Barrell & Townsend, 

2012; Ballance, 2017). Furthermore, windblown river silts known as loess is found on hill slopes and 

terraces. At the end of the last glaciation (18,000 years ago) the interglaciation started; this resulted in 

retreat of glaciers and spread of woody vegetation leading to slope stabilisation (Barrell & Townsend, 

2012). The river systems were no longer choked with sediment; hence they began cutting down into 

their valley floors forming terraces and were confined to narrow courses (Barrell & Townsend, 2012; 

Ballance, 2017). As a result, some of these riverbeds were abandoned and preserved (i.e., paleo-

channels), and are considered ‘fossil’ landscapes. These fossil landscapes are geologically ‘young’, 

although old enough to have been affected by ‘recent’ faulting and folding activities in the region 

(Barrell & Townsend, 2012).

  TECTONIC SETTING AND THE 2016 KAIKŌURA EARTHQUAKE 

The Mw 7.8 Kaikōura earthquake is the largest historical earthquake to have struck onshore in the 

northeast SI (Nicole et al., 2018). The earthquake generated in the tectonically complex transition zone 

between the westward subduction of the Pacific plate at the Hikurangi subduction margin in the 

northeast and the continental collision along the transpressional Alpine Fault in the southwest (Kaiser 

et al., 2017; Litchfield et al., 2018). The relative plate motion at the Hikurangi subduction margin is 

~39 to 48 mm/yr increasing northward and in contrast the relative dextral slip rate along the Alpine 
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Fault is ~25 mm/yr (Litchfield et al., 2018). The epicentre of the earthquake was located on a 

previously unmapped part of the Humps Fault, which is in the contractional North Canterbury domain 

(NCD) and extended north-eastward into the dextral strike-slip MFS (Cesca, et al., 2017; Stirling, et 

al., 2017; Litchfield et al., 2018; Ulrich, et al., 2019) (see Figure 1.1). In the NCD, the faults are 

generally northeast-striking, range bounding, oblique-reverse and thurst faults with relatively low slip 

rates of <2 mm/yr (Nicol et al., 1995 and 2018; Barnes, 1996; Pettinga et al., 2001; Litchfield et al., 

2018). According to Litchfield et al. (2018) faults in the NCD are relatively young and they indicate 

the gradual southward encroachment of the plate boundary deformation. In the MFS faults are more 

continuous, cutting through and uplifting the Kaikōura ranges with mostly strike-slip motion except 

for the Wairau Fault (Cesca, et al., 2017; Stirling, et al., 2017; Litchfield et al., 2018; Ulrich, et al., 

2019). The age of the MFS decreases southward, and this is pertained to the southward migration of 

the Hikurangi subduction margin along with progressive development of the MFS (Yeats and 

Berryman, 1987; Little et al., 1998; Wallace et al., 2007).

There are a few recent, large-scale earthquakes known to have affected the Northern Canterbury 

regions. One of them is the Mw 7.5 Marlborough earthquake in 1848 that ruptured approximately 110 

km length of the eastern section of the Awatere Fault (Grapes et al., 1998; Mason and Little, 2006). 

Another earthquake of similar size is the North Canterbury earthquake in 1888 with a probable 

magnitude of Mw of 7.3 that rattled the Amuri District, 100 km northwest of  Christchurch (Cowan, 

1991). The North Canterbury earthquake originated on the Hope Fault and literature preceding Cowan 

(1991) estimated variable rupture lengths of the Hope Fault during this earthquake. The Awatere Fault 

and Hope Fault are both northeast-southwest striking faults in the MFS.

Then the Kaikōura earthquake occurred in 2016 causing widespread damage in Northern Canterbury 

and Marlborough regions. Even though the Kaikōura earthquake initiated on the Humps Fault, the 

rupture propagated unilaterally north-eastward for about 165 km causing surface displacement on a 

complex system of crustal faults within the MFS and some of these faults extended out to the coast 

(Kaiser et al., 2017; Stirling, et al., 2017; Litchfield et al., 2018; Nicol et al., 2018). The main energy 

release of the earthquake was near Kekerengu, which is within the MFS (Stirling, et al., 2017) (See 

Figure 1.1). Due to the intricate network of faults, the Kaikōura earthquake produced strike-slip, 

reverse-slip and oblique-slip movements within the MFS (Litchfield et al., 2018; Nicole et al., 2018). 

It should also be mentioned that the Kaikōura earthquake did not rupture all the active faults in the 

region. For example, the Hope Fault is a major active fault in the region that did not fully rupture 

(Nicol et al., 2018), instead minor splays ruptured to the surface (Figure 1.1).

Four major landslides caused by the Kaikōura earthquake were briefly mentioned in the introduction. 

According to Massey et al. (2018), the regions where most landslides occurred can be subcategorised
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in to four main geological units: (1) Lower Cretaceous Torlesse (Pahau terrane) comprising greywacke 

“basement rock”; (2) Upper Cretaceous and Paleogene limestones, siltstones, conglomerates and minor 

volcanic rocks; (3) Neogene limestones, siltstone and sandstones; and (4) Quaternary sands, silts and 

gravels. For example, the greywacke on steep terrane in this area is highly jointed and the landslides 

in this domain appear to be rock or debris avalanches controlled by numerous intersecting joint blocks 

(e.g., Hapuku landslide; see photo A in Figure 1.2). The landslides observed on the Neogene geological 

units are relatively deep-seated slides/slumps, where movement is considered to have occurred along 

bedding or other discontinuities (e.g., fault planes). Additionally, a significant number of landslides in 

this material were mapped before the Kaikōura earthquake, some of which were reactivated by the 

earthquake. The Leader landslide (see photo D in Figure 1.3), is an example of deep-seated debris 

slump on Neogene siltstone/sandstone; however, it was not recognised prior to the Kaikōura 

earthquake. 

In Figure 1.5, the main area affected by co-seismic landslides is delineated by the solid black line. This 

main map shows that the distribution of the landslides has a northeast trend; the Hapuku and Leader 

landslides are labelled in the main map. The Leader landslide, which is found in the study area, is 

within a small valley called Leader valley. This site is part of a stock farm, Woodchester Station, which 

is located approximately 15 km northeast of Waiau town. The study site is introduced in the following 

section. 
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Figure 1.5: The area of northeast SI affected by co-seismic landslides triggered by the Kaikōura earthquake. There are 

10,195 co-seismic landslides mapped within the main area affected (solid black line). The same co-seismic landslides are 

overlain on the main geological units in the affected area (bottom left). Again the same co-seismic landslides are overlain 

on an elevation model of northeast SI (bottom left). Source: Massey et al., 2018. 
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 THE STUDY SITE: LEADER VALLEY AND THE EXPRESSION OF THE KAIKŌURA

EARTHQUAKE

The Leader valley is found at the south-eastern foothills of the Mt Stewart Range, 16 km northeast of 

Waiau township. The range is separated from the Seaward Kaikōura Ranges (SKR) from a northeast 

trending gorge through which the Wandle and Mason rivers flow.

The geomorphology surrounding the site comprises many ranges predominantly covered in native 

bush, including: Hawkswood Range to the east, Amuri Range to the west, Black Hills to the north with 

the SKR beyond. The south-eastern extent of the SKR is delineated by the Hope Fault (Figure 1.1). 

Within these ranges is a vast number of catchments with dendritic flow patterns and in general have an 

eastward flow direction. The Waiau and Conway rivers are the two main rivers that collect the stream 

flows and small rivers in the general area. Within the ranges, the rivers flow through narrow confined 

valleys defined by bedrock slopes. However, once out of the ranges, the rivers enter open valleys where 

small to large scale alluvial terraces are observed with relatively flat surfaces (Figure 1.4).

Similarly, the headwaters of the Leader River are defined by the steep bedrock slopes of Pahau 

basement rock (greywacke), and the Leader valley by Quaternary alluvial deposits underlain by Greta 

Formation (Figure 1.4). The river flows southeast eventually joining the Waiau river in Parnassus. 

Additional key geomorphological features observed in the study site are the Humps Fault East (HFE), 

South Leader Fault (SLF) and Leader landslide (Figure 1.6). According to Nicol et al. (2018), the SLF 

was not considered an active fault prior to the Kaikōura earthquake (2016), but assessment of black 

and white vintage photos from the 1950s after the earthquake recognised fault scarps, that 

subsequently ruptured during the 2016 earthquake. Similarly, the HFE was not accurately mapped east 

of Waiau, but fault scarps were identified in historical aerial imagery that subsequently ruptured during 

the Kaikōura earthquake (Nicol et al., 2018). Barrell and Townsend (2012) recognised fault scarps 

associated with the HFW on the uplifted Late Quaternary gravel terraces in the Emu Plains and these 

terraces are 71 ka or younger. This means there was prehistoric seismic activity on both fault zones; 

but time, slip type and displacement of the fault are not pinpointed.

The flanks of the valley are basement rock intersected by the HFE, which is delineated on the Leader 

landslide scarp by a geological contact between Greta siltstone, a unit within the cover sequence, and 

Mesozoic basement rock that overthrusts this younger unit. The basement rock here is estimated to be 

at least 98.9 million years old, while the Greta siltstone is at least 1.8 million years old (Barrell & 

Townsend, 2012; Rattenbury et al., 2006). Towards the southeast of the site are older sedimentary 

rocks: Waima siltstone >5.3 million years old, which overlies Amuri limestone >33.7 million years 

old, overlying Conway siltstone >65 million years old (Rattenbury et al., 2006; Ballance, 2017). The 

boundary between these deposits and Greta siltstone is the SLF, which strikes north across the Leader
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valley. Uncomformably superimposing these deposits are Late Pleistocene river deposits followed by 

Holocene river deposits, predominantly comprising gravel (Rattenbury et al., 2006).

The Humps Fault Zone (HFZ) is a complex series of discontinuous dextral-reverse fault segments 

(Barrell & Townsend, 2012) that strike east-northeast over a distance of ~ 30 km (Stirling, et al., 2017) 

(Figure 1.1 and Figure 1.6). Approximately 2 m of displacement and minor vertical movement accrued 

on the HFZ during the 2016 Kaikōura earthquake (Rattenbury et al., 2006; Stirling, et al., 2017). It is 

understood that the Kaikōura earthquake initiated on the western Humps Fault because the surface 

rupture was close to the epicentre of the earthquake (Wang, et al., 2018). The rupture then unilaterally 

propagated northeast and activated several other faults in the vicinity (Wang, et al., 2018). Prior to the 

Kaikōura earthquake, a 5 km long zone of fault traces had been mapped for the Humps Fault with a 

recurrence interval of 13,000 ± 8710 years (Stirling, et al., 2017). The eastern most extent of the HFZ 

cuts across the high ground in the study area and is exposed on the Leader landslide scarp where Greta 

siltstone (>1.8 Ma) is over-thrusted by basement rocks.

The SLF zone strike north (Figure 1.6), oblique to the HFZ, and was unknown prior to the Kaikōura 

earthquake (Stirling, et al., 2017; Wang, et al., 2018). They are complex fault systems that ruptured 

through to the surface on multiple splays with varying kinematics including dextral, sinistral, reverse 

and normal, most commonly with oblique-slip movement (Stirling, et al., 2017). The geometry and the 

kinematics of the HFE and the SLF (Nicol et al., 2018) are summarised in Table 1.1.

Table 1.1: Geometry and kinematics of the HFE and the SLF 

 Geometry Kinematics

Fault 

Name 

Mean 

strike 

(°) 

Mean 

dip (°) 

Rupture 

length 

(km) 

Fault type 
Maximum 

horizontal (m) 

Maximum 

vertical (m) 

Mean 

slip 

vector 

HFE 055 
60 ± 10 

S 
14 - 18 

Reverse 

right 

lateral 

2.0 ± 0.2 3.5 ± 0.5 283/50 

SLF 020 
70 ± 10 

W 
25 - 32 

Left-

lateral 

reverse 

2.5 ± 0.15 3.5 ± 0.5 354/51 
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The Kaikōura earthquake resulted in the co-seismic Leader landslide at the study site. The Leader 

landslide is observed on a southeast facing slope of the flanks of the Leader valley (Figure 1.6). This 

landslide mobilised as much as 6 million m3 of material leading to damming of the Leader River, 

subsequently forming Lake Rebekah (Massey et al., 2018). Due to the unconsolidated brecciated nature 

of the slump material, the dam breached partially forming a secondary pond east of the lake (Figure 

1.6). The surface expressions of the SLF are predominantly observed on the alluvial gravel terraces in 

a northeast trend within the site, while the HFE splays are on the bedrock slopes. The bedding parallel 

SLF has resulted in two waterfalls by displacing the Greta Formation east of the Leader landslide.

 



Study area

Localities

Kaikōura earthquake
Epicentre

Rupture traces
Hope Fault

North Leader Fault

South Leader Fault

The Humps East Fault

The Humps West Fault

Unclassified

Legend

Figure 1.6: The regional setting of the study site. Map 1 is the study site with respect to the fault
ruptures of the 2016 Kaikōura earthquake and Waiau township. Map 2 shows the sutdy area (yellow
rectangle) encompasing the Leader landslide and subsequent dam of the Leader river. Surface
ruptures of the South Leader Fault and the Humps Fault East are shown as well. There are some
fault splays in the data set that are not named (unclassified); these are considered lesser faults.

Notes:
Kaikōura 0.30 m rural aerial photos (2016-2017) from
LINZ Data Service; Kaikōura earthquake fault rupture
LiDAR data from GNS Science (Langridge et al., 2016).

Leader landslide

Leader river

Lake Rebekah

Map 1

Map 2
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2 GEOMORPHOLOGICAL MAPPING AND LANDFORM 

CHARACTERISATION 

 INTRODUCTION

The focus of geomorphological mapping is understanding the various forcing factors, process 

mechanics and the role of surface processes in landscape evolution (Verstappen, 2011; Smith et al., 

2013; Gregory and Lewin, 2014). These factors and processes are driven by the interaction of 

atmospheric, geological, ecological and hydrological processes leading to landscape evolution (Smith 

et al., 2013).

Landforms are composed of morphological units and physical attributes such as elevation, slope, 

shape, orientation, stratification and soil or rock exposures (Pavlopoulos et al., 2009; Otto & Smith, 

2013; Gregory and Lewin, 2014). These may combine to make larger scale entities, i.e., landscapes. 

For example, in an alluvial environment, morphological units may vary in scale from individual 

particles like gravel through to landform units such as levees, point bars and more complex alluvial 

landscapes, namely a river system. As a result, landforms vary greatly in spatial scale from continental 

to minute hillslope elements on the Earth’s surface (see Figure 2.1).

Figure 2.1: Temporal and spatial scales of landforms (Gregory and Lewin, 2014). 
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Geomorphological maps imitate the terrain configuration, as they may include information such as 

slope angle and direction showing the distribution of landforms that defines the ground surface, 

curvature and relief of the landforms, their origin and evolution in relation to genesis and process, as 

well as bedrock or near surface deposits (Dramis et al., 2011; Chandler et al 2018). As a result, 

geomorphological maps contain a great deal of information and are of high scientific value because 

they allow geomorphologists to study and describe all aspects of the landscape (Pavlopoulos et al., 

2009; Griffiths et al., 2011; Dramis et al., 2011; Verstappen, 2011; Otto and Smith, 2013; Smith et al., 

2013; Gregory and Lewin, 2014; Chandler et al., 2018). In most cases geomorphological mapping is 

complemented by field methods, which improve the accuracy of the information portrayed in the maps. 

Geomorphological mapping can be very time consuming requiring many hours of fieldwork. 

However, rapid development in technology has revolutionised geomorphological mapping by means 

of remote sensing and geographical information systems (GIS).

 AERIAL IMAGERY, REMOTE SENSING, DIGITAL ELEVATION MODELS AND GIS

Aerial imagery, remote sensing, GIS, Global Positioning Systems (GPS) and other information 

technologies have become indispensable in geomorphological mapping (Reddy and Singh, 2018). The 

reliability and useability of aerial imagery in interpretation of the Earth’s surface have developed 

rapidly. Simply defined, remote sensing is the acquisition of information about phenomena from a 

distance and this is usually done from an airborne setup (Dong & Chen, 2017; Gupta, 2018; NASA, 

2021). The basic principle here is the detection of reflected electromagnetic radiation, this can be active 

or passive (Obi Reddy & Singh, 2018) (see Figure 2.2).

Light Detection and Ranging (LiDAR) is a remote sensing method used to image the surface of the 

Earth (National Ocean Service, 2021; Dong & Chen, 2017). Principally a LiDAR setup is composed 

of a laser, a scanner and a specialised GPS (Dong & Chen, 2017). Categorically LiDAR can be 

topographic or bathymetric and this study uses information gleaned from topographic LiDAR data.
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LiDAR data are used to produce Digital Elevation Models (DEM) at various resolutions. A DEM is 

basically a representation of the topographic surface of the Earth without vegetation, buildings and 

other surface structures (Figure 2.3). A Digital Surface Model (DSM) on the other hand is slightly 

different because it is rather a function of the elevation of the tops of buildings and vegetation on a 

terrain (Florinsky, 2016; Gupta, 2018). They are produced by structure-from-motion photogrammetry 

(Bevan et al., 2017). DSMs are not the true topographic elevation, however, provide an alternative 

where DEMs are absent and provide comparable resolution and useability at a fraction of the cost of 

DEMs (Bevan et al., 2017; James et al., 2017). This research project utilises a DEM developed 

following the Kaikōura earthquake in 2016 and a DSM produced from satellite imagery of the study 

site taken in 2015.  

 

Figure 2.3: DEM versus DSM. Image modifed after Gupta (2018). 

Figure 2.2: Passive and active remote sensing with airborne systems. Diagram modified after Dong & Chen (2017). 
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 EXISTING INFORMATION: GEOMORPHOLOGICAL MAPPING OF THE LEADER

VALLEY

A preliminary geomorphic map of the Leader valley was generated by Hyland-Brook (2018) following 

the Kaikōura earthquake, the focus of which was the downstream side of the Leader landslide including 

river terraces, meanders, and SLF ( Figure 2.4). Hyland-Brook (2018) notes landscape change of this 

area in the twelve month period following the Kaikōura earthquake.

Figure 2.4: Site-specific geomorphic map of the Leader River by Hyland-Brook (2018). 

 

In her study, Hyland-Brook (2018) undertook optically stimulated luminesce (OSL) dating of a trench 

exposure along the Leader River to establish chronological constraints, although the results are 

inconclusive.  

Similarly, the work by Strain (2020) focused on the characterisation of the Leader landslide. This study 

describes the geomorphology of a portion of the Leader landslide using electrical resistivity 

tomography (ERT) assisted by remote geomorphic mapping of the Leader landslide (see Figure 2.5). 
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Zekkos et al. (2018) developed a 3D model of the Leader valley using DSMs before and after the 

Kaikōura earthquake. A GIS based raster analytical approach is used by Zekkos et al. (2018) to assess 

the viability of DSMs created using Unmanned Aerial Vehicles (UAV) and aerial LiDAR data in 

seismic studies. Zekkos et al. (2018) found that DSMs can be used to assess terrain changes (vertical 

offsets) such as fault displacements and topographical changes caused by landslides. However, there 

are limitations to their methods imposed by the inability to map the ground surface in densely vegetated 

areas or ponded areas.   

Figure 2.5: Geomorphic map of the Leader landslide by Strain (2020). 
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 METHODOLOGY

I have used a multi-disciplinary systematic approach to mapping the geomorphology of the Leader 

valley. For this research project, mapping was performed using pre- and post-earthquake LiDAR data, 

aerial imagery and field-based mapping including on-site verification of landforms and mapping of 

exposures. The Figure 2.6 is the summary workflow used for geomorphological mapping exercise in 

this project, while the sections that follow detail the techniques and datasets used.

At the commencement of this research project, a two-day reconnaissance field visit was made to the 

Leader valley in March 2021. This visit helped to obtain a general idea of the study site and ‘mise en 

place’.
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Figure 2.6: Itemised workflow used in geomorphological mapping of the Leader valley in pre- and post-earthquake setting. 

The method is adapted from Chandler et al. (2018). 
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2.4.1 LiDAR data and Aerial Imagery Analyses

A DSM of the pre-earthquake landscape was provided by GNS Science, created using aerial imagery 

from 2015 and referred to as 2015DSM in this thesis. The 2015DSM is a surface model, not an 

elevation model, therefore a limitation is that it used structure-as-motion (Bevan et al., 2017), hence 

built environment (farm shed, houses etc.) and vegetation have not been removed. A DEM was 

provided by GNS Science for the post-earthquake landscape. This is a true elevation model with 

vegetation and built environment removed, produced from LiDAR data collected immediately after 

the Kaikōura earthquake. It will be referred to as 2016DSM in this thesis. A summary of the 

2015DSM and 2016DEM is provided in Table 2.1.

Aerial imagery from 2015 and 2016 was used to complement the 2015DSM and 2016DEM during the 

remote mapping exercise. Aerial imagery was from Land Information New Zealand (LINZ) data 

service and a summary is provided in Table 2.2.

 

Table 2.1: Information of 2015DSM and 2016DEM 

Attributes 2015DSM 2016DEM 

Source GNS Science 

Projection NZTM2000/NZGD2000 

Resolution 1.0 m 0.3 m 

 

Table 2.2: Aerial imagery information 

Attributes Pre-earthquake aerial imagery Post-earthquake aerial imagery 

Source LINZ 

Projection NZTM2000/NZGD2000 

Resolution 30 cm pixel (0.3 m) 

Coverage area Hurunui and Kaikōura councils Marlborough and Canterbury regions 

Special accuracy ± 0.6 m ± 2 m (at 95% confidence) 

Flying season 2014-2015 summer 2016-2017 post-earthquake 

Purpose For Environment Canterbury For Kaikōura earthquake recovery 

purposes, requested by GNS science, 

Environment Canterbury Regional 

Council, Marlborough District Council, 

Kaikōura District Council and Hurunui 

District Council. 
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 All LiDAR data and aerial imagery were analysed in QGIS, an open-source GIS software. The 

2015DSM and 2016DEM were used to create two hillshade models for a sun azimuth of 315° and 

altitude of 45°. These two values were chosen for this site because an  altitude greater than 45° 

increases the shadow on south facing aspects, while less than 45° altitude increases illumination on 

surfaces, impeding the recognition of landforms. Therefore, the above-mentioned parameters were 

used in the hillshade model to identify landforms and analyse the topography including two-

dimensional (2D) cross sections.

The product of this remote exercise was two geomorphological maps: characterising the pre- and post-

earthquake landscapes of the Leader valley (see Figure 2.8 and Figure 2.9). Additionally, the 

2016DEM has been used to create a supplementary slope angle map, this was created using inbuilt 

algorithms in QGIS (Figure 2.10). Due to 2015DSM being a surface model rather than an elevation 

model, it was not used to produce a slope angle map of the pre-earthquake landscape.

2.4.2 Geomorphological Mapping

Remotely sensed geomorphological maps were supported by field mapping in June and July 2021. The 

first step of field mapping was to verify landforms or geomorphological features that were hard to 

identify with LiDAR data and aerial imagery. This was particularly applicable to the 2015DSM 

because the hillshade model produced from this is influenced by the vegetation canopy. Therefore, 

ambiguous areas were identified in the draft maps to be assessed in the field.

A similar approach was used to verify the landforms in the post-earthquake setting. However, some 

areas within the site are difficult to access, for example, the Leader landslide was inaccessible due to 

health and safety reasons and lack of formed access. Where such limitations were encountered, LiDAR 

data and aerial imagery alone were entrusted in mapping.

Due to high topographical accuracy of the 2016DEM, it was used interchangeably with the 2015DSM 

to delineate some landforms in the pre-earthquake setting. This was only possible where landform 

features in the site remains relatively unchanged since the Kaikōura earthquake.

In the field, Avenza Maps mobile application was used to collect GPS coordinates of features or 

outcrops and to locate myself within the study area. Additionally, to ease the field mapping exercise, 

the remotely sensed geomorphological maps were georeferenced to locate or trace landforms using 

Avenza Maps.

In general, the site had a small number of outcrops, and these were largely limited to stream beds, 

stream banks, road cuts and terrace risers. Materials exposed on the outcrops were logged in 

accordance with New Zealand Geotechnical Society (NZGS) guidelines (NZGS, 2005) and University
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of Auckland (UoA) field geology guide (UoA, 2013). Additionally, FieldClino Move mobile 

application was used to measure strike and dip.

As mentioned in Section 2.1 geomorphological maps can contain a wealth of information and may 

appear cluttered. Therefore, the two geomorphological maps here are supported by supplementary 

bedrock geology and slope angle maps (Figure 2.10 and Figure 2.11). For these maps data are gleaned 

from several sources: (1) geological data are sourced from GNS Science QMap data for Kaikōura made 

available via GeoDataHub of the UoA, (2) unpublished geological data were provided by Caleb 

Gasston (2021), and (3) previous geological mapping by Hyland-Brook (2018).

2.4.3 Cross Sections of the Leader valley

The 2015DSM and 2016DEM have been used to obtain elevation data to produce four (4) sections 

across the Leader valley (Figure 2.12, Figure 2.13, Figure 2.14 and Figure 2.15). The Profile Tool in 

QGIS software has been used to extract elevation data along these section lines. Elevation data was 

then imported into Microsoft Excel to draw the cross-section profiles for pre- and post-earthquake 

landscapes.

It is worth reiterating here that 2015DSM includes topographic data of vegetation and manmade 

structures, while the 2016DEM is a true ground elevation model. The study area is generally clear of 

manmade structures, however, some of the hillslopes are affected by the tree canopy in 2015DSM. As 

a result, the elevation profiles of the pre-earthquake landscape are wiggly in vegetated areas.



 

26 

 GEOMORPHOLOGICAL MAPS OF THE LEADER VALLEY

Using the methodology above, I created two geomorphological maps, one each for pre- and post-

earthquake landscape of the Leader valley. Figure 2.8 is the pre-earthquake geomorphological map 

and Figure 2.9 is the post-earthquake geomorphological map. These two maps show the 

geomorphological units and landforms found within the Leader valley and they allow a comparison of 

the landscape before and after the Kaikōura earthquake in 2016. Also shown on these two maps are 

the cross-section lines: A-A’, B-B’, C-C’ and D-D’.

The slope angles map (Figure 2.10) is of the post-earthquake landscape of the Leader valley produced 

using 2016DEM. This map shows the slope of the ground measured from the horizontal based on the 

classification system by Van Engelen and Wen (1995). This is called the SOTER model, and the slope 

categories are in Table 2.3.

 

Table 2.3: Slope angle classification based on SOTER model. 

Slope (°) Description 

<2 Flat 

2 to 8 Undulating 

8 to 15 Rolling 

15 to 30 Moderately steep 

30 to 90 Steep 

 

In Section 2.7 these features are described in terms of their morphology and morphometry, as well as 

spatial patterns and stratigraphy observed within the site. The following map legend (Figure 2.7) is 

applicable to Figure 2.8 and Figure 2.9. 
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Figure 2.7: Map legend for geomorphological maps (Figures 2.8 and 2.9).
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Figure 2.8: Pre-earthquake (2016) geomorphological map of the Leader valley, Waiau. The cross sections used for elevation
profiles are also shown on this map and also on the post-earthquake map (Figure 2.9).

Notes:
The hillshade model is produced from 2015DSM.
Refer to notes in Figure 2.9. The map legend is provided in Figure 2.7.
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Figure 2.9: Post-earthquake (2016) geomorphological map of the Leader valley, Waiau. 

Notes:
This geomorphological map is a product of field and remote mapping, LiDAR data from GNS Science and unpublished data from Caleb Gasston. 
The 2016DEM has been used to exstract 10 m contours and hillshade model. The map projection is NZTM2000.
Refer to Figure 2.7 for the map legend.
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Figure 2.10: Post-earthquake surficial slope angles of the Leader valley.

Notes:
Hillshade model produced from 2016DEM provided by GNS Science. 
Slope classification adopted from SOTER model (Van Engelen and Wen 
1995 and references there in).
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Figure 2.11: Bedrock geology of the Leader valley, Waiau. Strike and dips are shown for bedrock geology in black symbols and 
SLF fault displacement in orange symbols. U = upthrow; D = downthrow

Notes:
This map is compiled using published QMap for Kaikoura (2006) and other LiDAR data from GNS Science, Hyland-Brook 
(2018) and unpublished data from Caleb Gasston (2021). Mapping scale is 1:10000 and NZTM2000 projection.
The bedrock geology abbreviations are from QMap (GNS Science, 2006). 
eK.sst is Pahau terrain greywacke; lK.zst is Eyre Group silstone; lKe.lst is Amuri Formation limestone (Eyre Group); Mi.sst is 
Motunau Group sandstone; Pl.zst2 is Greta Formation siltstone (Motunau Group)
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 ELEVATION PROFILES

The elevation profiles for cross-sections A-A’, B-B’, C-C’ and D-D’ are described in this section. The 

sinuous form of the pre-earthquake elevation profile (orange trace) is due to limitations of the 

2015DSM, while the 2016DEM is a true topographical model.

2.6.1 Section A-A’

The cross-section A-A’ (Figure 2.12) is at the western part of the site, beginning from the rolling hills 

it traverses the large gravel terrace south of the Leader River and continues towards the steep slopes 

north of the river (Figure 2.9). The section A-A’ shows very little change in ground surface before and 

after the Kaikōura earthquake (2016). The two curves, where solid orange line is the pre-earthquake 

topography and solid black line is the post-earthquake topography, closely follow each other. The 

sinuous form of the orange line is due to the pre-earthquake DSM capturing the vegetation at the base 

of the gravel terrace, otherwise there is very minimal variation in the two lines attributed to inherent 

data inaccuracies.

The only notable change in this section is the observation of Lake Rebekah from 500 m to 625 m across 

the post-earthquake profile. The pre-earthquake profile shows that the river valley was u-shaped, which 

has been infilled by the lake following the earthquake. Considering pre-earthquake profile, the lake is 

approximately 10 m deep. In this profile there are no lower-level small terraces observed, it is only 

showing one terrace level sitting at about 310 m of elevation. This section is at the western extent of 

the large gravel terrace where it is terminated by a gully feature (Figure 2.9), and it is very close to the 

geological boundary of basement rock and Greta Formation (Figure 2.11). Prior to the earthquake a 

landslide was not observed at the edge of the gravel terrace, however in the post-earthquake setting a 

landslide is observed on the north face of the terrace. The relict landslide headscarp on the steep slope 

and the slope beneath remains largely unchanged. Section A-A’ also shows that the bedrock slopes 

north of the river are steep, while Greta Formation slopes south of the river gravel terrace are gentler, 

which is concordant with the slope angle map in Figure 2.10.

2.6.2 Section B-B’

The cross-section B-B’ (Figure 2.13) is approximately perpendicular to the Leader landslide headwall. 

Most of the changes observed in this profile are north of the Leader River, whereas the form of the 

gravel terrace (south) is preserved in the post-earthquake setting. The hillslope prior to the earthquake 

(solid orange line) shows a concave form, which following the Kaikōura earthquake changed to a linear 

slope gradient (solid black line). The Leader landslide headscarp is approximately 60 m below the 

smooth convex hilltop. Following the Kaikōura earthquake, the concave hillslope has displaced south-

eastward down the steep slope subsequently damming the Leader River. The shape of the elevation
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profiles of the foot slope in pre-earthquake setting and the slumped block in post-earthquake setting 

are similar. In fact, the block of land forming the slump has largely remained unchanged while 

displacing ~200 m south-eastward and sliding down the slope (Figure 2.13). In the upper part of the 

landslide slump, the surface form is relatively rugged, and a crevice has formed at the base of the 

headwall where ephemeral drainage is observed.

Prior to the earthquake, the valley floor has been relatively flat and approximately 300 m wide, and as 

a result the river channel was shallow. The post-earthquake landslide dam has confined the river course 

into a comparatively narrow valley with the floor measuring 75 m wide. The flank of the gravel terrace 

south of the river remains mostly unchanged following the earthquake and the terrace is about 50 m 

high at this location. A small step in the ground surface is observed at the edge of the terrace where a 

recent landslide and SLF surface rupture are observed. Similar to Section A-A’, there are no small 

terraces observed on the flank of the large terrace.

2.6.3 Section C-C’

The cross-section C-C’ trends north to south across the valley floor and it is at the eastern part of the 

study site (Figure 2.14). This line captures the high gravel terrace north of the Leader River as well as 

the large gravel terrace south of the river. The pre- and post-earthquake elevation profiles of this section 

do not indicate significant change because the two profiles closely follow each other across the length 

section. The sinuous form of the pre-earthquake profile is due to vegetation on the flank of the northern 

gravel terrace.

In contrast to Sections A-A’ and B-B’, this section shows two gravel terraces south of the Leader River 

at 500 m and 600 m across the profile and the elevation is 220 m and 260 m respectively. Immediately 

north of the river a small terrace is observed, measuring <2 m in height and 30 m wide. The tall terrace 

north of this is at 290 m of elevation with flat surface similar to the terrace at the southern end. 

Furthermore, at the base of this gravel terrace is a fan deposit which has a planar surface on this profile.

The valley floor is wider than in Sections A-A’ and B-B’, and the river channel is wide and shallow 

too (60 m wide and <5 m deep). Additionally, an inactive river channel is observed in this profile at 

the base of the southern gravel terrace, which is also wide (40 m) and shallow (<5 m). This section 

also crosses a paleochannel at 650 m, however channel dimensions are too small to be recognised in 

the elevation profile.

2.6.4 Section D-D’

Cross-section D-D’ has a northeast trend across the Leader valley, and this is shorter than the other 

three profiles  (Figure 2.15). This cross-section starts at the edge of the large gravel terrace and 

traverses across the valley encroaching the west side of the Leader landslide slump. 
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The northern part of this section shows significant changes compared to the preserved 

landscape south of the Leader River/Lake Rebekah following the Kaikōura earthquake.

Geomorphological mapping (Figure 2.8) of the pre-earthquake landscape shows four gravel terraces 

south of the river, however the terraces at the bottom are too small to be seen in the elevation profile. 

These two terraces are found at 210 m and 300 m across the profile and on the surface of these two 

terraces are paleochannels, again too small to be observed on the profile. At 320 m and 500 m are two 

gravel terraces, the one at 500 m is the large gravel terrace; the shape of these two gravel terraces 

remains unchanged after the earthquake. Prior to the earthquake a gravel terrace is observed north of 

the river at an elevation of ~300 m, however this does not seem to show evidence for lower gravel 

terraces with reducing elevation. Instead, relict landslide scarps are observed on the south facing flank. 

This terrace is not observed in the post-earthquake profile; the Leader landslide has demolished this 

gravel terrace. The southward displacement of the landslide slump has increased the elevation between 

20 m to 320 m across the profile; the maximum difference observed is at 175 m, where the elevation 

before the earthquake was 220 m, now sitting at 280 m.

Furthermore, the river valley here is wide and u-shaped before the 2016 earthquake, but now it is 

formed into a narrow gorge acting as the Lake Rebekah outlet. Before the Kaikōura earthquake, the 

river channel was 25 m wide and less than 2 m deep, now the lake outlet is about 10 m wide and 

less than 1 m deep, but it is at a higher elevation than the river channel. The valley floor was at 220 m 

elevation, but the lake outlet is at 240 m.
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Figure 2.12: Elevation profile of the cross-section A-A'. 
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Figure 2.13: Elevation profile of the cross-section B-B'. 
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Figure 2.14: Elevation profile of the cross-section C-C'. 
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Figure 2.15: Elevation profile of the cross-section D-D'. 
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 GEOMORPHOLOGICAL FEATURES AND LANDFORMS AT THE LEADER VALLEY

This section describes the geomorphological features and landforms identified within the study area 

based on the two geomorphological maps generated (Figure 2.8 and Figure 2.9) and cross-sections 

(Figure 2.12, Figure 2.13, Figure 2.14 and Figure 2.15). These features are supplemented by site 

photographs and lithological descriptions where outcrops were observed in the field.

2.7.1 Hillslopes

This section describes the hillslopes observed at Leader valley using the geomorphological maps in 

Figure 2.8 and Figure 2.9 supplemented by the slope angle map in Figure 2.10 and bedrock geology 

in Figure 2.11. Refer to Table 2.3 for slope angle classifications.

The slopes northwest of the site are steep (>30°) bedrock slopes comprising basement rock, but the 

base of these slopes shallow to 10° to 30°. On these steep slopes are the Leader landslide and other 

similar magnitude landslides indicated by the headscarps. The hillshade model also indicates these 

slopes are complex slopes made up of linear, concave and convex slope segments. However, a 

generalised linear profile can be adopted for the steep slopes where landslide scarps are observed, and 

their aspect is predominantly south. The hill tops of these slopes are smooth and convex with less than 

8° slope.

Northeast of the site, the flanks of the gravel terraces are steep, but terrace surface is flat to undulating 

ground. Just north of the gravel terraces in this area are bedrock slopes with very smooth, convex 

hilltops. The flanks of these bedrock slopes are moderately steep, similar to the bedrock hills found 

southwest of the site. These are Greta Formation bedrock with relatively flat hilltops. The ridgelines 

here show a dendritic pattern; therefore, the slope aspect is variable. The bedrock slopes immediately 

south of the main gravel terrace have a northern aspect.

The flanks of the gravel terrace south of the Leader River are moderately steep with occasional steep 

faces where landslides are observed, and they have an overall northern aspect. These slopes have a 

complex profile, where top part of the slope is linear (near vertical) while transitioning into a concave 

profile with an 8° to 15° slope at the base of the terraces. Closer to the floodplain or valley floor their 

profile becomes gentler (2° to 8° slope) indicating undulating ground. This is particularly observed at 

the eastern part of the site. The surfaces of the gravel terraces north of the Leader River are undulating, 

meaning slope is 2° to 8°, whereas the main terrace found south of the river has a generally flat surface 

(<2°). The smaller terraces found south of the river has undulating ground surface as well, and the 

slope of these north facing flanks fit into rolling and moderately steep categories.
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The floodplain observed east of the Leader landslide is relatively flat with undulating ground observed 

where river channels (active or inactive) are observed. The undulating ground within the floodplain is 

characterised by sand/gravel bars and riffles.

A slope angle map was not generated for the pre-earthquake landscape because the 2015DSM is not a 

true elevation model. Nevertheless, from field observations and assessment of aerial imagery the 

character of the hillslopes in the pre-earthquake setting remains largely unchanged within the site, 

except in the vicinity of the Leader landslide. The landslide slump has extremely variable slope 

indicating hummocky ground surface. This is also true for the other smaller landslide debris observed 

west of the Leader landslide. Figure 2.10 shows that the ground surface varies from undulating 

ground to steep on the Leader landslide slump. The midsection of the landslide slump shows flatter 

surface with slope varying between 2° to 15° (undulating to rolling), but overall, the sides and toe of 

the slump are moderately steep. At the top of the slump the slope is steep, and it has a northwest 

aspect as opposed to the slump generally facing southeast, this is shown in Section B-B’ (Figure 

2.13).

Where fans are observed the ground is undulating (2° to 8°) and they are mostly observed at the base 

of the gravel terraces with steep flanks. The ground surface of the fans appears very similar to the 

gravel terraces.

2.7.2 Gravel Terraces

Within the Leader valley a large gravel terrace is observed south of the Leader River at an elevation 

of 300 m; although, northeast of the river the gravel terraces are at similar elevation, they are smaller 

in extent. The large gravel terrace south of the river is trending northwest (Figure 2.8 and Figure 2.9). 

Within the study site it measures 500 m wide and 3 km long, but 300 m wide at the narrowest part of 

the terrace. This terrace has a gentle fall from west to east, where it is sitting at 240 m of elevation at 

the eastern boundary of the study site.

The terrace south of the river has been laterally and vertically ‘cut-down’ by the Leader River forming 

multiple lower, subsidiary terraces down to the current river level. These terraces vary greatly in size 

and shape. The subsidiary terraces at the opening of the valley are narrow. As the valley widens 

towards the east, the terraces become wider. General observations indicate that the small terraces have 

been cut down while forming concave and planar slopes below the crest of the terrace. The subsidiary 

terraces are typically observed between 250 m and 300 m elevation at the western part of the site, while 

towards the east they are between 205 m and 240 m. The small terraces near the river level are 

commonly 1 m to 3 m in height, while increasing up to 10 m to 15 m in height with increasing elevation.

Like the main gravel terrace, the other high terraces observed northeast of the Leader River appear to 

have a slow gradient towards the east. A fewer number of terraces are observed north of the Leader
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River and these terraces are near vertical facing the river (southern aspect), with no lower terraces cut 

by the river. These terraces are approximately 75 m high, measured from the base of the terrace wall. 

The only instance where a lower subsidiary terrace is observed north of the river within the study site 

is near the fan deposits towards the east.

The shape and geometry of the gravel terraces before and after the Kaikōura earthquake in 2016 remain 

mostly unchanged. However, one significant change is observed at the western part of the Leader 

landslide slump; this is shown in Section D-D’ (Figure 2.15). Prior to the earthquake there was a gravel 

terrace against the bedrock slopes, and it was at a similar elevation to the other high rising gravel 

terraces observed on site. This terrace is not observed in the post-earthquake landscape, instead it has 

been replaced by the Leader landslide slump. Furthermore, in this area, the landslide slump has 

potentially buried or removed gravel terraces observed near the valley floor.

2.7.2.1 Stratigraphy of the Gravel Terraces

The subsurface material of these terraces appears the same north and south of the river and mainly 

comprises sandy gravel (Figure 2.16 and Figure 2.17). These exposures were observed at the edge of 

the gravel terraces where landslides were observed on the slope.

Figure 2.16: Stratigraphy of the large gravel terrace south of the Leader River (southwest view). Depth is measured from 

the existing ground level at the top of the terrace. Image source: Author’s own (2021). 
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The exposure in  Figure 2.16 is looking south into the large gravel terrace south of the Leader River. 

The exposure was visible from the gravel terrace beneath, however due to steep ground close 

inspection of material was not possible. The material descriptions are made by observing the outcrop 

from a distance.

Figure 2.17 is the northwest view of the south facing flank of the terrace observed immediately 

east of the Leader landslide slump. The exposure in Figure 2.17 was not accessible for close inspection 

as well, therefore the descriptions are based on material observed at the base of the terrace. At the base 

of this terrace is the river channel prior to the Kaikōura earthquake; the current river channel is at the 

base of the slump which is not visible in the photo.

Figure 2.17: Gravel terrace deposit north of the Leader River and immediately east of the Leader landslide. Image source: 

Author’s own (2021). 
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2.7.3 Relict Landslides

Localities of relict landslides in the study area can be classified into three common categories based 

on bedrock geology and superficial deposits (Figure 2.9 and Figure 2.11). The geology in which relict 

landslides are observed includes basement rock comprising greywacke), Greta Formation, and 

Quaternary gravel terraces.

In the pre-earthquake setting (Figure 2.8), several large relict landslide headscarps are observed on the 

south facing steep slopes (>30°) in the north-western quadrant of the study area (Figure 2.18). Their 

debris slumps at the base of the slopes have moderately steep to undulating ground. Based on the 

bedrock geology map, these slopes comprise highly weathered Pahau terrane (greywacke). The 

headwalls of these landslides are generally 30° to 40° (steep slopes based on Figure 2.10), thus the 

pre-earthquake geomorphology is suggestive of prior landslide development on these slopes. Some 

of these relict landslides have been overlain by recent landslides after the earthquake.

 

In contrast, relatively small relict landslides are observed on the north facing slopes underlain by Greta 

Formation southwest of the study area. These landslides are generally on 20° slopes. Another cluster 

of relict landslides is observed at the north-eastern quadrant of the site. These localities are 

predominantly underlain by Greta Formation as well. However, one relatively large relict landslide is 

observed on a northeast facing slope underlain by Amuri limestone and Motunau Group siltstone. This

Figure 2.18: Relict landslide scarps and other landform features observed west of the Leader landslide. The view is 

northeast and the photo is taken from the main gravel terrace south of the Lake Rebekah. Image aource: Author's own 

(2021). 
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landslide is on the northwest trending ridge at the northeast corner of the study area. Geomorphological 

mapping indicates that the relict landslides on Greta Formation and their headscarps remain mostly 

unchanged after the earthquake.

The relict landslides on the terrace faces are generally within the superficial gravel deposits and do not 

encroach into the bedrock. The relict landslides observed on the gravel terraces are on steep flanks of 

the terraces (examples are in Figure 2.16 and Figure 2.17). Furthermore, these relict landslides are 

shallow and are generally observed on the north facing flanks of the large gravel terrace south of the 

river.

2.7.4 Recent Landslides

The Leader landslide is one of several large (6 million m3) co-seismic landslides triggered during the 

Kaikōura earthquake (Figure 2.19). The landslide scarp is mostly within the Pahau greywacke 

with the Greta Formation geological contact exposed on the wall towards the east. The landslide scarp 

is steeper at the top (≥60°), while reducing to a gentler 30° to 40° towards the bottom. The debris slump 

has a very hummocky surface (Figure 2.10), and mainly comprises brecciated Greta Formation. As a 

result, the ground surface of the slump varies greatly (Figure 2.10). The Leader landslide dammed 

the river (Figure 2.19 and Figure 2.20) forming a natural lake, now known as Lake Rebekah.

A cluster of recent landslides is observed in the north-eastern quadrant of the study area confined 

within the gully slopes, and these are small landslides within Greta siltstone.  A medium scale landslide 

is observed at the western end of the main gravel terrace. The slope is generally 20° to 40°. Here terrace 

gravel is a very thin deposit, hence the landslide is predominantly in the Greta siltstone, observed from 

across the valley.

Figure 2.19: The placement of the Leader landslide relative to the relict landslide scarps northwest of the site and Lake 

Rebekah. Image source: Author's own (2021). 
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The Kaikōura earthquake has reactivated some of the relict landslide scarps on the steep slopes west 

of the Leader landslide. The reactivated landslides are considered ‘recent’, and they are relatively small 

on upper slopes and have superimposed the debris at the base of these slopes.

There is an active recent landslide on the gravel terrace immediately east of the Leader landslide, which 

is retreating the terrace. This terrace is shown in Figure 2.17. Two recent landslides are observed on 

the gravel terrace south of the river. A noteworthy observation here is that both of these landslides are 

at the edge of the highest terrace. These landslide locations correlate to the lineaments of SLF surface 

ruptures (Figure 2.9). A medium scale landslide is observed at the western end of the large gravel 

terrace. This landslide has exposed the Greta Formation bedrock at this location, however the other 

landslides on the gravel terraces have not exposed the bedrock.

Figure 2.20: The Leader landslide and the debris slump found north of the Leader River. Image source: Author’s own 

(2021). 
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2.7.5 Faults

There are two major fault systems identified in the study area: The HFE and SLF. Both fault systems 

are displayed as splays at the surface (Figure 2.9T. The HFE is expressed as an arrangement of linear 

splay with a northeast strike and is observed west of the valley. This fault is exposed on the Leader 

landslide scarp and marks the geological contact between basement rock and Greta Formation. This 

fault is traced south using LiDAR data and includes splays that are sub-parallel to the primary 

geological contact, however it is not known if the fault ruptured to the surface at the Leader landslide 

locality.

A fault gouge zone (Figure 2.21) is observed where a relict landslide scarp is mapped on the steep 

slopes northwest of the site (see pre-earthquake map for the landslide location, Figure 2.8). For 

the description of material observed at this location see Table 2.4. This outcrop is characterised by 

chemically and physically altered greywacke in dark grey/black linear striations that are sub-parallel 

to each other. The parent greywacke material here is greyish brown with orange staining from iron 

oxidation, massive and blocky and heavily jointed on the outcrop face. The dark grey (or black) 

striations are near vertical with NW-SE strike, dipping northwest (NW) and extremely closely spaced. 

Greywacke in these striations is highly weathered and very weak with very closely spaced joints and 

fractures.

Figure 2.21: Fault gouge zone (HFE) exposure northwest of the Leader valley within a relict landslide scarp. 
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The residual soil overlying the greywacke outcrop is a mixture of silt, sand and gravel. It is brown and 

moist with some bioturbation caused by roots. The apron of slope wash material is a mixture of residual 

soil and angular fine to medium greywacke gravel resulted from the weathering outcrop above. This 

area has also been excavated and affected by heavy storm events prior to the field visit generating more 

loose material. 

Table 2.4: Material description of the fault gouge zone. 

Material 
Depth 

(m bgl) 

Thickness 

(m) 
Description 

Residual soil 0.5 0.5 

Silt 30%; fine to coarse Sand 40%; fine to coarse angular 

greywacke gravel 30%; brown; moist; unconsolidated/loose; 

some fibrous organic material (roots, wood etc.); completely 

weathered greywacke. Overlying residual soil is organic silt and 

sand approx. 0.2 m thick which is too small scale to be seen in 

the photo. 

Fault gouge 

zone 
2.0 1.5 

Moderately to highly weathered greywacke; greyish brown; 

strong and closely spaced joints; near vertical dark grey to black 

linear striations dipping northwest, these areas are more jointed 

and can be scraped off with geological hammer. 

Strikes and dips in Figure 2.21 are for the linear striations. 

Slope wash 

apron 
2.1 0.6 

Fine to medium, angular greywacke gravel 90%, sand 5%; silt 

5%; dark grey; moist; very loose. Gravel: moderately to highly 

weathered gravel derived from fault gouge zone area. Sand and 

silt predominantly sourced from residual soil. 

Notes: This outcrop is found along a farm access road cut on a steep slope (40°) northwest of the site. It is on 

the western flank of a mapped relict landslide scarp. 

 

The SLF splays have an overall northeast strike (Figure 2.22), although a subset of fault splays 

orthogonal (northwest strike) to the main fault system is observed southwest of the site. This subset is 

also orthogonal to the HFE. Some splays of the SLF are observed across the Leader River floodplain 

as well and based on bedrock geology they mark the geological contact between Greta Formation and 

Eyre Group siltstone. The SLF is confined within the Greta Formation and the surface expressions are 

predominantly observed on the gravel terraces (Figure 2.22). Another cluster of SLF splays are 

observed on a hilltop northeast of the study site and they have an overall northwest strike.  
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Within the study site, the HFE is expressed as a discontinuous single trace on the basement rock, 

whereas the SLF splays are distributed across the site over an area measuring 3 km long and 500 m 

wide on the gravel terrace. Expectedly, these two faults were not mapped within the site prior to the 

earthquake.

2.7.6 Tension Cracks

Tension cracks are observed east of the Leader landslide on Greta Formation bedrock and the steep 

slopes underlain by greywacke west of the landslide, they were subsequently formed by the 2016 

Kaikōura earthquake. The lineament of the tension cracks on the basement rock is generally sub-

parallel to the HFE trace. The cracks here are observed as short splays only a few meters long: the 

shortest splays are about 10 m long and increase up to 100 m in general.

The tension cracks observed on the Greta Formation are approximately 500 m long and orthogonal to 

the ridgeline of the hill they are observed on. Also, these tension cracks are found at the eastern 

perimeter of the Leader landslide.

Figure 2.22: SLF rupture splays observed east of the Leader valley. Image source: Author's own (2021). 
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2.7.7 Ridges 

The highest peak on site is within the bedrock hills observed at the north-western part of the site (Figure 

2.23). The main ridgeline of these hills has an overall eastward trend with a slight southward curvature. 

The subsidiary ridgelines are somewhat orthogonal to the main ridge and generally trend northwest 

(Figure 2.23), with smooth convex hilltops. The ridgelines found northeast of the site are on Greta 

Formation, and they have an overall southwest trend. These ridgelines are also observed on smooth 

convex hilltops. Furthermore, the ridgelines found in these two areas vary in length, and the longest is 

about 500 m observed just above the Leader landslide. 

At the southwestern corner of the study area, a 750 m long ridgeline is observed trending east. This 

ridge has a similar slight southward curvature and convex cap similar to the hills north of the river. 

The subsidiary ridges are observed trending northeast. The bedrock geology here is Greta Formation. 

A relatively small number of ridges are observed on the gravel terraces, and where observed these have 

sharp crests compared to the ridges observed on the bedrock. A good example of this is found northeast 

of the Leader River, where an incised gully has been formed east of it by ephemeral drainage. The 

ridge at this location appears to have a resistant crest trending northwest, with 30° to 40° flanks. 

  

Figure 2.23: Ridgelines observed in the vicinity of the Leader landslide. Image source: Author's own (2021). 
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2.7.8 Gully Erosion

Shallow incised gullies are observed northeast and southwest of the study site; however, gully erosion 

is sparse. The 2015 DSM indicates minor evidence for gully erosion prior to the Kaikōura earthquake 

within the bedrock hills southwest of the site (Figure 2.8), and these erosional features are observed in 

the post-earthquake setting as well (Figure 2.9).  These gullies have smooth concaved flanks and are 

observed on bedrock slopes underlain by Greta Formation.

In the post-earthquake setting, gully erosion is observed beneath a landslide scarp on the steep slopes 

west of the Leader landslide. This is not observed in the pre-earthquake landscape. Additionally, gully 

erosion is observed where ephemeral drainage or surface flow paths are present and ground sloping 

>20° (Figure 2.9 and Figure 2.10).

2.7.9 Mounds

During field mapping, three mounds were observed immediately south of the lake at the western end 

of the valley (Figure 2.24). These mounds are observed at similar elevation (255 m to 265 m) and have 

convex smooth slopes (15° to 30°) with flattened tops (Figure 2.10). The same three mounds are 

observed in the pre-earthquake site conditions (Figure 2.8). A common observation at these localities 

is swampy or wet ground behind the mounds. Also, these are localised south of the river/lake and found 

in a cluster. Figure 2.24 provides a description of material and general character of the mounds.
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Figure 2.24: Mounds observed south of the Leader River in the southwest part of the site. Images source: Author's own 

(2021). 
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2.7.10 Lake Rebekah and Secondary Pond

The natural lake and secondary pond are a result of the Leader landslide dam (Figure 2.19). The lake 

is formed at the western end filling the valley floor and it measures ~500 m long and 170 m at the 

widest part (see Figure 2.9 and Figure 2.19). Section A-A’ indicates the lake is approximately 20 

m deep. The area of the lake is approximately 155,000 m2 and the pond is 11,500 m2. The secondary 

draining pond is observed on aerial imagery (2016) and 2016DEM at the base of the Leader 

landslide. The lake and the pond are not observed in the pre-earthquake aerial imagery.

2.7.11 Waterfalls

Two waterfalls have been formed due to SLF displacements caused by the Kaikōura earthquake 

(Figure 2.8 and Figure 2.9). The lower waterfall is approximately 5 m high, while the upper waterfall 

is about 15 m. The waterfalls have been formed where fault ruptures have reached the surface 

displacing Greta Formation (Figure 2.25 and Figure 2.26).

Figure 2.25: Upper waterfall observed at the foot of Leader landslide debris slump. Orange dashed lines delineate 

geological boundaries.  
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Greta siltstone is seemingly not a competent rock, as seen in Figure 2.25 where the water is directly 

falling on to the rock ‘knick’ points are being formed due to retreat. At both locations alluvial gravel 

is observed overlying Greta Formation.

2.7.12 Swamps and Wetland

Swamps and wetlands are observed in both prior and post Kaikōura earthquake landscape (Figure 2.8 

and Figure 2.9). Before the earthquake, swamps and wetland were mainly observed south of the river 

and found at the base of gravel terraces in a curved form (Figure 2.27) and varying elevation. Aerial 

imagery (2015) indicates swamps were covered with reed-type grass (see photo D in Figure 2.28).

Figure 2.26: Lower waterfall observed south of the upper waterfall. 
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A relatively small area of swampy ground is found at the base of the tall terrace north of the river, 

which is the location of the active river course prior to the earthquake. There is a small amount of 

swampy ground observed after the earthquake on the terraces. Most of the swamps/wetland at the west 

end of the valley has been encroached by the lake and landslide debris. Further down the valley swamps 

are smaller and sparse in post-earthquake conditions.

2.7.13 Fans

Fan deposits are observed at the base of gravel terraces north and south of the Leader River and on 

moderately steep north facing hill slopes underlain by Greta Formation found at the west end of the 

study area. The fans appear to form very gentle slopes, generally observed as <10° and they are 

generally 50 m wide and <100 m long. The fans found at the base of the gravel terraces are composed 

of gravel same as the terrace material.

2.7.14 Fluvial Landforms

In this thesis, fluvial landforms include the Leader River: active and abandoned channels, cut-offs, 

point bars, riffles, alluvium and the floodplain (Figure 2.28 and descriptions in Table 2.5). The Leader 

River enters the study site from the west and meanders on the valley floor flowing in a southeast 

direction. Where it enters the site, the river is at a pseudo-headwaters zone (i.e., source zone) in a 

confined valley setting. Prior to the Kaikōura earthquake, from the headwaters, the river is quickly

Figure 2.27: Swamp/wetland observed on a gravel terrace south of the Leader River. Imagse source: Author's own 

(2021). 
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transitioned into the mid-catchment transfer zone in a partially confined valley.  In the pseudo-

headwaters zone, some gravel terrace deposits are observed, however compared to mid-valley area, 

this is considered minor. In this zone sediment deposition appears minimal with greater longitudinal 

transfer of sediment into the mid-catchment area. Further, the flow path of the river in the pseudo-

headwaters zone is largely formed by the confined valley.

The rest of the river course in the study area can be defined as its mid-catchment area. Aerial images 

indicate, before the Kaikōura earthquake, the Leader River meandered across the valley floor in the 

mid-catchment area without longitudinal sections. This area is essentially a sediment transfer zone 

with some alluvium. Also, it is observed that hillslope-to-channel and floodplain-to-channel 

connectivity are irregular here with lateral movement of the active river channels.

Before the earthquake, the channel shape appeared asymmetrical and resulted in sediment deposition 

along convex banks (point bars) and erosion along concave banks. The point bars observed vary in 

their radii and curvature. Several abandoned river channels are observed in the aerial imagery before 

the earthquake. These also have the same sinuous form of the active river channel. As the river flows 

east, the valley widens within the site before going through a small gorge. Riffles cannot be observed 

on aerial imagery pre- or post-earthquake. Some riffle features were observed during fieldwork east 

of the study site; however, these are too small to be shown in this map scale. Alluvial deposits are 

observed within the floodplain and at this site it tends to take the same size and shape as the 

floodplain due to a partially confined valley setting.

The Leader landslide dammed the Leader River with immediate effect forming Lake Rebekah, which 

subsequently replaced the river course and the floodplain in the western half of the site. After a few 

stormwater events, the naturally formed dam breached and drained some of the lake, which reactivated 

the river downstream (Figure 2.28). Prior to the earthquake, the river flowed at the base of the high 

gravel terrace, now it flows at the base of the landslide debris slump resulting in a southward migration 

of the Leader River at this section. Eastward of this area the river course and floodplain remain 

relatively unchanged following the earthquake.
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Figure 2.28: River system as observed west of the Leader landslide. Image source: Author's own (2021). 
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Table 2.5: Description of photographs in Figure 2.28. 

Photo label Description 

A Alluvium comprising greywacke gravel; sub-rounded to rounded, tabular to platy 

gravel. Vague bedding similar to observations in exposures shown in Figure 2.16. 

B In the vicinity of the lower waterfall; alluvium overlying Greta siltstone; vague 

bedding as seen in Photo A was also observed at this location. 

C Inactive river channel infilled with fine sand and silt; gravel terraces in the 

background and alluvium/floodplain to the site. 

D Active Leader River channel east of the site; gravel terrace riser in the background, 

swamp/wet ground in the foreground. 

 

2.7.15 Subsidiary Hydrological Features: Streams and Ephemeral Drainage 

There are two streams observed at the north-eastern quadrant of the study site (Figure 2.9). Both 

streams have a similar trend, flowing southeast joining the Leader River. Another similarity is that 

they both form small fans comprising gravelly sand where they meet the river. Both streams are 

observed at this site prior to the earthquake as well (Figure 2.8). Additionally, a shallow, short stream 

is observed on the Leader landslide slump after the earthquake that is draining the slopes above. 

Ephemeral drainage and/or surface flow paths, in general drains into the Leader River. North of the 

river these features flow in a southward direction. Fewer ephemeral drainage/surface flow paths are 

observed south of the river on the gravel terraces, and where observed these features generally flow 

north. Ephemeral drainage flow paths are also observed on the rolling hills west of the sites, and 

accordingly flow towards the Leader River (Figure 2.9). 
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3 CHARACTERISATION OF THE LANDFORM: A GROUND 

PENETRATING RADAR APPROACH 

 BACKGROUND: GROUND PENETRATING RADAR

Ground Penetrating Radar (GPR) is a widely accepted non-invasive, geophysical electromagnetic 

(EM) profiling technique that deploys a transmitting antenna, a receiving antenna and a computer 

(control unit) in the field (Al-Shukri et al., 2004; Busby et al., 2004; Annan, 2009; Batayneh et al., 

2014; Persico, 2014). In most cases the transmitting and receiving antennae are incorporated into one 

box that is mobilised together, referred to as ‘GPR antenna’, while the signal ‘gathered’ in the field is 

readily shown in real time on the computer screen (Persico, 2014). A typical GPR kit comes with 

cables to connect the GPR antenna to the computer and an energy source, usually rechargeable lithium 

batteries (Persico, 2014). For serviceability in the field, the ‘whole’ system maybe fitted on a trolley.

In principle, GPR measures changes in the EM properties of the subsurface material that reflect the 

transmitted EM waves normally in the range of 0.025 to 1 GHz frequency (Van Dam, 2012). The 

transmitting antenna releases a short EM pulse into the subsurface that is radiated in all directions but 

predominantly the signal energy is radiated within a conical volume under the transmitting antenna 

(Persico, 2014). This signal then meets underlying geological layers and boundaries, discontinuities, 

cavities and zone of different moisture content and scatter in all directions in a pattern depending on 

the underlying conditions (Persico, 2014) (see Figure 3.1). The receiving antenna collects this scattered 

signal, while the amount of energy reflected is determined by the contrast of dielectric permittivity 

between underlying layers or objects (Batayneh et al., 2014).

Figure 3.1: Simple depiction of a SORP survey in the field (modified after Tomecka-Suchoń et al., 2019) 
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The two common categories of GPR types are: impulse and continuous wave (CW) (Koppenjan, 2009; 

Persico, 2014). Impulse GPR systems are prevalent in the commercial market and such a system is 

used in this study. The most common GPR survey setup used in the field is short-offset reflection 

profiling (SORP) technique (Van Dam, 2012; Tomecka-Suchoń et al., 2019), which is implemented in 

this study as well. In SORP surveys, the antennae move along a profile with constant short offset where 

the transmitter antenna pulses EM signals at a discrete distance interval and this is depicted in Figure 

3.1 (Tomecka-Suchoń et al., 2019). The reflected waves are recorded by the receiving antenna and 

displayed as a radargram on the computer screen (Tomecka-Suchoń et al., 2019). This GPR system 

acquires data in the time domain because a time domain pulse is transmitted and the reflected energy 

is received as a function of time, indicating the amplitude of energy scattered from subsurface materials 

versus time (Koppenjan, 2009; Persico, 2014).The reflected wave energy is a product of variations in 

the electrical impedance of the subsurface material, while variations in electrical impedance are the 

result of variations in the dielectric constant of the subsurface material (Mc Neill, 1980; Busby et al., 

2004; Batayneh et al., 2014). EM signals are rapidly attenuated in material with high electrical 

conductivity inhibiting the penetration depth.

The air wave, ground wave along with the primary reflectors make up the main components of GPR 

signal (Figure 3.2a). The air wave is a result of the small pocket of air between the ground and the 

GPR unit and travels from the transmitter to the receiver antennae at speed of light (~3 x 108 m/s) 

(Neal, 2004). The ground wave is formed when the GPR signal hits the ground surface and it indicates 

the beginning of the stratigraphic profile in the radargram. Below the ground wave are the primary 

reflectors, which can be reflections, refractions or diffractions contingent on the subsurface media 

(Figure 3.2b).

3.1.1 Factors Affecting GPR signals

There are several factors that can affect the appearance of a radargram, namely water table, high 

moisture content material such as clay, discontinuous or point features. The ground water table is often 

a strong reflector due to high electrical conductivity, and results in loss of EM signal due to wave 

attenuation (Busby et al., 2004). Clay is high in water content therefore it has similar effects as the 

water table in terms of signal attenuation (Daniels, 2004). According to Doolittle (2009), if the clay 

content is >35% the penetration of EM waves decreases significantly, however less than 10% of clay 

content can be favourable for deep penetration.

Discontinuous features such as faults can create reflections depending on the size of the feature that 

are reflected on to the radargram, i.e., the feature will appear doubled up in the radargram. Other 

problematic features are tree roots, boulders or other buried artefacts. These can lead to diffracted
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signals and usually the waveform is conical on the radargram and can be removed or minimised by 

migration of the profile. This is method is detailed in Section 3.3.9. 

3.1.2 External Interference Sources 

GPR systems can pick up manmade and natural noises due to wide band receivers. Manmade noises 

can be from cell phone power poles, radios, fence lines; also, trees and irregular or steep topography 

contribute to external noise. During the data processing step, ‘filtering’ technique is applied to remove 

this effect from the radargram. 

Figure 3.2: GPR data acquisition set up and the resulting radargram. (a) Illustration of data acquisition at a single point 

using a bistatic antenna. The GPR signal penetrates in to the subsurface and is reflected off a stratigraphic feature. The two-

way travel time recorded, showing the airwave, ground wave and primary reflectors for a survey distance of approx. 12 m 

(from Neal 2004). 
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Signal interference can be caused by near-by boulders in the subsurface as well, in this case ‘migration’ 

technique is applied. These techniques and their application in this investigation are further discussed 

in Section 4.3. 

3.1.3 Application of GPR for Landform Characterisation 

GPR has been used in the field to characterise alluvial environments. Huber et al. (2019) conducted an 

experiment to image straightened and braided gravel-bed rivers. This study found that GPR can be 

applied to assess the relationships between sediment transport, scour and bar formation and migration. 

Lejzerowicz et al. (2014) conducted a similar study that assessed the usefulness of GPR combined with 

exposure logging in imaging sand-bed braided rivers. They found that combination of GPR and field 

exposure logging provided a realistic visualisation of the buried sedimentary units within a braided 

river system. Another study by Parker et al. (2012) quantified the relationship between surface 

morphodynamics and subsurface sedimentology of braided rivers.  

 GPR DATA ACQUISITION METHODS IN THE FIELD 

Data for this study was collected using a MALA GroundExplorer GPR system and a 160 MHz antenna 

which was considered to provide appropriate depth of penetration. In Figure 3.3 below is the GPR 

survey kit used in the field; this is setup to be used by one person in the field.  

 

A B 

Figure 3.3: The MALA GPR system used in the field, including the control unit, transmitter and receiver antennae box 

fitted in to a four-wheel drive cart. The tray is lowered to the ground before undertaking the survey. 
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Prior to collecting GPR data, survey transects were chosen within the site with the support of the 

geomorphological map and site visit. The transects were chosen based on the geomorphological 

features identified during the mapping exercise, preference was given to areas where surficial 

expressions and outcrops were observed on site.

The next step was to identify the start and end point of the transect on the site. For this a georeferenced 

geomorphological map on a mobile device was used, whereby walking to the start and end points of 

the transect and marking them with fluorescent tape. Additionally GPR tracking was turned on for 

the georeferenced map to generate location data to be used for digital mapping on GIS software.

Then the GPR kit was moved across the transect at a slow walking space to collect data. As a modern 

GPR kit, the MALA control unit produces a real time radargram using unprocessed data while 

surveying. On the vertical axis is two way travel time (TWT) and the horizontal axis is the number of 

traces. Both these variables are converted later into depth and distance. See Sections 3.3.1 and 3.3.6 

for more details on this conversion.

The transects were generally oriented orthogonal to the Leader River, except the two transects west of 

the Leader landslide. The terrain west of the Leader landslide is very steep, therefore I was unable 

to mobilise the GPR kit to survey a straight line from upslope to the river. Instead, the two surveys 

were undertaken on a recently formed farm track (Figure 3.7). The farm track traverses perpendicular 

to the steep slope from east to west, with considerable changes in elevation and turns, compared to 

the other survey lines in this study.  Collected data is stored in the control unit automatically, and 

was later retrieved in the lab for processing. In this project, GPR data was processed using 

the software RADExplorer.

 GPR DATA PROCESSING METHOD

GPR data processing can be a time-consuming task and even a topic that causes the most controversy 

among GPR users (Cassidy, 2009). The basic processing steps commonly used are dewow, time-zero 

correction, band-pass filtering, gain control and topographic correction (Cassidy, 2009). Any 

processing techniques beyond this are a matter of user opinion and experience, however the key to 

GPR processing is keeping it simple and relevant to the project. GPR data processing is largely 

dependent on the user and time-cost limitations of the project at hand. Therefore, a systematic approach 

to GPR data processing is adapted here. This approach is as advised by Martin Brook (2021) and 

is considered suitable for sediments observed at this site. This section intends to introduce the GPR 

data processing methodology used in this project. The flow chart in Figure 3.4 shows the general 

steps used in this study.
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Figure 3.4: Typical GPR data processing flow for 2D bistatic common offset GPR system (after Cassidy (2009) and Bristow 

(2013)). This data processing flow is adapted to GPR data collected for this project. 

 

3.3.1 Initial Setup

Prior to applying post collection data processing flow, the raw data needs to be corrected for distance. 

As briefly mentioned before, walking pace can innately vary during surveying, also changes in ground 

conditions and unexpected obstructions can introduce inaccuracies to the length of transect recorded 

by the controller unit. This means the distance recorded by the controller unit may not reflect the actual 

length of the transect. The relationship between length is the number of traces multiplied by increments 

(𝑙𝑒𝑛𝑔𝑡ℎ = 𝑡𝑟𝑎𝑐𝑒𝑠 × 𝑖𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡). By using length, i.e., horizontal distance data from GPS tracking 

and LiDAR number of traces from the raw GPR data files, the increment was adjusted to match the 

transect length in the field.
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3.3.2 Dewow Filtering

A decaying low-frequency ‘wow’ wave is induced because of the short time between the transmitter 

shots and large energy input from the air wave, ground wave and near-surface reflectors causing a 

signal saturation; this signal is then superimposed on higher frequency reflections (Neal, 2004).

De-wow filtering removes this low-frequency decay and the initial direct current (DC) signal 

component (Cassidy, 2009). This filter is an important step because it reduces data to a mean zero level 

and most modern day GPR systems automatically apply this filter (Cassidy, 2009).

3.3.3 Time Zero Correction

Time zero correction is matching the start time to the starting point of the survey line, as this allows 

for a constant horizontal scale. Phenomena such as thermal drift, electronic instability, damaged cables, 

travel speed while dragging the GPR unit and variations in antennae airgap due to changes in ground 

conditions can cause ‘jumps’ in the air or ground wave’s first arrival (Neal, 2004; Cassidy, 2009; 

Ciampoli et al., 2019). This is referred to as the ‘time-zero point’ and it affects the position of the 

ground interface in the section, subsequently affecting the sequence of later events and adjacent 

traces (Cassidy, 2009). Therefore, this ‘jump’ is corrected by removing the first arrivals and the air 

layer between the antenna and the ground (Neal, 2004; Ciampoli et al., 2019). Time-zero correction 

is particularly important when attempting to correlate reflections across individual GPR sections 

(Ciampoli et al., 2019) and as such is an important part of this research.

3.3.4 Filtering

A filtering technique is applied to remove human-induced or system noise to enhance the visual 

quality of GPR data. According to Cassidy (2009), there are many types of filters, for example 

simple band-pass filters to complex domain and transform filters, however simple filters are effective 

at removing high/low-frequency noise.

Filters are normally applied before gain functions for best results and band-pass filter is a combination 

of both high and low frequency truncation which will result in a band pass filter (Cassidy, 2009) (see 

Figure 3.5). Filters were applied for GPR data in this study to remove ringing as it may mask reflectors 

at depth as well as noise.
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3.3.5 Deconvolution 

Deconvolution is also a filtering process that removes the effect of the source wavelet from the 

recorded data by reversing the process of convolution, this will leave the impulse response of 

subsurface layers only (Cassidy, 2009; Kadioglu, 2018). The deconvolution algorithm assumes the 

subsurface is: (1) horizontally layered, (2) has uniform intra-layer velocities, and (3) reflections 

originate from interfaces with coherent, regular signals (Cassidy (2009). 

3.3.6 Depth Conversion 

This process converts the sections to a depth scale, and this is important in correlating and interpreting 

stratigraphy. On the radargram, the vertical axis is two way travel time (TWT) in nanoseconds, which 

is converted to depth assuming the dielectric constant of the media.  

This step introduces unavoidable inaccuracies to the GPR profile because it assumes a bulk dielectric 

constant for the conversion from TWT to depth. The bulk dielectric constant does not account for the 

variable stratigraphy, for example it does not differentiate between clay or sand. 

  

Figure 3.5: Principle of bandpass filtering used to remove low and high frequency signals (Cassidy, 2009). 
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3.3.7 Elevation Corrections

GPR surveys do not automatically account for topographic variations. Particularly, if the ground 

surface is not level, the reflections may be insufficiently imaged on GPR sections (Ciampoli et al., 

2019). Therefore, elevation corrections need to be applied if data was not collected over level ground.

Some survey lines in this research project were on sloping or undulating ground, therefore elevation 

corrections are applied. Elevation data gathered from LiDAR data provided by GNS Science was 

applied during data processing. Elevation data was saved as a text file and imported into the software 

as part of the workflow.

3.3.8 Gain Functions

With increasing depth, the strength of the EM waves decreases due to attenuation, therefore it may be 

necessary sometimes to increase the strength of the weaker signals at later arrival times (Neal, 2004). 

This is achieved by applying multiplication, addition or subtraction factors to adjust the amplitude of 

the signals without changing the data values. Increasing the amplitude can be useful because it allows 

better recognition of subsurface features by increasing visibility. However, a downfall is that this 

application does not only affect the feature in question, but the surrounding and other artefacts such as 

diffracted signals, which may still be in the profile after processing.

3.3.9 Migration

EM waves from the antenna radiate outwards in a volumetric conical beam, which becomes 

progressively wider with increasing depth. This allows for objects (e.g., boulders, pipes) away from 

the direct path of the wave to be detected and appear in the radargram. This can be problematic when 

analysing stratigraphy and prominent features in the radargram because stratigraphic reflectors at depth 

may be obscured by these hyperbolic reflectors. Migration is applied to remove these reflectors. The 

migration process improves the resolution of the sections, subsequently producing spatially realistic 

images of the subsurface (Cassidy, 2009).
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 GPR INTERPRETATIONS

GPR interpretation in stratigraphic and sedimentological studies has the same underlying principles as 

seismic stratigraphy (Neal, 2004). The simple principle here is that EM wave reflections, like seismic 

reflections parallel the bedding surfaces. Parallelism observed in the radargram is due to innately 

anisotropic physical properties of stratified material and depositional environment controls (Neal, 

2004), albeit some exceptions may occur because of the water table, faults, joints and point or line 

features such as boulders or pipes. However, faults can be difficult to identify in unconsolidated 

material (Crone and Luza, 1990).

The reflections in the radargram are ascribed to the variations in the dielectric properties of subsurface 

material as a result of sediment fabric, grain size, grain shape, porosity and water content (Carling et 

al., 2016). Basic geological principles can be used to interpret features and stratigraphy in radargrams. 

For example, in cross-cutting relationships where truncation and superimposition of reflections 

provide a relative chronology, older material underlying younger (Carling et al., 2016). This may 

also indicate erosion or changes in depositional environment. During the interpretation of GPR 

radargrams, similar radar reflections can be packaged together, called radar facies, and they can be 

identified through unconformities of bounding surfaces at the top and bottom (Carling et al., 2016). 

In unconsolidated material, faults can be identified by reflection offsets (Wyatt and Temples, 1996) 

and changes in reflector dip direction (McClymont et al., 2008).

Although similarities exist between seismic and GRP interpretation, Neal (2004) recommends 

modifying terminology to interpret and describe features and stratigraphy with context and radar facies 

should be described in the following four ways:

1. Shape of reflections;

2. Dip of reflections;

3. Relationship between reflections; and 

4. Reflection continuity.

Figure 3.6 is an extraction from Neal (2004), which is a summary of terminology applicable in GPR 

interpretation. GPR interpretation is largely empirical and depends on the user, hence it is usually 

complimented by ground truthing.
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3.4.1 Supporting Techniques 

There are several supporting techniques used in this study to complement the GPR surveys. Firstly, 

real time GPS tracking was used on a mobile app to collect location data for the transects. The mobile 

app (Avenza) on a handheld mobile device had an accuracy of up to ±3 m. However, due to rural 

setting of the site and steep topography in the vicinity this was limited at times. 

Ground truthing is fundamental for the interpretation of GPR radargrams. Ideally, sampling should be 

undertaken to identify the depth of the ‘marker’ reflectors, because the depths calculated from the 

dielectric constant is only an approximation and to determine the water table. Typically, hand augers 

or vibracoring techniques are used to sample. At this site surficial deposits are predominantly gravel 

(including cobbles and boulders), and depth varies from couple of meters up to twenty meters, therefore 

hand augers were not a viable option at this site. Vibracoring is an excellent sampling method to be 

used in this situation, however due to Covid-19 spread in New Zealand in 2021, site visits were limited. 

Covid-19 travelling restrictions meant site visits and coordination for vibracoring could not be 

organised to support this study. 

Figure 3.6: Terminology applicable in GPR interpretation for radar surfaces, radar packages and radar facies (Neal, 2004). 
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Nonetheless, this site had several exposures along the gravel terraces and riverbank. Where exposures 

were observed in the vicinity of the GPR transects, there were logged to support the GPR radargrams. 

Geomorphological mapping was undertaken prior to GPR surveying (see Section 2.4). Another 

supporting technique used is LiDAR and DEMs to obtain location and elevation data.  

 GPR SURVEY RESULTS 

This section introduces the site and stratigraphy of the GPR survey transects and then provides GPR 

radargram descriptions and interpretations. The length of the GPR lines vary from few tens of meters 

to few hundreds of meters, therefore only general descriptions are provided for each profile. Specific 

areas are chosen within the radargrams for detailed interpretations. Figure 3.7 below shows the 

transects layout, while the following Figure 3.8, Figure 3.9 and Figure 3.10 provide close ups of the 

surroundings.  

There are seven (7) GPR survey transects, categorised into two subgroups based on site conditions. 

Transects 1, 2, 3, 6 and 7 are on gravel terraces found south of the Leader River. Transects 4 and 5 are 

on steep hillslopes north of Lake Rebekah and west of the Leader landslide (Figure 3.7). 

 



Figure 3.7: The GPR transects surveyed at the site superimposed on the post-earthquake (2016) geomorphological map of the Leader valley.

Notes:
Refer to Figure 2.7 for the geomorphological map legend for Figures 3.7, 3.8, 3.9 and 3.10.
The enlarged insets are shown in Figure 3.8, 3.9 and 3.10.
Hillshade model produced from 2016DEM provided by GNS Science. This DEM has been used to extract 10 m contours.

Inset 1 Inset 2

Inset 3
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Inset 1

Figure 3.8: The  location of GPR survey Transects 1, 2 and 6 in relation to mapped geomorphological features and field exposures in the vicinity. Grid: NZTM2000

Exposures (field)

GPR transects

Legend
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Inset 2

Figure 3.9: The  location of GPR survey Transects 3 and 7 in relation to mapped geomorphological features and field exposures in the vicinity. Grid: NZTM2000

Exposures (field)

GPR transects

Legend
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Exposures (field)

GPR transects

Legend

Inset 3

Figure 3.10: The  location of GPR survey Transects 4 and 5 in relation to mapped geomorphological features and field exposures in the vicinity. Grid: NZTM2000
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3.5.1 Gravel Terraces: Transects 1, 2, 3, 6 and 7

3.5.1.1 Site Descriptions

Transects 1 and 2, respectively 305 m and 445 m in length and trending south to north, were surveyed 

on the large gravel terrace south of the Leader River, (see Figure 3.7 for the location). The elevation 

difference from south to north in both transects is 10 m to 12 m (Figure 3.8). Both these transects 

intersect surface expressions of the SLF on this gravel terrace. Transect 1 intersects SLF splays on four 

occasions at 87 m, 100 m, 127 m and 161 m and these surface expressions are northwest trending (see 

the map in Figure 3.8). Transect 2 intersects northeast trending SLF splays at 292 m and 379 m. 

At the southern extent of the transects are undulating slopes graduating to rolling hills (Figure 2.10) 

with Greta Formation as bedrock (Figure 2.11). The transects terminate at the northern end of the large 

gravel terrace at an elevation of 290 m to 300 m (Figure 3.8). The northern face of this gravel terrace 

is characterised by smaller terraces formed by down cutting of the river and paleo channel features 

with elevation decreasing from 300 m to 240 m to the valley floor (see Figure 2.9).

Largely, the site description for Transect 2 is similar to Transect 1. However, at the northern end 

of Transect 2, there is a landslide scarp defining the edge of the terrace and recent debris at the 

base of the near vertical exposure which is approximately 20 m in height (Figure 3.8).

Similarly, Transect 3 is surveyed on the large gravel terrace south of the Leader River 

approximately 770 m east of Transect 2 (see Figure 3.7 and Figure 3.9). This transect is on the 

eastern side of the gravel terrace trending north and approximately 135 m long. The elevation at this 

location is roughly 265 m, which is slightly lower than Transects 1 and 2, and the survey line is on 

near level ground with only 1 m of fall from start to end (south to north) (Figure 3.9). The post-

earthquake geomorphological map shows that the Transect 3 does not intersect any splays of the SLF 

(Figure 3.9). The Transect 3 was undertaken within a small farm paddock therefore the survey length 

was restricted between two fence lines.

Transect 6 is approximately 85 m long and at an elevation of 240 m (Figure 3.8). This transect is 

on a lower gravel terrace found just south of the upper waterfall (Leader River) and the landslide dam 

caused by the Leader landslide (Figure 3.7 and Figure 3.8). Geomorphological mapping at this site 

indicates that a fan deposit mantles the gravel terrace at the southern end (Figure 3.8). The ephemeral 

drainage found southeast of the fan deposit is carrying water from the large gravel terrace and while 

doing so it has cut a shallow gully which defines the southern extent of the fan and gravel terrace now 

(Figure 3.8). Towards the west of the fan is a swamp, and a paleo channel of the Leader River. The 

location of the swamp is a depression, roughly 0.5 m relative to the gravel terrace. This is a small-scale
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feature, therefore not observed on the 10 m contours in Figure 3.8. From the top of the fan to the gravel 

terrace the elevation difference is approximately 4 m.

Transect 7 is found downstream of the lower waterfall, where it lies across a mapped swamp, 

alluvium and active river channel (Figure 3.7). The site is on undulating ground (Figure 2.10) at an 

elevation of 210 m and this is the lowest level transect surveyed as part of this study. At the time of 

survey there was no active river channel across the transect. South of this transect is moderately steep 

north facing slope with ephemeral drainage towards the river. Transect 7 is 60 m long from north 

to south and the elevation difference is less than 4 m (Figure 3.7). Notably, the alluvium is near level 

ground with a stepped feature at the southern end where the swamp is mapped (Figure 3.7).

3.5.1.2 Site Stratigraphy

The subsurface stratigraphy at the location of Transects 1 and 2 is massive alluvial gravel deposits. 

This is evident from the exposures observed at the site (Figure 3.11 and Figure 3.12); their unit 

descriptions are in Table 3.1 and Table 3.2. The elevation of Transect 1 is 290 m, while the Exposure 

02 is the topographically lowest observed at ~265 m, indicating an elevation difference of 25 m. This 

indicates that underlying Transect 1 is roughly 25 m of gravel. The exposures in the vicinity of Transect 

1 are shown in Figure 3.11 and Figure 3.12.

The stratigraphy observed at the location of Transect 2 was previously described in Section  2.7.2 and 

a photograph of the exposure is in Figure 2.16 (in Figure 3.7 this exposure is called Exposure 05). A 

landslide was observed at the end of Transect 2 exposing approximately 20 m thick gravel deposit. 

There was vague bedding and alignment of tabular/platy gravel within the gravel deposit. Similar 

observation was made at the exposure in the vicinity of Transect 1.
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Figure 3.11: Subsurface stratigraphy of Transect 1 (Exposures 01 and 02). Photo A shows the location of the field 

exposures. 

Figure 3.12: Subsurface stratigraphy of the Transect 1 (Exposures 03 and 04). 
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Table 3.1: Description of the geological units observed on Exposures 01 and 02. 

Unit No. 
Unit depth 

(m bgl) 

Unit thickness 

(m) 
Description 

Exposure 01 

Unit 1 0.35 0.35 

Gravel in an organic fine sand and silt matrix, 40% 

gravel, 50% matrix, 10% cobbles; dark brown; dry; 

poorly sorted sub-angular fine to coarse greywacke 

gravel, sub-angular greywacke cobbles up to 100 mm; 

subparallel bottom contact; can be easily scraped off 

with geological hammer; some grass roots. [Topsoil] 

Unit 2 0.80 0.45 

Gravel in a fine sand and silt matrix, 10% cobbles, 

20% matrix, 70% gravel; light greyish brown; dry; 

greywacke cobbles up to 100 mm and sub-angular; 

fine to coarse greywacke gravel, sub-angular; coarse 

gravel and cobbles have platy and tabular form and 

sub-parallel lengthwise depositional pattern; can be 

scraped off with geological hammer. 

Exposure 02 

Unit 1 0.3 0.30 

Gravel in an organic fine sand and silt matrix, 70% 

gravel, 30% matrix; dark brown; moist; moderately 

sorted sub-angular fine to medium greywacke gravel, 

occasional tabular coarse gravel; subparallel bottom 

contact; can be easily scraped off with geological 

hammer; some grass roots. [Topsoil] 

Unit 2 0.95 0.65 

Gravel 90% and cobbles 10%; light greyish brown; 

dry; cobbles and gravel are greywacke and sub -

angular; cobbles up to 100 mm and sub-angular; fine 

to coarse gravel; coarse gravel and cobbles have platy 

and tabular form and sub-parallel lengthwise 

depositional pattern; can be scraped off with 

geological hammer. 

Unit 3 1.10 0.15 

Greywacke gravel 60% and cobbles 30%; fine to 

coarse sand and silt matrix 10%; light greyish brown; 

dry; fine to coarse gravel, cobbles up to 200 mm; sub-

angular gravel and cobbles; sub-parallel irregular top 

contact; hard to scrape off with geological hammer. 

Note: Exposures 1 and 2 are surface expressions of SLF on gravel terraces. 
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Table 3.2: Description of the geological units observed on Exposures 03 and 04. 

Unit No. 
Unit depth 

(m bgl) 

Unit thickness 

(m) 
Description 

Exposure 03 

Unit 1 0.45 0.45 

Gravel in an organic fine sand and silt matrix, 60% gravel, 

40% matrix; dark brown; dry; moderately sorted sub-angular 

fine to coarse greywacke gravel; subparallel bottom contact; 

can be easily scraped off with geological hammer; some 

grass roots. [Topsoil] 

Unit 2 3.00 2.55 

Gravel in a fine sand and silt matrix, 15% cobbles, 30% 

matrix, 50% gravel, 5% boulders; light greyish brown; dry; 

greywacke gravel, cobbles and boulders are sub-angular; fine 

to coarse gravel; cobbles and boulders have tabular form and 

sub-parallel lengthwise depositional pattern; hard to scrape 

off with geological hammer. 

Exposure 04 

Unit 1 0.35 0.35 

Gravel in an organic fine sand and silt matrix, 60% gravel, 

40% matrix; dark brown; dry; moderately sorted sub-angular 

fine to coarse greywacke gravel; subparallel bottom contact; 

can be easily scraped off with geological hammer; some 

grass roots. [Topsoil] 

Unit 2 3.20 2.85 

Gravel in a fine sand and silt matrix, 10% cobbles, 10% 

matrix, 80% gravel; light greyish brown; dry; greywacke 

gravel and cobbles are sub-angular; fine to coarse gravel; 

cobbles have tabular and platy form and sub-parallel 

lengthwise depositional pattern; hard to scrape off with 

geological hammer; composition gradually changes to 40% 

medium - coarse gravel, 50% cobbles and 10% matrix. 

Unit 3 4.00 0.80 

Gravel and cobbles in a fine sand and silt matrix, 40% 

medium - coarse gravel, 50% cobbles and 10% matrix; light 

greyish brown; dry; greywacke gravel and cobbles are sub-

angular; fine to coarse gravel; cobbles have tabular and platy 

form and sub-parallel lengthwise depositional pattern; hard 

to scrape off with geological hammer.  

Note: Exposures 3 and 4 are along a farm track within the site. Exposure 4 is immediately west of a surface 

expression of a SLF splay. 
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The subsurface stratigraphy at Transect 3 (Exposure 06) is alluvial gravel overlying bedrock which is 

Amuri limestone at this location (see Figure 3.13, Photo A). The unit descriptions are provided in 

Table 3.3. An organic horizon (Unit 1 in Figure 3.13), approximately 0.5 m thick is overlying the 

massive gravel deposit. 

Figure 3.13: Subsurface stratigraphy of Transect 3 (Exposure 06). 
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This exposure is on a road cut, which is at 245 m of elevation. On the exposure gravel deposit does not 

show vague linear alignment of the grains which could indicate depositional facies. This is contrasting 

to the observation of grains alignment on the exposures at Transects 1 and 2. Unit 2 in Figure 3.13 

shows that the deposit is predominantly fine to coarse sub-angular gravel, with cobbles and boulders 

observed at the bottom half of the exposure; this indicates grading of material. The colluvium observed 

at the base of the outcrops is from the surface scour of the unit 2, therefore the material description is 

the same. 

As seen in Photo B (Figure 3.13), Amuri limestone is outcropping on the base of the farm track. The 

limestone on the farm track is light grey and appear unweathered to slightly weathered with jointed 

structure. It is weak and can be broken with a single blow from the geological hammer, hence 

considered weak. Refer to the bedrock geology map (Figure 2.11) for the aerial extent of the limestone. 

 

Table 3.3: Description of the geological units observed on Exposures 06. 

Exposure 06 

Unit No. 

Unit depth 

(m bgl) 

Unit thickness 

(m) 

Description 

Unit 1 0.5 0.5 

Organic silt and sand 70%, greywacke gravel 20% 

and cobbles 10%; sub-angular to sub-rounded gravel 

and cobble; fine to coarse gravel, cobbles up 200 

mm; dark brown, dry; some rootlets; irregular 

bottom contact; soft and can be scraped off with 

geological hammer easily; [Topsoil] 

Unit 2 2.0 1.5 

Fine to coarse greywacke gravel 80%, cobbles 10% 

and boulders 10%, all sub-angular; dry; increasing 

strength with depth, can be scraped off with 

geological hammer. 

Colluvium: An apron of colluvium resulting from Unit 2 is found at the base of the exposure; to the bottom 

of the colluvium is ~3.0 m. 
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Exposure 08 in Figure 3.14 shows the stratigraphy anticipated below Transect 6 and this 

exposure is 50 m east of the southern end of Transect 6, therefore some variation in stratigraphy is 

expected at the actual location of the transect. There are five units identified in this exposure and the

unit descriptions are provided in Table 3.4. Unit 1 is interpreted as the fan deposit, approximately 0.35 

m thick, because of the underlying paleosol horizon which is just 0.08 m thick (Unit 2 in Exposure 

08). Units 3 and 4 make up the alluvium that formed the gravel terrace, while Unit 3 appears to have 

greater content of fine-grained material compared to Unit 4, as logged Unit 3 is 50% matrix whereas 

Unit 4 is just 20%. Units 3 and 4 are 0.37 m and 0.4 m thick, respectively.  

Another noteworthy feature is that the contact between Units 3 and 4 is gradational, where grain size 

decreases upwards. In Unit 4, vague subparallel alignment of gravel and cobbles was observed, and 

this detail was observed in the stratigraphy of Transect 1 and 2 as well; Transect 2 is 40 m higher and 

100 m southwest of the Transect 6. 

Figure 3.14: Site stratigraphy of the Transect 6 (Exposure 08) 
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Table 3.4: Description of the geological units observed on Exposures 08. 

Exposure 08 

Unit No. 

Unit depth 

(m bgl) 

Unit thickness 

(m) 

Description 

Unit 1 0.35 0.35 

Gravel 90% and cobbles 10%; light greyish brown; 

dry; cobbles and gravel are greywacke and sub -

angular; cobbles up to 100 mm and sub-angular; fine 

to coarse gravel; coarse gravel and cobbles have 

platy and tabular form; can be scraped off with 

geological hammer. 

Unit 2 0.43 0.08 

Organic silt and sand 70% with some greywacke 

gravel 30%; fine, sub-angular gravel, moist, dark 

brown to black; easy to scrape off with geological 

hammer. [paleosol] 

Unit 3 0.80 0.37 

Greywacke gravel 40% and cobbles 10%; fine to 

coarse sand and silt matrix 50%; light brown; dry; 

fine to coarse gravel, cobbles up to 100 mm; sub-

angular gravel and cobbles; gradual top contact; can 

be scraped off with geological hammer. 

Unit 4 1.20 0.40 

Gravel in a fine sand and silt matrix, 10% cobbles, 

20% matrix, 70% greywacke gravel; light greyish 

brown; dry; greywacke cobbles up to 100 mm and 

sub-angular; fine to coarse greywacke gravel, sub-

angular; coarse gravel and cobbles have platy and 

tabular form and sub-parallel lengthwise depositional 

pattern; can be scraped off with geological hammer. 

Unit 5 3.30 2.10 

Greta siltstone (bedrock); bluish grey; weak and 

narrow fractures; unweathered to slightly weathered; 

can be indented with geological hammer. 

 

Unit 5 is Greta Formation that is observed at 1.2 m of depth, with 2.1 m of exposure at the bottom of 

the outcrop; this is the bedrock (Figure 3.14). However, the maximum thickness of the bedrock is not 

known at this location. 
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Unfortunately, there were no field exposures of the stratigraphy underlying Transect 7. Reflecting on 

the stratigraphy of Transect 6, it is anticipated that the subsurface stratigraphy to be similar at this site 

because both transects are on alluvial terraces. Due to proximity to the river and this being a younger 

deposit, an increased level of unconsolidation and higher fines content is predicted. A suitable method 

to assess the stratigraphy at this location is vibracoring, however this was not possible as part of this 

study due to COVID-19 restrictions and the limited scope of study.

3.5.2 Gravel Terraces: Radargram Descriptions

This section describes the character of the radargrams of Transects 1, 2, 3, 6 and 7; the descriptions 

are based on terminology in Figure 3.6. The radargrams for these transects are in Figure 3.15, Figure 

3.16 and Figure 3.17, additionally refer to Figure 3.8 and Figure 3.9 for their location within the Leader 

valley.

3.5.2.1 Transect 1

In Transect 1 (Figure 3.15), in the upper 5 m of the profile, the reflections are parallel to the current 

topography (i.e., ground surface) and they are moderately continuous. Within this depth range, some 

reflections are planar and more continuous than the others. Also, the relationship between the 

reflections is not uniform, it is rather a mix of subparallel and oblique configurations. The upper 

boundary of this radar package is the ground surface, therefore an erosional truncation, while the lower 

boundary is defined by another radar package. The geometry of the lower boundary is a mixture; in 

most areas it is onlapping and occasionally concordant with the upper surface of the underlying radar 

package. Approximately 4 m to 5 m below ground level (bgl) a reflection is observed from 0 m to 145 

m on the radargram (green dashed line in Figure 3.15). This reflection is moderately continuous from 

north to south while being planar and occasionally wavy, however it disappears at around 145 m. The 

depth of the reflection largely remains the same across the profile and similar to the radar package 

above, this reflection follows the topography of the ground surface. The relationship between the 

reflections is generally subparallel.

Between 5 m to 8 m, there is very weak signal reflection. From what is observed on the radargram, the 

upper boundary is concordant while the lower boundary is difficult to determine due to lack of 

reflection. Across the profile there are patches where there is negligible reflection (blank areas), for 

example between 10 m to 14 m and 70 m to 74 m. In comparison, chaotic and discontinuous reflections 

are observed in some areas, e.g., 50 m to 65m and 100 m to 150 m. Where chaotic reflections are 

observed the geometry of the lower boundary is onlapping the underlying radar package. Another 

noteworthy character is that between 160 m and 190 m this zone of very weak reflections disappears 

and similarly at the end of the transect from 290 m to 300 m. Instead in these two areas, there are 

convex radar facies (shown by yellow circles in Figure 3.15).
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Figure 3.15: The annotated radargram of the GPR survey Transect 1. For presentation the profile is split in to two sections. The solid black line shows the existing ground level. Dashed black lines delineate the upper boundary of the convex radar facies. The green dashed segments also delineate a reflection facie described in text.
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From 7 m to 10 m depth, reflections are convex radar facies that are moderately continuous. The curved 

radar facies are roughly 2 m to 5 m thick and expand 10 m to 60 m in length along the profile. In some 

locations deflections are observed despite data processing. This is a common limitation in GPR data 

processing. Nevertheless, the curved radar facies are observed in discontinuous packages forming 

downlap and onlap boundaries between the curved radar facies. In some areas they are concordant. 

Within the curved facies, the relationship between the individual reflectors is subparallel and 

concordant, the reflections are moderately continuous. Also, it is notable that below the top reflection 

of these convex radar facies, the reflections become somewhat chaotic and discontinuous. The lower 

boundary of these curved radar facies onlap the underlying facies. In general, the geometry (i.e., 

thickness and length) of these curved radar facies varies greatly across the profile as mentioned above. 

Also, these curved facies are observed between 8 m to 15 m bgl, below this depth the reflections are 

weak and incoherent.

As mentioned previously Transect 1 intersects the SLF at 87 m, 100 m, 127 m and 161 m (Section 

3.5.1.1). At 85 m and 100 m on the radargram a dipping reflection is observed near surface. These two 

reflections have an apparent dip of 30° north and approximately 1 m to 1.5 m in length. On either side 

of these two reflections, the radar facies are planar and oblique to the dipping reflection. Also, the 

surrounding reflections are subparallel to the ground surface. Between 130 m and 135 m, displacement 

in one of the curved radar facie is observed; the horizontal and vertical displacement is 5 m and 2 m, 

respectively. However, at 161 m no distinctive characteristics is observed on the reflections.

3.5.2.2 Transect 2

The radargram for Transect 2 is presented in Figure 3.16. The character of the reflections in the 

upper 5 m of the profile is similar to the observations made for Transect 1, including the planar 

reflection observed at ~4 m of depth (dashed green line), however in this profile it extends from 0 m 

to approximately 200 m from south to north. Just like in Transect 1, a zone of very weak reflections 

is observed in Transect 2 between 5 m to 7 m, however this zone appears narrower in Transect 

2. This zone is observed only from 0 m to about 225 m, from there onwards some subparallel, 

discontinuous reflections are observed to the end of the transect, particularly in the areas marked by 

yellow circles in Figure 3.16. Compared to Transect 1, the convex radar facies in Transect 2 

are shorter and have more curvature. The curved facies have varied geometry, however in general they 

are about 30 m long and 2 m to 4 m thick. Regardless, the character of the convex reflection remains 

the same as in Transect 1. These curved radar facies are generally contained between 7 m to 12 m bgl. 

From 12 m to 15 m bgl the reflections are weak and incoherent.
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3.5.2.3 Transect 3

The radargram for Transect 3 is in Figure 3.17 (A), the profile is about 135 m long and represents the 

subsurface to roughly 18 m bgl. However, the reflections are only reliable to 12 m bgl. Between 0 m 

to 4 m bgl, the reflections are similar to the observations made in Transects 1 and 2. From 4 m bgl 

the reflections are generally weak, however the radargram indicates they are subparallel reflections 

that are moderately continuous.

In contrast to Transects 1 and 2, this radargram does not show convex radar facies between 5 m to 8 

m bgl, instead planar reflections are observed across the profile from 45 m to 130 m. These reflections 

are roughly 15 m to 25 m long and observed between 2 m to 7 m bgl. The upper and lower boundary 

of these reflections are generally concordant with the surrounding reflections, while the individual 

reflections are subparallel and moderately continuous.

A key observation in this radargram is the continuous reflection at 6 m bgl at the southern end, which 

continues to the north with an apparent dip of 2° to 4°. At the northern end of the profile this reflection 

is at about 10 m bgl. The top reflection is continuous and planar. Beneath this, the individual reflections 

become moderately continuous to discontinuous; these are also subparallel and follow the same dip as 

the top reflection. In general, this radar facie is about 2 m thick, and with increasing depth the 

reflections become weaker.
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3.5.2.4 Transect 6

The radargram for Transect 6 is in Figure 3.17 (B). The character of the upper 2 m of the radargram 

is similar to Transects 1, 2 and 3. To reiterate, the reflections are parallel to the existing ground surface, 

and they are moderately continuous. Within this depth range, some reflections are planar and more 

continuous than the others. Also, the relationship between the reflections in here is a mixture of 

subparallel and oblique configurations. The upper boundary of this radar package is the ground 

surface: an erosional truncation. The lower boundary is difficult to establish due to weak reflections 

from 4 m bgl. With limited evidence in the radargram the lower boundary appears concordant with 

the underlying reflections.

As annotated on the radargram, between ground surface to 2 m bgl there are some planar, subparallel 

reflections. Based on geomorphological mapping (Figure 2.9), from 15 m to 85 m on the transect is 

the fan deposit overlying the gravel terrace. Found within this distance range is the above-mentioned 

planar reflection that is converging downslope. This reflection is near surface with slightly varying 

thickness, however, appears to form a wedge downslope indicating fan deposit. The general character 

of the reflection is subparallel with a 5° northward dip (apparent); it is moderately continuous and 

shows as 15 m to 20 m long splays on the radargram.

Across the radargram there are reflections that are conical, and these are found near the surface. For 

example, these point reflections are found at 17 m and 33 m on the radargram. The individual 

reflections are concordant with each other within the radar facie; however, the surrounding reflections 

are oblique to this feature.

Between 10 m to 15 m on the radargram there is a dip in the reflection showcasing a basin like feature 

approximately 1.5 m deep. The overlying reflections are parallel to the ground surface and is onlapping 

the dipped reflection. Similarly, between 50 m to 65 m there is another basin like feature roughly 2 m 

deep. The reflections within the ‘basin’ are subparallel to each other as well as the ground surface and 

they are discontinuous.

3.5.2.5 Transect 7

The radargram of Transect 7 is in Figure 3.17 (C). This radargram is similar to Transect 6 

radargram because planar, subparallel and moderately continuous reflections are observed near the 

surface. The upper boundary of these reflections is the ground surface, which is an erosional truncation.

 From 0 m to 42 m the transect is on near level ground, while a stepped feature is observed where the 

swamp is mapped. This stepped feature is approximately 2 m high with a slight depression in the 

middle. Where this depression is observed, the reflections are discontinuous and with occasional 

conical reflections. However, the reflections within the basin that are closer to the ground surface
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follow the topographical form of the existing ground and they are moderately continuous. At the 

northern extent of the basin, the reflections are diverging towards the south. Yet at the opposite side 

of the basin this type of character is not observed. From 3 m to 4 m bgl, the reflections are weak, the 

radargram shows that they are subparallel to the ground surface and moderately continuous.

3.5.3 Gravel Terraces: Radargram Interpretations (Transects 1, 2, 3, 6 and 7) 

Geomorphological mapping indicates the general river channel morphometry is wide, flat bedded 

channels that are roughly 0.5 m to 1.5 m deep (see Figure 2.22 and photo C in Figure 2.28 for these 

types of river channels observed within the Leader valley). Shallow and wide channels can be hard to 

identify in this type of depositional environment because unconsolidated large deposits of gravel 

results in signal attenuation minimising the reflection of small, buried features. However, it can be 

speculated that this was a braided river setting. This interpretation is based on the converging, 

diverging and dipping nature of curved radar facies across the radargram of both Transects 1 and 2 on 

the large grave terrace. The hummocky reflections in Transect 1 and 2 are interpreted as gravel or 

sand bars or even islands formed within the paleo river system. The curved radar facies appear to be 

at a same level in both transects, subparallel to the current ground level. Although the convex facies in 

Transect 2 are narrower. This observation can be attributed to localised variation in the geometry of 

the braided gravel riverbeds.

The radar facies are interpreted as different depositional facies of alluvial gravel. The downlap and 

onlap character indicates depositional boundaries or breaks in depositional sequence. Refer to Section 

3.5.1.2 for the description of site stratigraphy, the cross-cutting relationship of the convex radar facies 

can be attributed to the depositional facies observed on the field exposures (Figure 3.11 and Figure 

3.12). In an alluvial depositional environment material is constantly transported and aggregated by the 

river, therefore it can be difficult to differentiate the contacts between the depositional facies. Also, 

due to the nature of unconsolidated material as observed at this site, GPR signal can attenuate 

significantly resulting in a poor signal to noise ratio.

In Transect 1, four locations are identified as SLF surface expressions on the radargram. The 

approximate locations on the radargram are 85 m, 100 m and between 130 - 135 m and 165 - 173 m. 

At 85 m and 100 m the manifestation of the SLF is identified by change in orientation of the reflection 

and also its dip, here the reflection takes an abrupt dip almost at 30° compared to the surrounding 

reflectors. Between 130 m and 135 m another SLF expression is identified, however dipping reflectors 

are absent in the radargram. The fault is identified here by the displacement of the curved, convex 

radar facies. The horizontal and vertical displacement is approximately 4 m and 2 m, respectively and 

observed at about 10 m bgl.
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However, the manifestation of the SLF at 165 m is not observed on the radargram. This can be 

attributed to the fact that faults are difficult to identify on radargrams of unconsolidated, alluvial 

material (Bonilla and Lienkaemper, 1990; Crone and Luza, 1990). The same can be said about the SLF 

surface expressions annotated on the radargram of the Transect 2. According to geomorphological 

mapping, the SLF insects Transect 2 at about 292 m and 379 m, however, no distinctive features 

are observed on the reflections to determine the manifestation of the SLF at these locations. The likely 

reason for not being able to identify fault displacement is massive alluvial gravel deposits.

In both Transects 1 and 2 (Figure 3.15 and Figure 3.16) there is a zone of weak signals above the 

curved radar facies, where very faint signals or no reflections are observed. This zone is approximately 

2 m to 5 m thick and is generally continuous across the profile in Transect 1. However, in Transect 2 

this disappears between 300 m to 370 m and 400 to 450 m. It is replaced by chaotic reflections, also 

the curved radar facies disappear in these two ranges. This zone of weak reflection in Transects 1 and 

2 is ascribed to (1) the presence of groundwater, likely perched groundwater or (2) saturated subsurface 

material. Perched groundwater can be caused by localised impermeable material such as clay within 

the terrace deposits. It was previously that groundwater can affect GPR signals significantly. This GPR 

survey could have been affected by elevated groundwater level saturating the material because the 

GPR fieldwork was undertaken after inclement weather.

Based on geological maps, the bedrock geology is Greta Formation beneath transects 1 and 2, however 

it is not observed in the radargram. For bedrock, reflections are expected to be continuous and the 

relationship between the reflections are expected to be parallel or subparallel; neither are observed in 

these two transects. Site stratigraphy suggests that bedrock is anticipated at depths greater than 20 m 

at the northern end of Transects 1 and 2. Based on the GPR survey results this is true for the whole 

length of the two transects.

As mentioned previously, the SLF does not intersect Transect 3, expectedly no visual evidence for 

fault displacement is observed on this radargram. Several planar, concordant reflections are observed 

between 45 m and 130 m; these reflections are interpreted as sequential depositional facies in the 

alluvial environment. Based on the reflections’ geometry the alluvial gravel deposit is onlapping the 

bedrock.

The reflection observed at 6 m of depth in Transect 3 is interpreted as the top contact of the bedrock, 

indicating the geological contact between the bedrock and alluvial gravel deposit. The elevation of the 

Exposure 06 (Figure 3.13) is about 255 m, while Transect 3 is at 265 m. At the base of the exposure, 

which is at 242 m elevation considering the exposure is 3 m in height, is Amuri limestone (bedrock). 

This correlates well with the continuous reflection observed at 10 m bgl at the northern end of 

Transect 3, therefore it is interpreted as the top contact of the limestone.
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Radar reflections in Transect 6 (Figure 3.17) are not what was expected for this site. Most importantly, 

a strong reflection of the bedrock was expected in this profile at around 1 m bgl because of bedrock 

observed in Exposure 08. A typical reflection of a bedrock would be a strong and continuous, similar 

to what was observed in Transect 3. But this is not observed in this profile. In addition, the GPR signal 

is significantly low from 4 m bgl, beyond this depth the signal to noise ratio is poor resulting in 

marginal reflection energy. Subsequently no coherent features are observed 4 m bgl.

Despite this, I have been able to identify what I believe is the fan deposit along this transect, which is 

represented by the planar reflection observed near surface. The prominent breaks in the reflections are 

most likely caused by buried objects such as boulders in the subsurface as expected in this alluvial 

environment and based on the site conditions I observed. As noted earlier, based on geomorphological 

mapping the fan deposit begins at 15 m on this transect, however the GPR profile indicates the presence 

of fan deposit at zero meters too. The varying thickness and depressions in the fan deposit reflection 

are attributed to the paleo topography of the gravel terrace. At 15 m there is a depression in the 

reflection, and it measures 5 m long and 1 m deep, this can be interpreted as a paleochannel because 

the river channels observed at this site are shallow and wide. This depression was potentially filled in 

by the fan deposit.

Between 60 m and 73 m is a reflection at 2 m of depth. This is a subparallel reflection that is moderately 

continuous with a slight southward dip and this reflection does not continue across the profile. Noting 

that bedrock is not observed in this profile, I interpret this reflection as alluvium, it is likely indicating 

depositional facie. Alluvial material is generally unconsolidated, and this was previously discussed. 

However, along Transect 6, the material appears relatively more unconsolidated due to highly 

attenuated GPR signal below 3 m bgl. This transect is at a lower elevation compared to Transects 1, 2 

and 3, and closer to the current river channel hence the terrace deposit (alluvium) is younger. 

Considering that, a higher degree of unconsolidation is expected in younger deposits near the active 

river channel, which results in attenuation.

Based on geomorphological mapping a swamp is observed from 49 m to 60 m in Transect 7 (Figure 

3.17). This swamp correlates with the downward curve (indicating a basin) in the radar reflection. The 

bottom reflection approximately at 3 m bgl is inferred to be a paleochannel which was eventually 

infilled with alluvium, while the reflection near the surface at 1 m of depth is surmised as the bottom 

of the existing swamp, based on which the swamp is 0.5 m to 0.7 m deep. Between the two reflections 

is alluvium because the reflections in here are subparallel to the top and bottom reflections that 

delineate the swamp and paleo channel base. Additionally, these in-between reflections are 

discontinuous and chaotic, indicating unconsolidated alluvial material. Another observation is two sets
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of conical reflections in this basin, this is attributed to potential presence of boulders causing deflection 

of GPR signals.

Analogous to Transect 6 GPR profile, GPR signal is significantly attenuated in this profile at depths 

greater than 4 m. Signals is weaker from 4 m bgl and reflection become incoherent.

3.5.4 Hillslopes: Transects 4 and 5

3.5.4.1 Site Description

Transects 4 and 5 were surveyed on the south facing steep slopes located west of the Leader landslide. 

These slopes are steep (>30°), and some parts even near vertical and densely vegetated. The irregular 

form of the transects (Figure 3.7 and Figure 3.10) is because they were surveyed on a newly formed 

farm track that afforded access to the slopes (Figure 2.9).

Transect 4 is approximately 450 m long from west to east and sits at an elevation of 290 m, roughly 

50 m above the Lake Rebekah (Figure 2.9). The pre-earthquake geomorphology (Figure 2.8) indicates 

that this transect is on steep slopes with relict landslide debris. These debris aprons extend down to the 

base of the slope where they meet the Leader River. The Kaikōura earthquake has triggered new 

landslides on these steep slopes and their debris are draping over the relict features (Figure 2.9), 

however they are truncated by the lake.

Transect 5 is immediately west of Transect 4 and approximately 520 m long from east to west. This 

transect falls across a relict landslide debris deposit on the steep south facing slope and the elevation 

of this transect is roughly 255 m and sits 15 m to 20 m above the lake (Figure 2.9). The eastern end 

of the transect is below what is mapped as gully erosion (Figure 2.9). Geomorphological mapping 

also indicates that 100 m to 150 m above the transect there are recent landslides and headscarps.

3.5.4.2 Site Geology

 For Transects 4 and 5, I was not able to undertake hand augers for field truthing due to very loose 

granular material observed near surface. Along the farm track most of the roadcut has been draped 

over by uprooted trees and small slips triggered by a heavy rainfall event prior to the field trip, therefore 

exposures were limited. In Figure 2.21 is an exposure of greywacke (considered Exposure 07 in this 

chapter), this is one of the locations where intact greywacke was observed on the south facing steep 

slope.

Greywacke observed on this slope is moderately to highly weathered and heavily jointed with near 

vertical black streaks (shear bands) on the outcrop (see Figure 2.21). Also observed on this exposure 

is what is interpreted as slope wash material at the base of the exposure and residual soil overlying the
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intact greywacke during geomorphological mapping.  In general, the slope wash material is loose, very 

angular, fine to medium size greywacke gravel. The depth to bedrock is not known at the location of 

Transects 4 and 5.

3.5.5 Hillslopes: Radargram Descriptions

3.5.5.1 Transect 4

Transect 4 is from west to east, terminating at the western end of the Leader landslide debris 

slump. The profile is looking into the steep south facing slope (Figure 3.18). In general, this profile is 

characterised by somewhat clustered, convex radar facies observed within the first 10 m of depth and 

they are spread across the profile. These convex radar facies are observed amongst planar, subparallel 

reflections.

The upper boundary of these planar, subparallel reflections is the ground surface, therefore an erosional 

truncation. There is no distinctive lower boundary, instead the signal becomes weaker from 10 m bgl. 

The relationship between the individual reflections is subparallel as well, and the reflection continuity 

is moderate. These reflections are observed from west to east in the upper 10 m of the profile. Where 

convex radar facies are observed within this depth range, the planar reflections onlap the curved facies.

As mentioned, the convex radar facies are generally observed in clusters across the profile, and 

multiple reflection facies atop each other. For example, between 60 m to 85 m, 305 m to 345 m and 

375 m to 435 m in Transect 4 (Figure 3.18). The individual reflections within the radar facie are parallel 

to the upper boundary and at the ends where they onlap other convex radar facies the reflections are 

convergent. In the instances where these convex reflections are observed within the upper 5 m, the 

individual reflections are continuous to moderately continuous, however with increasing depth they 

become discontinuous. The lower boundary of the facie cannot be determined below 15 m bgl as 

reflections become chaotic and discontinuous. Largely, no coherent reflections are visible from 15 m 

bgl.

From 375 to 405 m is a reflection that is dipping 10° west (apparent). The bottom end of the reflection 

is approximately 10 m bgl, and it surfaces at 405 m along the profile. In comparison to the curved radar 

facies observed along this profile, this reflection is planar with parallel and moderately continuous 

reflections.

3.5.5.2 Transect 5

This transect is 520 m long from east to west and the radargram is looking into the slope (Figure 3.19). 

Transect 5 shows similar characteristics to Transect 4. The curved radar facies are generally 

observed within the first 10 m bgl, and they are onlapping each other. These facies are convex and 

moderately continuous, relatively weak reflections. The coherent reflections observed at the bottom is
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between 10 m to 13 m bgl and roughly 60 m long and 3 m thick at its peak. The facies above this are 

shorter, 10 m to 20 m long and 1 m to 2 m maximum thickness.

The curved radar facies observed between 155 m to 455 m are generally within the first 5 m to 8 m 

bgl, and they are wavy and longer (up to 60 m) than the smaller facies at the eastern end of the transect 

(Figure 3.19). Similar to what was observed in Transect 4, these curved reflections are moderately 

continuous, and the individual reflectors are subparallel to the top reflection.

From 5 m to 80 m, there are multiple convex radar facies observed down to 12 m bgl, these are 

onlapping each other. The longest radar facie at the bottom is 55 m long, while the overlying facies 

vary in length from 20 m to 30 m. Similar clusters of convex radar facies are observed between 155 m 

to 220 m and beyond. At the western end of the relict landslide (from 360 m to 455 m) is a set of radar 

facies dipping ~20° east within in the top 8 m bgl. Within this range there are roughly eight curved 

radar facies, and they are obstructed by other reflections on both east and west. At 365 m, there are 

two near horizontal radar facies onlapping the 60 m long reflection underneath. At 455 m the mapped 

large landslide feature ends and at this location on the radargram a reflection is observed dipping ~20° 

to the west truncating the reflection of convex facies to the east. West of this dipping reflection is two 

sets of wavy reflections onlapping each other.
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Figure 3.18: The annotated radargram of Transect 4. Annotations are added where geomorphological features are mapped in the post-earthquake setting and also based on interpretations. For presentation the GPR profile is spilt in to 3 sections. Solid black lines shows the existing ground level. Dashed black lines delineate the upper boundary of reflection facies.
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Figure 3.19: The annotated radargram of Transect 5. Annotations are added where geomorphological features are mapped in the post-earthquake setting and also based on interpretations. For presentation the GPR profile is spilt in to 3 sections. Solid black lines shows the existing ground level. Dashed black lines delineate the upper boundary of reflection facies.
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3.5.6 Hillslopes: Radargram Interpretations (Transects 4 and 5)

Radargrams of the Transects 4 and 5 are annotated based on geomorphological features mapped in the 

field ( Figure 2.8 and Figure 2.9) and inferences based on GPR interpretation (Figure 3.19). 

Geomorphological mapping indicates these transects traverse across steep slopes that have a multitude 

of slope processes (e.g., relict and recent landslide debris, active headscarps, ephemeral drainage etc). 

Headscarps can be identified in the geomorphology and are mapped approximately 100 m to 150 m 

above these two transects.

In both transects, convex radar facies are generally observed where relict or recent landslides debris 

slumps and headscarps are mapped. Predominantly, these curved radar facies are found within the 

upper 10 m of the profile. Such onlapping convex and wavy radar facies are interpreted as debris 

slumps resulting from slope failures. As indicated by geomorphological mapping the headscarps above 

the transects are relatively large scale, similar in size to that of the Leader landslide. However, the 

debris slumps interpreted from the GPR profiles (Figure 3.18 and Figure 3.19) do not appear to 

resonate with the size and scale of the Leader landslide slump. (Figure 3.7). They are merely 1 m to 2 

m thick and 50 m long reflections, whereas the Leader landslide slump measures ~1 km from southwest 

to northeast. As a result, the curved radar facies are interpreted as debris slumps occurring from small 

instabilities on these steep slopes.

Another possible interpretation for the curved reflections in Figure 3.18 and Figure 3.19 is that they 

are fault shear zones within the basement rock. However, lack of field exposures in this area inhibits 

correlation between the radargrams and site geology. As a result, this interpretation is discounted.

The large landslide feature mapped from 115 m to 385 m is found on the southeast facing steep slope 

immediately next to the Leader landslide (see annotations in Figure 3.18). Currently, the near surface 

material is mapped as a recent landslide overlapping a relict landslide feature. Specifically, from 305 

m to 345 m, there are two curved radar facies on top of each other. These facies also converge at the 

two ends and the maximum thickness of the slump is 2 m to 3 m. Given their dimensions and 

correlation with geomorphic features, these radar facies are interpreted to represent thin remnants of 

small-scale instabilities on the steep bedrock slopes.

The linear reflection at 112 m apparently dips east at about 40°, this is observed where the western 

edge of the recent landslide is mapped. The dipping feature is characterised by a break in reflections 

as well as vertical offsets but is not as recognizable as the dipping reflection found at the eastern end 

of the landslide. However, the linear character agrees with the mapped landslide extent towards the 

east and so it is interpreted as a slip plane. From 375 m to 405 m in Transect 4, the westward dipping 

radar facie is interpreted as another slipping plane, as well as the eastern extent of the slope failure.
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The linear character compared to the curved reflections east of it is consistent with a translational 

failure, but this is equivocal in the absence of north-south oriented surveys to establish three-

dimensional form.  

At the eastern end, in between 390 m to 445 m is a cluster of convex radar facies overlapping each 

other. The radar facies extend to 15 m bgl and vary in length between 5 m to 30 m. This feature is 

immediately east of the above-mentioned slip plane; in fact, the slip plane reflection truncates the 

curved radar facies. Above this location on Transect 4 there is a mapped relict landslide (Figure 2.9), 

therefore these truncated curved radar facies are interpreted as older slope failure debris potentially 

resulting from the relict landslide scarp sitting 80 m above. Additionally, the observations at this 

location indicate that the linear reflection is the youngest, while the curved reflections east of it are 

older. 

In a 3D space this slope failure is coming out of the slope, however what is seen on the radargram is a 

slice through the slope from west to east. Therefore, I am not able to determine the angle of the failure. 

Regardless, it is likely that the slope failure is a steep translational failure because of the steep bedrock 

slopes in the vicinity.  

The general observations of the radargram of Transect 5 (Figure 3.19) are relatable to Transect 4. 

Rather than large scale landslides, the curved radar facies indicate smaller slope instabilities. Just above 

the Transect 5, from 5 m to 90 m along the profile there is a gully erosional feature mapped (Figure 

2.9); the GPR line does not cross this feature based on the map. However, on the radargram (Figure 

3.19) there are eight curved radar facies spread across this length. This cluster of curved radar facies 

indicates slope failures rather than gully erosion. There are several reasons for this: firstly, the character 

of the curved radar facies is like the ones observed in transect 4 where slope instabilities were observed 

and mapped. Secondly, there is a headscarp mapped above, between 370 m and 420 m of elevation 

(Figure 3.7). It is possible that there were multiple slope failure events in the past that resulted in a 

sequence of curved radar facies onlapping each other. 

At 455 m on Transect 5, there is a linear reflection dipping west, which is truncating reflections to east. 

This reflection is interpreted to be younger than the wavy, eastward dipping reflections immediately 

east of it. In light of that, the general observation of the curved radar facies is that they indicate 

depositional boundaries because most of them onlap each other rather than truncating. Specifically, 

only two truncation events were observed in Transect 4 and once in Transect 5, subsequently 

speculated as erosional or debris remobilisation events. 
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The failing mechanism of the debris slumps seen in the GPR profiles is difficult to be confirmed with 

the information at hand, but two scenarios can be speculated from the combined evidence of 

geomorphological mapping and GPR radargram interpretations.

• One of the scenarios is that these are multiple slope failures that occurred at different time

intervals, with enough time between the events allowing for the loose material to settle and 

form paleosol. Keeping in mind the source material remains unchanged, the relative differences 

(i.e., level of consolidation or compaction) in the debris slump generated the multiple convex 

radar facies onlapping each other. The diagnostic test for this scenario is vibracoring or 

borehole drilling in the location of multiple curved radar facies to determine the boundaries of 

the slumps.

• Secondly, multiple reflections can also be attributed to multiple block failures similar to

observations made by Strain (2020) during his masters work. Multiple block failures tend to 

occur within a short time period; therefore, it is unlikely that material had enough time between 

the failures to settle and consolidate. This makes it difficult to distinguish the events from 

vibracoring or a borehole drilling exercise. Deep seismic surveys or ERT to identify voids 

between block failure events may resolve this.

Lastly, the planar and subparallel reflections near surface are interpreted as continuously deposited 

slope wash or debris resulting from slope instabilities that did not have enough time between events in 

order to form a surface to produce a GPR reflection. During field mapping exercise it was noted that 

these steep slopes were susceptible to inclement weather, so it is likely that the slopes are continuously 

eroded, and debris transported downslope resulting in deposition on the farm track. It is also 

noteworthy that GPR profiles do not indicate presence of bedrock along these two profiles, regardless 

of the proximity to bedrock slopes. Likely explanation for this is that debris from slope failures upslope 

has accumulated at lower elevations resulting a thick deposition.
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4 DISCUSSION 

 PREAMBLE 

As first mentioned in Chapter 1, the overall objective of this research project is to investigate the Late 

Holocene to recent landscape evolution of the Leader valley (the study site). In order to meet this 

objective, detailed geomorphological mapping of the Leader valley landscape before and after the 2016 

Kaikōura earthquake was undertaken. Additionally, a selection of mapped landforms was surveyed 

with GPR techniques, supported by field exposure logging. Firstly, this chapter will broadly discuss 

the key geomorphological processes and resulting landforms that contributed to the evolution of the 

Leader valley, based on what is captured in this investigation. Secondly, this discussion will explore 

the ‘evolution story’ of the Leader valley through time, where the focus is on four (4) key periods. 

Finally, a broad discussion on the effects of the 2016 Kaikōura earthquake on the Leader valley and 

its future development will be outlined. 

 KEY GEOMORPHOLOGICAL PROCESS AT THE LEADER VALLEY 

The mapped landforms at Leader valley (see geomorphological maps in Figure 2.8 and Figure 2.9) can 

be categorised into three main geomorphological processes. Namely, structural elements, hillslope 

processes and fluvial processes. Collectively, these three categorical processes drive the evolution of 

the Leader valley.  Table 4.1 below provides a summary of the key landforms mapped in Figure 2.8 

and Figure 2.9 and their respective geomorphological process category.  

Table 4.1: Summary of geomorphic processes and landforms of the geomorphological maps generated in this study. 

Geomorphological process 

category 
Mapped landforms 

Influence of structural on 

geomorphological processes 

The HFE and SLF 

Hillslope processes and 

landforms 

hillslopes, ridges, relict and recent landslides, headscarps, gully erosion, 

fans, tension cracks, mounds 

Fluvial processes and 

landforms 

 

Leader River (active and inactive channels) and subsidiary features, 

streams and ephemeral drainage, paleochannels, gravel terraces, recent 

alluvium, floodplain, lake, waterfalls, swamps and wetland 
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4.2.1 Structural Controls on the Geomorphological Processes

Post-earthquake geomorphological mapping recognised two fault zones within the Leader valley; the 

HFE and SLF (Figure 2.9). Both of these faults are in the North Canterbury fold and thrust belt. Prior 

to the Kaikōura earthquake (2016) some of the HFW traces were mapped by Barrell & Townsend 

(2012) in the Emu Plains by recognising fault scarps on Quaternary alluvial terraces. It was ascribed a 

recurrence interval of 13,000 ± 8710 years by Barrell & Townsend (2012), however there is not enough 

evidence in subsequent studies to establish an absolute age for the past activities on the HFZ. Albeit 

investigations at Leader valley by Hyland-Brook (2018) inferred 2 to 3 mid-Holocene (last 20 ka) 

events on the HFE and a 5 to 7 ka recurrence interval is suggested. Similarly, the SLF was not mapped 

as an active fault before the earthquake and lacks chronological evidence to determine its 

paleoseismicity in the study site.

The HFE exhibits relatively long splays and has a northeast-southwest strike, while the SLF are short 

splays with a northwest-southeast strike towards the west of the site and northeast-southwest strike 

towards the east of the site. These two fault zones influence the structure of the Leader valley by 

controlling the distribution of bedrock. As seen in Figure 2.11, the HFE is accommodated on the 

geological contact between the basement and cover rock sequence. The bedrock geology west of the 

HFE is basement greywacke and immediately east of it is Greta siltstone, which is the youngest cover 

rock found in this site; considered 1 to 5 million years old (Browne & Field, 1985). The basement is 

at least 100 million years old (Rattenbury et al., 2006). The HFE is thrusting, raising the basement rock 

against the young Greta siltstone. It is a comparatively competent, higher strength rock. It provides a 

continuous supply of basement at elevation, driving the hillslope processes due to gravity. 

Subsequently forming the steep, crested hillslopes northwest of the study area.

The surface expressions of the SLF are mainly on the large gravel terrace south of the site and on the 

floodplain and recent alluvium towards the east (see Figure 2.9). These terraces are underlain by cover 

rocks in the wider valley; predominantly Greta siltstone.  The fault scarps of the SLF in the field are 

recognised by stepped topographical features on the gravel terraces (Figure 2.22).

Geological mapping by Hyland-Brook (2018) found that the SLF is predominantly a bedding parallel 

fault, and no observation was made in the field to suggest cutting across stratigraphy (see Figure 4.1). 

Field evidence collected by Hyland-Brook (2018) showed that the average strike and dip of the SLF 

(see Table 1.1) is similar to the strike and dip of Greta siltstone bedding planes (rock mass defects). 

Southeast of the study site, the SLF manifested along the geological contact between the Eyre Group
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siltstone and Greta siltstone (see the bedrock geology map in Figure 2.11 and Figure 4.1), another rock 

mass defect. The SLF seems to be associated with the folding activity rather than trusting. It is 

accommodated along the bedding planes and other structural defects in the cover rock masses that 

accommodates slipping associated with folding in the NCD. 

Unfortunately, GPR data does not provide strong evidence for fault displacement or the structure of 

the subsurface (see Sections 3.5.2 and 3.5.3), but this is due to massive alluvial gravel deposits that 

form the terraces south of the Leader River. Geomorphological mapping indicates that the SLF crosses 

Transect 1 and 2 on multiple occasions, however there are only two occurrences in the Transect 1 

showing a dipping reflection at the location of the mapped fault splay. Additionally, these two 

reflections do not continue deep into the profile, hence further limiting characterisation of the fault 

within the subsurface. 

Figure 4.1: Geological cross section of the Leader valley by Hyland-Brook (2018). The cross section is east of the Leader 

landslide debris slump. Ktp = Torlesse greywacke; Ike = Eyre Grp; Eza = Amuri; Mnw = Waimea; Png = Greta; Qt = 

Quaternary alluvium. 
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The significance of the HFE at Leader valley is that it is exposed on the Leader landslide scarp, 

although this segment of the fault is not considered to have ruptured during the Kaikōura earthquake. 

Considering that and the fact that it defines a geological boundary on the steep slopes, the alignment 

of the HFE can be inferred from the rupture to the south and exposure on the landslide scarp. Also, a 

large portion of the Leader landslide is contained within the Greta siltstone, which is the less competent 

rock. Just like the SLF, the HFE was not observed on the GPR survey data albeit different rock mass. 

The GPR survey profiles for Transects 4 and 5 (Figure 3.18 and Figure 3.19) shows loss of signal 

at depth, which is attributed to the mantle of loose, highly weathered greywacke gravel on the steep 

slopes.

Considering evidence from this study and previous work by others, the HFE and SLF developed along 

rock mass defects. This resulted in distribution of rock within Leader valley with different competency, 

structure and material properties, subsequently influencing the geomorphological processes and 

distribution of landform features on site.

4.2.2 Hillslope Processes and Landforms

The hillslope processes drive the evolution of the steep slopes west of the Leader landslide largely due 

to gravitational forces. Most of the large-scale landslide scarps are observed on these slopes and this 

can be attributed to the highly weathered greywacke and steep topography. It is also likely that the 

paleoseismicity of the HFE played a part in generating the large scarps, however evidence at hand does 

not confirm this. Based on timing and paleoseismic activity of the HFE inferred by Hyland-Brook 

(2018), a ten-thousand-year gap between the last two Holocene events can be speculated. If the large 

landslide scarps were indeed generated by rupture of HFE in the past, then the question of how and 

when the debris slump was removed from base of the landslide arises. Exploring the answer to that 

question in the future will help understand the influence of geomorphological processes on alteration 

of the Leader landslide debris slump in the future.

The relict and recent landslides observed on bedrock slopes are larger than the landslides observed on 

the gravel terraces, which are surficial deposits. GPR surveys (Transect 4 and 5 in Figure 3.18 and 

Figure 3.19) undertaken on the steep slopes west of the landslide do not indicate the presence of 

landslides of similar magnitude to the Leader landslide. Instead, they provide evidence for small scale 

slope instabilities that are causing mass movement down the slopes.  To the west of the Leader 

landslide, the existence of apparent headscarps of similar dimension to that of the Leader landslide 

provoke the notion that major landslides occurred in the past. However, such deposits are not 

persevered in the geological record, whether because they have been eroded away by the slope 

processes and the Leader River or because they never developed.
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On the contrary, fan deposits are mainly observed at the base of gravel terraces; these slopes are gentler 

compared to the bedrock slopes. Such fans are caused by ephemeral drainage washing unconsolidated 

alluvial gravel down the slope. The GPR survey of Transect 6 (Figure 3.17) was undertaken across a 

fan deposit that is draping over terrace material, and the distinction between the terrace and the fan 

was difficult on the profile. There is little variation in the signal between the contact of fan and terrace 

owing to fan material being sourced from the gravel terrace above. The extent of the fan is 

characterised by converging radar reflections in the radargram (Figure 3.17).

To summaries, the structural controls at Leader valley influence the hillslope processes that shape the 

landscape, along with fluvial process (which will be discussed in the next section). As mentioned 

before, the structural controls define the distribution of rock mass at Leader valley, which in turn define 

the hillslope processes and related landforms. Evidently, large scale steep landslide scarps are only 

found on the basement rock slopes, while shallow landslides are found on the gravel terrace faces.

4.2.3 Fluvial Processes and Landforms

As summarised in Table 4.1, the fluvial processes are concerned with the Leader River and subsequent 

landforms. Firstly, the mapped large gravel terrace south of the Leader River is a key landform as a 

result of the Leader River transporting sediments. It is important to mention that the Leader River is 

the oldest feature, because it meanders across the valley while preserving the historical meanders 

within the basement. This is similar to the Hurunui and Waiau rivers, as they are also old features 

superimposed on the NCD (Balance, 2017). The GPR profiles (Transects 1 and 2 in Figure 3.15 and 

Figure 3.16) show, this terrace is characterised by smooth, convex features in the subsurface that are 

recognized as channel bars or point bars, these are relatively thin, elongated buried features. As seen 

today in the field, the current location of the river is confined to a narrow valley, however even within 

this space the river channels are relatively shallow and wide with a multitude of sand/gravel bars and 

riffles. Therefore, the observations in the radargrams can be surmised as the paleo river channels of 

the Leader River. In light of that, the GPR surveys have been useful in identifying buried fluvial 

landforms within the large gravel terrace approximately to 15 m bgl. A disadvantage in the GPR 

method is that it does not provide enough evidence to differentiate between the features, and this is 

particularly difficult due to lack of field exposures on the transects to correlate geology.

The large gravel terrace is at 290 m to 280 m elevation, while the smaller gravel terraces are at lower 

elevation and they continue down to the current river level, which is approximately 60 m below. The 

GPR Transect 6 is on a lower gravel terrace and the Transect 7 (Figure 3.8 and Figure 3.9) is on recent 

alluvium which is obviously younger, and both their reflection character for alluvial material is 

comparable, indicating similar alluvial processes contributing to the formation of the gravel terrace. A



 

106 

limitation with the GPR method on recent alluvium is that signal attenuates significantly due to 

unconsolidated material.

Notably, the large gravel terrace is up to 500 m wide bounded by the Greta Formation bedrock slopes 

towards the south, however, the lower terraces north of it are only few tens of meters wide. The GPR 

profiles on the large gravel indicates that the river potentially braided across the wide space, and this 

is expected for gravel bed rivers in the Canterbury Region. Transect 6 and 7 lack evidence (i.e., no 

curved radar facies) that suggests braided river system at the lower levels. This can be attributed to the 

Leader River actively cutting down the initial massive gravel alluvium that disturbed or wholly 

removed the paleo features within this area of the terrace. In this process the river has left impressions 

of paleochannels at the base of these small terraces, a feature that is not observed on the large gravel 

terrace. The current course of the river is largely a meander rather than braided river due to the narrow 

valley. West of the Leader landslide, the river has been dammed by the landslide slump forming the 

Lake Rebekah, which has replaced the meandering river. The outlet of the lake is at the base of the 

slump, which has been breached since the earthquake, and from this point onwards the river flow at 

the base of the slump, eroding it away.

Secondly, the subsidiary features like streams and ephemeral drainage paths carry stormwater towards 

the Leader River. There are no drainage paths observed on the gravel terrace, rather, water is seeping 

at the base of the terraces. Even water that flows towards the gravel terrace from the bedrock slopes 

southwest of the site is infiltrated through gravel terrace. There are two streams northeast of the site 

that flow in a southeast direction. These are found in very narrow valleys defined by bedrock slopes. 

Many surface flow paths are observed on the slopes around the Leader landslide as well as on the 

landslide slump.

This research project discovered that hillslope and fluvial processes combined with the structural 

elements resulted in the landforms that are observed at Leader valley. Through time the Leader valley 

has been shaped and evolved, furthermore, the same processes will continue to affect the valley in the 

future.
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 EVOLUTION OF THE LEADER VALLEY THROUGH TIME 

This research project discovered that a combination of geomorphological processes contributed to the 

evolution of the Leader valley from the Late Holocene to recent. In light of that, this section tells the 

evolution story of the Leader valley in four key periods. 

The Leader valley is found at the foothills of the Mt Stewart Range in the Canterbury High Country, 

which is southeast of the northeast trending SKR. The formation of the ranges is largely influenced by 

the major Alpine Fault and the other major fault systems in the MFS, specifically Awatere, Clarence 

and Hope faults. The peaks of the rugged SKR are fairly at similar altitudes, indicating relatively planar 

uplift during the Late Cretaceous and subsequent erosion of the surface. 

South of the Hope Fault the terrane is mostly less rugged and lower in elevation and contains a fair 

number of basins and raised ‘whaleback’ basement low ranges as a result of the North Canterbury fold 

and thrust belt. Regardless of the less rugged nature, uplift of basement rock in this area has been 

favourably supported by the complex fault systems in the region. As a result, cover rocks in the uplifted 

areas have been eroded away exposing the basement rock and leaving it prone to weathering. In context 

of the Leader valley, the Northern Canterbury thrust and fold belt has produced two main fault systems: 

HFE and SLF.   

The rivers in this region are some of the oldest features observed within landscapes; they are 

superimposed on the environment. A modern analogue to the Leader River system is the Waiau and 

Hurunui rivers in the region (Clayton, 1968; Balance 2017). They cut across the structures preserving 

the paleo meanders in the basement rock. As mentioned previously, alluvial gravel terraces in Emu 

Plains have been dated 71 ka. During glaciations (last one was >18,000 years ago) the rivers carried 

large volumes of sediments from mass wasting of bedrock slopes, hence massive gravel deposits can 

be seen overlying cover rocks. However, this resolved following the interglaciation because the 

bedrock slopes were colonised by shrub, reducing mass wasting so the rivers were no longer 

transporting mass sediment. Subsequently, rivers started cutting down the gravel deposits to the valley 

floor, leaving multiple terraces. 

The observations from the wider North Canterbury region agree with the observations made at Leader 

valley. The evolution of the Leader Valley is reduced to four key stages, and their schematic 

interpretations are in Figure 4.2 to Figure 4.5. The Leader valley is found south of the Hope Fault, 

characterised by basement rock to the northwest showcasing ‘whaleback’ form and younger cover 

sequence rocks to the eastern one third of the site. The cover sequence at the Leader valley 

unconformably overlies the basement and comprises, geologically oldest to youngest; Eyre Group 

siltstone and Amuri Limestone, Motunau Group sandstone and Greta Formation siltstone. Greta 

Formation dominates the bedrock at Leader valley. Previous work by Hyland-Brook (2018) found that 
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the Leader Valley (the site) is located on a limb of a fold, where a syncline is observed to the west and 

anticline to the east (Figure 4.1). The syncline was previously recognised by Warren (1995); however, 

the anticline was inferred based on outcrops in the area mapped by Hyland-Brook (2018) and previous 

work by Fyffe (1936) and Warren (1995). 

The Leader River is superimposed on the original landscape (Stage 1 in Figure 4.2); the oldest feature 

observed on site. Considering the geological and geomorphic processes that were in play, the original 

valley floor composed of cover sequence rock: Greta Formation at surface. According to Browne and 

Field (1985), the Eyre Group unconformably overlies the >100 ma old basement rock, while the Amuri 

Group rests conformably on the >55 ma Eye Group. Between the Motunau Group and the Amuri 

limestone is the Marshall para-unconformity, which is ~23 ma (Browne & Field, 1985). The Greta and 

Waimea Formations are conformable. The cover rocks are less competent compared to the basement, 

so their erosion was likely accelerated.  

The next key stage is thrusting and folding in the Northern Canterbury region (Stage 2 in Figure 4.3), 

which had direct effect on the Leader valley landscape. The HFE marks the geological contact between 

the basement rock and Greta Formation, which is geologically younger. It is unclear when the HFE 

and SLF initiated, however, the cover rocks at Leader valley are of Cenozoic age and it is likely that 

folding and thrusting activity was present since then. Evidence indicates the HFE was likely active 

multiple times since the last glaciation, as it has brought up the basement rock against the geologically 

younger cover rocks, which is a considerable amount of displacement. This folding and thrusting 

activity is significant in the Leader valley as they formed faults that accommodated through defects in 

the rock mass. Additionally, this is considered to have preceded the glacial activity because the gravel 

Figure 4.2: Interpreted Stage 1 of the evolution of Leader valley. Greywacke basement shown in grey and cover rocks in 

brown. Diagram not to scale. 
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terraces observed in the basins, specifically Leader valley comprise massive greywacke gravel 

deposits. The uplifting basement was eroded by glaciers forming gravel deposits. 

Consequently, the next key stage (Stage 3 in Figure 4.4) is Late Pleistocene glacial activities in the 

Northern Canterbury region. According to Clayton (1968), at least three glacial events affected the 

Waiau river valley in the Northern Canterbury and he also found that the terraces sit approximately 

400 m above the current river level. Down cutting of the terraces is common in this area due to river 

trying to reach the base level, as well as displacement by major fault activities. Current research and 

Figure 4.3: Interpreted Stage 2 of the evolution of Leader valley. Greywacke basement shown in grey and cover rocks 

in brown. Folding and thrusting leading to bedding parallel faulting in cover rocks and uplift of basement. Diagram not 

to scale. 

Figure 4.4: Interpreted Stage 3 of the evolution of Leader valley. Glaciated greywacke gravel sourced from the uplifted 

basement deposited by the Leader River. Large gravel terrace formed within the basin against the bedrock flanks. Folding 

and thrusting continues in the North Canterbury Domain. Diagram not to scale. 



 

110 

field evidence do not provide sufficient information to establish the magnitude and age of continued 

thrusting and folding activity in the area. However, it can be speculated that the deformation continued 

throughout the glacial period.

Glacially derived gravel has been transported by the Leader River to the study site. This is indicated 

by the large terrace found south of the Leader River comprising massive alluvial gravel deposits. 

Gravel deposits of similar elevation are also deposited north of the river; however, aerial extent is 

smaller. Rapid erosion of the cover rocks meant; the valley became wide allowing expansive room for 

material deposition. The glaciated material is deposited on the paleo topographical basins of the cover 

rocks, as the basement rock are valley defining steep slopes. Within this type of environment, the rivers 

tend to be braided, reworking the gravel beds and their displacement is largely horizontal consuming 

the wide valley. Overtime gravel accumulates creating large terraces we observed today south of the 

Leader River at this study site.

At Leader valley, along with the cover rocks, it is likely that the uplift of the basement removed gravel 

terraces that may have been deposited on the cover rocks that once occupied the north-western part of 

the site. The raised basement was also the cause of valley floor changes because it defined the 

headwaters of the river to a confined valley with relatively competent rock reducing the sediment 

budget. This is why the river was no longer depositing massive gravel terraces; this is the beginning 

of Stage 4 (see Figure 4.5). Instead, the river started cutting down the terraces in a bid to reach the 

valley floor. This is observed on the large gravel terrace south of the Leader River; multiple terraces, 

paleochannel impressions and swamps are observed where the river has been. Currently the river is 40 

m to 60 m below the large gravel terrace, which means since the last glaciation the river has vertically 

displaced several tens of meters.

Figure 4.5: Interpreted Stage 4 of the evolution of Leader valley. During the interglaciation gravel supply is reduced hence 

the river began cutting down the large alluvial gravel deposit forming terraces against the bedrock. The river is meandering 

across the valley floor. Folding and thrusting continues in the North Canterbury Domain. Diagram not to scale. 
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In conclusion, the Leader valley was shaped and evolved through the above mentioned four stages 

until the Kaikōura earthquake in 2016. The influence of the earthquake was widespread in the valley 

and changed the landscape; this is further discussed in the following section. 

 EFFECTS OF THE KAIKŌURA EARTHQUAKE (2016) AT LEADER VALLEY

The Kaikōura earthquake in 2016 was a catastrophic event to the natural and built environment, 

evidently it caused widespread damage to vital infrastructure and changed landscapes within seconds. 

At Leader valley the Kaikōura earthquake resulted in the co-seismic Leader landslide, which is 6 

million m3. The effect of this landslide was remarkable as it changed the landscape tremendously.

Prior to the earthquake, the Leader River was meandering in between the basement rock and gravel 

terraces in a southeast direction. The landslide slump cut across the river at midpoint of the site 

damming the river. As a result, the Lake Rebekah was formed west of the slump. The natural dam has 

been breached since the earthquake and lake outlet is flowing at the base of the slump, eroding it 

away. At this location, before the earthquake, the river followed the base of the bedrock. The river 

course has since been buried by the slump, and naturally the river carved its own path around the 

landslide slump. This caused rapid changes downstream of the landslide slump, for example, two 

waterfalls were formed due to change in river course, as well as overall change in river channel 

eroded the riverbanks.

The earthquakes also caused other smaller slope instabilities and reactivated some of the relict 

landslide scarps on the steep bedrock slopes. Mass wasting of these instabilities and the Leader 

landslides increased the sediment supply to the river. Most importantly, the earthquake identified two 

active fault systems that were previously not mapped as active in this site. The large-scale changes 

observed at Leader valley following the earthquake provide insight into likely future events.

 FUTURE DEVELOPMENT OF THE LEADER VALLEY 

Following the Kaikōura earthquake, the Leader valley still continues to adjust to its new shape and 

form, to evolve. Based on current observations, the Leader River will continue to erode the Leader 

landslide slump, carrying the sediment downstream. East of the slump, the river is on bedrock, 

therefore cutting down of gravel terraces is not possible. The bedrock of this part of the river is largely 

Greta Formation, which is less competent rock, therefore it is likely that the river may carve a deeper 

valley in this cover rock. 

Naturally, the influx of material from landslides will be removed by the river and it will likely be 

deposited east of the Leader landslide, potentially beyond the study site as well. Until the river removes 
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an adequate amount of the landslide slump carving a course, material entering west of the landslide 

will likely be settled at the bottom of the lake raising its level. 

There is also potential for further slope instabilities, however, the size of them cannot be determined 

with evidence at hand. This is not just restricted to the steep slopes west of the Leader landslide, as 

there are multiple scarps on the gravel terraces, particularly the towering gravel terrace just east of the 

landslide. The future development of the Leader valley is driven by many geomorphological processes 

identified in this research; however, changes will likely be at variable temporal scales. 
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5 CONCLUSIONS

The origin of the valley is influenced by the major Alpine Fault and MFS, that uplifted and deformed 

the North Canterbury region. These fault systems uplifted the basement rock, which lead to erosion of 

the cover rocks. This is clearly observed at Leader valley. The HFE is thrusting the basement rock 

against the younger Greta Formation, which has resulted in cover rock being eroded on the northwest 

part of the site, while the cover rocks and overlying Quaternary gravel terraces remain on the 

downthrow.

The Leader River is the oldest landform feature observed at this site. It has formed a wide valley on 

the original cover rocks prior to faults uplifting the basement. Glaciated gravel has been deposited by 

the river as a massive terrace. The uplifted basement and the interglaciation reduced the sediment 

supply, following which the river started cutting down the terrace reaching the bedrock, forming the 

valley as seen today.

This research project captured a combination of geomorphological processes contributing to the 

evolution of the Leader valley in the Late Holocene and these processes are expected to evolve the 

valley in the future as well.

 CHALLENGES AND FUTURE WORK

Conducting a field-based research project was rather difficult during a pandemic. A key challenge was 

not being able to undertake vibracoring at this site to complement GPR surveys due to COVID-19 

travelling restrictions and multiple national lockdowns. It would have been very useful in identifying 

paleo features within the large gravel terrace. Nonetheless, vibracoring can be a positive direction in 

future work at Leader valley. I recommend vibracoring to be undertaken along the GPR survey 

transects across the gravel terraces for site specific field truthing.

There are other geophysical surveys that can also be useful in identifying buried structure of the gravel 

terraces as well as the steep slopes west of the Leader landslide. Examples are: Multi-channel Analysis 

of Surface Waves, Seismic Refraction Survey (SRT), Electrical Resistivity Tomography (ERT), these 

methods can penetrate deep in to subsurface, however they must be accompanied by field truthing for 

accurate results.
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A. APPLICATION OF DENDROCHRONOLOGY 

 GENERAL PRINCIPLE OF DENDROCHRONOLOGY

The principle behind tree ring dating is that a tree is a stationary living thing with a crown, trunk and 

root system that reacts to the environmental factors; some parts of the tree may receive a signal from 

environmental fluctuations while others may react to them (Schweingruber, 1988) (Figure A 1). For 

dendrochronological approaches to be successful, the trees should have been growing in areas where 

strong seasonal climatic changes can form annual growth rings. During the early stages of growing 

season, the reproductive cambium cells of a tree form a large thin-walled earlywood tracheid that 

transports water and nutrients, however later in the season these become smaller and denser and are 

dark in appearance due to thick cell wall (Figure A 2) (Stoffel et al., 2010; Pearl et al., 2020). The 

width and character of each tree ring are attributed to the biotic factors such as genetic makeup of the 

tree, aging of tree that are unique to each species, while abiotic factors are temperature, soil, moisture 

and nutrient supply (Stoffel et al., 2010). Thus, trees growing at the same site can register signals from 

the same environmental impacts and fluctuations in their tree rings (Stoffel et al., 2010).

 

 

Figure A 1: Conceptual summary of how seasonal growth rings in trees register growth variability. Tree rings (a) contain 

multitude of data that provide evidence for environmental conditions that affected tree growth and (c) often enhanced 

by evidence from a wide range of disciplines (Pearl et al., 2020). 
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As a result, tree ring dating provides the absolute age accurate to the calendar year and aids in 

qualitative and quantitative reconstruction of past environments (Dean, 1997). There are many 

applications of dendrogeomorphological methods. Schweingruber (1988) presents some excellent 

examples of tree ring dating in historical sciences such as history of house-building in the Neolithic 

period in Switzerland, settlement history of New Stone Age and Bronze Age in Switzerland and 

historical wooden buildings such as Trier Cathedral in Germany and The Wolf House in Arkansas. In 

geomorphology tree dating has been used in assessing volcanic eruptions, earthquakes and slopes 

movements (Schweingruber, 1988). Combined with geomorphological mapping, tree ring dating can 

be used to reconstruct natural hazards and paleo environments (Stoffel et al., 2010). See work by 

Bollschweiler et al. (2008), Šilhán (2021a), Šilhán (2021b), and Corominas & Moya (2010) for such 

applications in reconstructing paleo environments.

For this research project, I attempted to apply tree ring dating techniques to date landform features 

observed within the site, however, the results were inconclusive. The following section presents the 

methodology used and the results are presented in Appendix A.

Figure A 2: Thin section examples of tree rings in (a) Norway spruce and (b) Cembran pine (Stoffel et al., 2010). Light 

areas are early season growth while the dark area is late season growth with thick cell wall. 
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 METHODOLOGY

For this research project I sampled increment cores from nine (9) living Black Beech trees found within 

the Leader valley (Figure A 4) utilising the method explained by Schweingruber (1988). There were 

only nine viable trees that I could sample from. I observed some Black Beech trees on the Leader 

landslide slump, but due to health and safety reasons this area could not be accessed by foot, limiting 

the sample size.

Coring was done exclusively with Swedish increment borer; more details on the equipment and how 

to use it are available in Schweingruber (1988). Ideally the coring location on the trunk should be 30 to 

40 cm above the ground, therefore the coring location was chosen approximately 30 cm above the 

ground level. Also, during coring, it is important that the borer penetrates towards the pith 

perpendicular to the trunk, to ensure optimal core length and avoid breakage of the core inside the 

borer. The borer collects a 5 mm diameter core sample which is then transferred inside a plastic straw 

to prevent drying out and keep the core straight (Figure A 3).

Back in the lab, the cores were removed from the straws and mounted on to a grove in a wooden block 

using water soluble glue. The wooden blocks were labelled, and cores were taped on to the block until 

the cores were completely dry. Taping helps keep the cores straight while they dry out as they tend to 

shrink and change in shape during desiccation. When placing the core in the grove, it was placed in a 

way that the ‘grain’ of the core is perpendicular to the wooden block, i.e., one is looking directly down 

on top of the cell structure to optimises the visibility of the tree rings. Once all the cores were dry, they 

were sanded and polished to achieve a smooth surface to streamline ring counting.

In order to count the growth rings, core samples still mounted on the wooden blocks were placed under 

the microscope. The rings were counted from the outer (i.e., bark to pith); I counted twice for each 

sample to ensure accuracy of the counts.
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Supplementary information was recorded in the field along with coring. The GPS location and the 

trunk diameter of each sampled tree at chest height (DCH), also the bearing the of the core. In addition, 

other details on the appearance of the trees, such as any physical or biological damage to the trunk and 

site conditions.  

It is also noteworthy that trees to sample from were selected based on comms with Gretel Boswijk 

(2021) in the field. The Leader valley was limited in terms of trees that would be useful in this 

approach. The only species I found was Black Beech trees, clustered on a slope northwest of the Leader 

valley. 

 TREE RING DATING RESULTS 

In Table A 1 are the tree ring counts for each core sample from Leader valley and Table A 2 presents 

the supplementary data pertaining to the cores collected at the site. 

  

Figure A 3:  Cross section view of a tree that has been cored with the displaced core sample at the bottom (DeYoung, 

2018). 
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Table A 1: Tree ring counts for the core samples from the Leader valley. 

Sample ID Ring count 1st attempt Ring count 2nd attempt 
Average age 

(years) 

LVY001A 25 25 25 

 

LVY002A 30 30 30 

 

LVY002B 36 36 36 

 

LVY002C 47 47 47 

 

LVY003A 54 54 54 

 

LVY004A 39 39 39 
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LVY005A 39 39 39 

 

LVY008A 45 44 44.5 

 

LVY009A 53 56 54.5 

 

LVY010A 59 60 59.5 

 

LVY010B 39 38 38.5 
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Table A 2: Supplementary details pertaining to the sampled trees and cores at Leader valley. 

Tree 

no. 
Sample ID 

DCH 

(cm) 

Core bearing 

(°) 

Core length 

(cm) 
Additional notes 

01 LVY001A 41.0 275 
 

7.2 

Two of what seems to be forest fire scars 

on the trunk; boring abandoned due to 

rot at the pith. 

02 

LVY002A 

34.0 

180 9.3 

Borer did not reach the centre of the tree; 

terminated due to borer grinding and not 

progressing; short core sample. 

LVY002B 090 16.0 Perpendicular to cores A and C;  

LVY002C 180 17.2 

Forest fire scar on the trunk facing north; 

bored right through the pith towards the 

scar; same bearing as core A; the tree 

grown on moderately weathered 

greywacke rock.  

03 LVY003A 45.0 000 30.1 
No scarring on the trunk; bored past the 

pith. 

04 LVY004A 35.0 090 26.9 No scarring on the trunk. 

05 LVY005A 40.8 140 19.7 
Greywacke outcrop 5 m from the tree; 

bored past the pith. 

06 LVY006A 40.0 200 - 

Core broke during boring and stuck in 

the borer; some branches of the tree were 

dead. 

07 - 34.5 - - Dead tree; no sample. 

08 LVY008A 40.0 126 28.0 

Very hard bark compared to other trees; 

three attempts to bore a core from the 

tree; surrounded by some Kanuka trees; 

bored past the pith. 

09 LVY009A 45.0 126 29.4 
No scarring on the trunk; surrounded by 

Kanuka trees; bored past the pith. 

10 

LVY010A 

52.0 

126 29.6 

Bored from one side to the estimated 

centre of the trunk; surrounded by 

Kanuka trees; bored past the pith. 

LVY010B 300 29.5 
Bored from the opposite side of core A; 

bored past the pith. 
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 RESULTS DESCRIPTION 

For the purpose of this research project, the results of the dendrochronological technique are 

inconclusive, however this section describes what the results may signify. 

Figure A 4: Location of Black Beech trees sampled for tree-ring dating at Leader valley. 
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One growth ring represents one year of growth; in the case of Black Beech core samples obtained from 

this study site indicate variable ages. The lowest estimated age is 25 years, which is from the LVY001A 

sample, however this core did not reach the pith due to rot at the centre of the tree. The highest age 

estimated is 59 years, which is from the sample LVY010A. Ignoring LVY001A, the rest of the samples 

indicate the trees at this location are at least 30 years of age and the age varies between 30 and 59, 

which is a considerable range. The wide range indicates that the trees started growing on this site at 

different times potentially through germination from the matured trees. It is uncertain how these trees 

reached this location on the slope, as they were clustered on a mound with no other Black Beech 

trees observed in that area. Also, from comms with Rebecca Kelly (2021) the landowner, this area 

has been subjected to forest fires for Māori hunting purposes and later for European settlements. The 

site has also been subjected to forest fires relating to recent farming activities, therefore it can only be 

surmised that the Black Beech trees are not part of the original landscape.

Ring counting on these core samples was extremely difficult due to discoloration and sensitive growth 

rings with irregular growth patterns. Some cores were affected by rot in the centre of the tree. These 

factors contributed to the uncertainty and reliability of the ring counts. Another limitation was the 

spatially restricted small sample size, which hindered the comparison of samples between sites to 

achieve more reliable temporal constraints. Consequently, the representation of the age of the Black 

Beech trees in Leader valley is negligible. See Figure A 4 for sample locations. Considering the above, 

the growth rings did not produce a result that benefits this research project.
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