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Introduction 
The fieldtrip will take participants to the epicentral area of the 2016 Mw 7.8 

Kaikōura Earthquake in North Canterbury (Figure 1). The landscape in this

region includes flights of Late Quaternary fluvial terraces, tectonic basins and 

ranges, and landslides. The formation of these landforms is strongly 

influenced by active Earth deformation and seismic shaking during large 

earthquakes. We will examine geomorphology produced by surface rupture 

and ground shaking during the Kaikōura earthquake. The trip will visit fault

scarps and displaced fences produced by surface ruptures, together with a 

large intact landslide dam (Nicol et al. 2018; McCarthy 2025). Participants will 

have the opportunity to observe the Leader River as it is re-establishing itself 

across the large Leader landslide. During the fieldtrip we will see a landscape 

that has evolved rapidly since the earthquake and discuss the natural hazards 

posed by earthquake-related processes. 

In the following sections we provide background material for the 

fieldtrip and more detailed descriptions of each stop. This fieldtrip guide will 

be augmented by discussions during the fieldtrip. 
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Figure 1. Maps showing the plate boundary setting of the Kaikōura earthquake. (a)

New Zealand plate boundary. AF, Alpine Fault; ChCh, Christchurch; HT, Hikurangi 

Trough; Well, Wellington. (b) Geology (Torlesse Supergroup Basement - grey; Late 

Cretaceous-Cenozoic strata – orange-brown; Quaternary deposits – yellow-green; 

Rattenbury et al., 2006), active faults (black lines from Langridge et al. 2016) and 

faults that ruptured in the November 14 2016 Mw 7.8 Kaikōura earthquake (red lines

with fault names) in the northeastern South Island. The Pacific Plate motion vector 

relative to the Australian Plate is from Beavan et al. (2002). MFS, Marlborough Fault 

System; NCD, North Canterbury Domain. Figure from Nicol et al. (2018). 

Kaikōura Earthquake and geological setting 
The Mw 7.8 Kaikōura earthquake struck almost 10 years ago at two minutes

past midnight on 14 November 2016 (NZDT). Its epicentre was located near 

the South Island township of Waiau (Figures 1 & 2), where we will be visiting 

today. The Kaikōura earthquake ruptured at least 20 faults at the ground

surface for a distance of ~165 km across the plate boundary zone in the 

northeastern South Island of New Zealand (Figure 1). The earthquake initiated 

at a focal depth of ~14 km on The Humps Fault (Figures 1 & 2) and propagated 
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northwards with the greatest energy release occurring north of Kaikōura

(Kaiser et al., 2017; Hamling et al., 2017). Although damage to housing, farm 

infrastructure and the transport network was extensive, only two deaths were 

attributed to the earthquake. The low number of fatalities reflect the mostly 

rural setting of the earthquake and its timing; if the earthquake struck in the 

middle of the day the number of fatalities could have been significantly higher. 

The complexity of the Kaikōura earthquake is partly reflected in the

oblique focal mechanism, which displays approximately equal components of 

thrusting/reverse and right-lateral slip (e.g., Cesca et al., 2017; Kaiser et al., 

2017; Wang et al., 2017). The resulting fault ruptures displaced the ground 

surface and sea floor with strikes varying from east-west to north-northwest. 

The east-northeast striking faults are primarily right-lateral strike-slip and the 

northerly striking faults have left-lateral reverse displacement (Litchfield et al., 

2018; Nicol et al., 2018). In addition to the mapped surface faults, the spatial 

extent of coastal uplift and widespread occurrence of tsunami up to ~250 km 

from Kaikōura have been interpreted to indicate slip on the subduction

interface and/or a blind upper plate thrust(s) within the accretionary prism 

complex (e.g., Clark et al., 2017; Wang et al., 2017; Mouslopoulou et al., 

2019).  

The Kaikōura earthquake produced displacement on faults that

accommodate the transition from subduction beneath the North Island to 

continental collision and strike slip on the Alpine fault in the South Island of 

New Zealand (Figure 2a). Onshore in the South Island, ~75% of the ~40 mm/yr 

relative plate motion is transferred from subduction towards the Alpine fault 

via strike-slip on the Marlborough Fault System (MFS) (e.g., Beavan and Haines, 

2001; Wallace et al., 2012). Offshore and east of the Kaikōura earthquake

surface ruptures, plate boundary deformation is accommodated by a 

subduction thrust and accretionary prism complex (e.g., Barnes and Audru, 

1999; Williams et al., 2013). The accretionary prism and eastern MFS are 

underlain by the Pacific plate which, based on seismic tomography and focal 

depths of historical seismicity, extends to a depth of at least 200 km beneath 

the northern South Island (e.g., Eberhart-Phillips and Bannister, 2010; Williams 

et al., 2013). These data indicate that in the epicentral area the top of the 

subducted Pacific plate is located at a depth of ~20-30 km beneath the surface 

ruptures and may define the lower limit of the upper-plate faults (Nicol et al., 

2018). 

In North Canterbury, here referred to as the North Canterbury (Tectonic) 

Domain (NCD) (Figure 2), active faulting and Quaternary deformation has been 

widely reported prior to the Kaikōura earthquake (e.g., Pettinga et al., 2001;

Rattenbury et al., 2006; Forsyth et al., 2008; Barrell and Townsend, 2012). The 

NCD accommodates transpression and is dominated by northeast-striking 

oblique-slip faults with components of right-lateral and reverse displacement 

(e.g., Nicol et al., 1994; Pettinga et al., 2001). These faults typically separate 
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hanging-wall anticlines and footwall synclines, which are manifest in the 

topography as Quaternary-age ranges and basins. Late Cretaceous to Pliocene 

strata, that predate the onset of Quaternary deformation, and Quaternary 

gravels occupy the basins, while the ranges are typically cored by Mesozoic 

Torlesse Supergroup basement (Figure 2) and can reach altitudes of ~1000 m 

(e.g., Warren, 1995; Rattenbury et al., 2006; Forsyth et al., 2008).  

River systems in North Canterbury produce terrace surfaces that range 

in lateral extent and height above their active riverbed. In the basins river 

terraces are laterally extensive, forming wide alluvial plains, while proximal to 

the basin margins and across the ranges (where the rivers are deeply incised), 

the river terraces are of limited size (e.g., Rattenbury et al., 2006). These 

terraces typically comprise the Last Glacial Maxima (LGM) aggradation surface 

(abandoned 10-20 kyr ago), incised by flights of degradation terraces. 

Geomorphic mapping indicates at least 12 degradation terraces below the 

inferred LGM surface in the Leader River and Leader landslide area (McCarthy 

2025). On the Emu Plains, which were displaced by The Humps Fault during 

the 2016 earthquake, may locally reach ~70 kyr in age (Rattenbury et al., 

2006).   

Many of the faults mapped in the NCD are associated with active fault 

traces, which attest to the ongoing earthquake activity of these structures 

(e.g., Pettinga et al., 2001; Rattenbury et al., 2006; Forsyth et al., 2008; Barrell 

and Townsend, 2012). Quantitative data constraining the displacement rates 

and recurrence intervals of these faults is limited, with the majority of rates 

estimated to be <2 mm/yr and recurrence intervals of thousands to 10s of 

thousands of years (Pettinga et al., 2001; Barrell and Townsend, 2012; Brough 

et al., 2023). Due in part to these long recurrence intervals the faults that 

ruptured in the NCD on November 14 2016 were either, not known to be active 

or their lengths were poorly defined prior to the earthquake. Given these 

recurrence intervals it is also unsurprising that the Kaikōura earthquake is the

only historical event to have produced surface rupture in the NCD. In addition 

to the Kaikōura earthquake the Mw 6.8 Cheviot 1901 and Mw 6.4 Motunau 1922

shallow (<25 km depth) earthquakes may have produced surface folding in the 

NCD due to fault displacement at depth (see Downes and Dowrick, 2015, for 

descriptions of the earthquakes and Figure 1 for their locations).   
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Figure 2. Geological map of rock units, active faults that did not rupture during the 

earthquake (dark grey lines) and surface ruptures from the Kaikōura earthquake

(solid and black lines surveyed and dashed redlines inferred from deformation 

recorded by InSAR in the study area south of the Hope fault in the NCD (Rattenbury 

et al., 2006; Langridge et al., 2016). Strike and dip of bedding in Torlesse rocks is 

from Rattenbury et al. (2006). See Figure 1 for location of Figure 2. Inset stereonets 

depict fault planes (great circles) and slip vectors (white filled circles) for The Humps, 

Leader, Conway-Charwell and Stone Jug faults from field measurements. Strike-slip 

movement sense shown by arrows along with upthrow (U) and down throw (D) on 

fault traces. Locations of stops 1, 2, 3 and 4 shown. Figure modified from Nicol et al. 

(2018). 
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Leader landslide and dam 
The Kaikōura Earthquake triggered almost 30,000 landslides over an area

10,000 km
2

 (e.g., Massey et al. 2018, 2020). In Leader River catchment, 

ground motions during the Kaikōura Earthquake initiated hundreds of co-

seismic landslides, the largest of which was the Leader landslide (Figure 3). 

The Leader landslide generated a deposit of approximately 600,000m
2

 in area 

(volume 6-8 million m
3

), with a head-scarp 400 m wide and 200 m high (Gray, 

2018)(Figure 3). The Leader landslide resulted from failure of the southern 

face of Mount Steward which travelled up to 250 m vertically and was 

deposited into the deeply incised Leader River valley. Landslide debris buried 

approximately ~980m of the active riverbed and dammed the river (McCarthy, 

2025). In the weeks following the earthquake, Lake Rebekah formed upstream 

of the landslide dam (Figure 3).  

Figure 3. Aerial view of the Leader landslide (view to the northeast). Note Lake 

Rebekah immediately upstream of the landslide debris and minor flow along the 

landslide-debris margin in the foreground. Photograph by Kate Pedley 6/12/17.  

In the nearly ten years since the earthquake, the Leader River has down-cut 

into landslide debris, fluvial terrace deposits and bedrock (e.g., Figure 4). River 

erosion was primarily achieved by a combination of upstream knickpoint 

migration (Figure 4) and dam-overtopping events. Despite river erosion, the 

landslide dam has not been completely breached, and Lake Rebekah remains 
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today, in part due to landowner intervention in 2017 to stabilize the landslide 

along the active riverbed.  

LiDAR, satellite aerial imagery, drone surveys and landowner communication 

from 2001 to 2024 were used to chart the evolution of the active riverbed pre- 

and post-earthquake for up to 2 km downstream of Lake Rebekah (McCarthy 

2025). Despite the stability of Lake Rebekah, these data show that the position 

and morphology of the Leader River has changed significantly to 

accommodate the landslide, with the formation of two knickpoint waterfalls 

up to 14m high, three waterbodies (two current, one past), and diversion of 

the river around the landslide toe (Figures 3 & 4). Evolution of the river is 

characterised by long periods of stasis (e.g. months to years) punctuated by 

rapid changes in riverbed morphology (hours to weeks) associated with 

incision and aggradation. Here we present the history of river evolution and 

consider factors impacting riverbed morphology. Factors impacting the 

evolution of river-bed include, rain-storm events, partial lake outburst 

flooding, spatial changes in Pliocene-Miocene siltstone bed induration and 

farmer intervention (McCarthy, 2025). 

Figure 4. Photographs of the western knickpoint viewed from the nearby Last 

Glacial Maxima terrace surface. From left to right, images were taken in January 

2017, September 2017 and August 2024. Photos courtesy of Kate Pedley. Figure 

from McCarthy (2025). 

Implications for hazards 

The Kaikōura earthquake and Leader landslide have implications for the

identification and characterisation of hazards. Prior to the Kaikōura

earthquake knowledge of the locations, geometries and paleoearthquake 

histories of the faults that ruptured was incomplete. North of the Hope Fault 
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within the MFS, most of the main faults (e.g., >1 m slip) that ruptured during 

the earthquake were known to be active prior to the earthquake and 

incorporated into the National Seismic Hazard Model (NSHM) (Stirling et al., 

2012). By contrast, in the NCD, most of the faults were either not known to be 

active (Leader Fault) or had poorly defined lengths compared to the 2016 

ruptures. Therefore, independent of whether these faults generally rupture 

together or separately, their pre-earthquake fault lengths would produce 

underestimates of earthquake magnitudes. In addition, the Kaikōura

earthquake supports the notion that many active faults in New Zealand remain 

undetected (or poorly resolved) and have the potential to produce future large-

magnitude earthquakes that would not be explicitly accounted for in hazard 

models (Nicol et al., 2016).  

The 2022 New Zealand seismic hazard model contains about 880 

individual active faults and permits multi-fault earthquakes generally treats 

these as discrete sources (Stirling et al., 2012). Large historical earthquakes 

in New Zealand (Nicol et al., 2022), numerical earthquake simulations (Shaw 

et al., 2022; Penney et al., 2025) and the latest version of the NSHM 

(Gerstenberger et al., 2024) all include multi-fault earthquakes, although the 

Kaikōura earthquake has not been perfectly replicated in the simulations (e.g.,

Penney et al., 2025). The likely existence of undiscovered active faults and 

poorly defined multi-fault earthquake scenarios requires that seismic hazard 

models include large earthquakes (up to at least magnitude 7.8), in the 

distributed model. 

Breaching of the Leader landslide dam could prove hazardous for 

farming operations, transport networks and people downstream of the dam. 

Upstream migration of the western knickpoint (see Figure 4) will ultimately 

lead to breaching of the dam and lowering of Lake Rebekah (assuming no 

further intervention). Therefore, for risk and lake management purposes, 

there is value in considering the likely future knickpoint migration rates and 

associated river incision. Based on knickpoint migration rates since the 

present river location was established, using data from McCarthy (2025) we 

estimate that the dam will breach in ~1.5 to ~18 years from January 1 2026 

(mean ~3.5 years). This large range reflects uncertainties in bedrock 

induration and peak river flow rates. When the dam breaches it is most likely 

to lower Lake Rebekah by 2-4 m and rapidly (within hours to days) release 

~300-400 thousand cubic metres of water downstream. The life expectancy of 

Lake Rebekah following the first dam breach is uncertain, because it is not 

known whether the river will incise into landslide debris, quaternary deposits 

or bedrock beneath the present head of the lake. Despite the significant 

uncertainties, left to natural processes the lake will eventually drain.  
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Stop Descriptions 

Stop 1- Waiau Township 

The township of Waiau is approximately 5 km east of the Kaikōura Earthquake

epicentre. Due to its proximity to the epicentre and possible peak ground 

accelerations of up to 3g being recorded near Waiau, 26 buildings in the 

township were reported to be damaged beyond repair. These heavily damaged 

buildings were either removed completely or abandoned (Figure 5). All Saints 

Anglican church is one of the last remaining buildings in the township of Waiau 

damaged during the earthquake (Figure 5). In the photograph, particularly 

note the lean on the bell tower, which has detached from the church roof and 

floor. The church has not been used since the earthquake.  

Figure 5. Photograph of All Saints Anglican Church in Waiau showing earthquake-

related damage to the building. Photograph taken in October 2025 by Trevor 

Willetts.  

Stop 2 - The Humps Fault fence offset 

The Kaikōura earthquake originated on The Humps Fault, which is the

southwestern-most surface rupture of the Kaikōura earthquake. It strikes east

to northeast and extends for ~36 km from a tip on the western margin of the 

Emu Plains to its junction with the Leader Fault at the base of the Mount 

Stewart Range in the east (Figure 2). In general, the western section of The 
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Humps fault (Figure 2) dips steeply to the south, with dips of ~70-90° from 

surface exposures, aftershocks and the depth of the main shock (~14 ± 2 km) 

(Nicol et al., 2018). Prior to the Kaikōura earthquake, insufficient information

was available to define the length of The Humps Fault or its sense of slip 

(Barrell and Townsend, 2012). Trenching of The Humps Fault indicates at least 

six earthquakes on the fault in the last ~15 kyr, with an average recurrence 

interval of about 3 kyr (Brough et al., 2023).  

Figure 6. Overview of the Kaikōura earthquake southern fault ruptures (A) and the

Humps Fault Zone (B). The epicentre of the Kaikōura earthquake is shown by the red

filled-circle; the rupture initiated on a 80
о
 S dipping dextral reverse fault at ~14 km 

depth and mainly propagated to the east (Nicol et al., 2018). 

Surface ruptures of the ground surface (e.g. red lines on Figure 6) were 

primarily mapped using cracks, fissures and displacements of cultural features 

(e.g., roads, farm tracks, fences and tree lines). The Humps Fault on the Emu 

Plains is primarily right-lateral. The displaced fence on the Dalmer property 

provides a good example of the displacements observed along many of the 

2016 surface ruptures (see Stop 2 on Figure 2 for location; see Figure 7 for 

photo of displaced fence). At this locality the fence displays about a metre of 

right-lateral displacement and approximately half a metre of down throw to 

the north. Along The Humps Fault right-lateral strike displacement, vertical 

displacement and net displacement reach values of up to 4 ± 0.3 m, 3.5 ± 0.5 

m and 3.9 ± 0.3 m, respectively. Displacement measurements across the 

alluvial plains display significant variation in both horizontal and vertical 

displacement. Many of the strike-slip displacement lows are located at steps 

or branch-points along the fault trace indicating that some of the fluctuations 

in displacement may reflect fault segmentation. One possible explanation for 
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the coincidence of displacement lows and segment boundaries is that these 

are sites of elevated off-fault deformation, which is not well sampled by our 

displacement measurements.  

Figure 7. Photograph (looking north) of displaced fence on The Humps Fault, Dalmer 

Property, near Waiau (Photograph Kate Pedley). 

Stop 3 Leader Fault and ‘Waiau wall’ 

The Waiau wall fault surface rupture is located on the Leader Fault which has 

an overall strike of NNE and exhibits primarily left-lateral reverse displacement 

with throw up to the west (Figures 2, 8 & 9). The fault extends for ~28 km 

along strike from a tip in the south to its intersection with the Conway-

Charwell fault in the north (Figure 2). A complex array of mapped traces 

ruptured during the earthquake, forming a zone of up to ~3.5 km wide, with 

strike varying through 180°, and dips from 80° E to 25° W (Figure 2 Leader 

Fault inset stereonet). Along the Leader Fault no active fault scarps were 

identified prior to the earthquake. Paleoearthquake studies after the 

earthquake reveal that the Leader Fault probably ruptured at least once in the 

last 1000 years, although the precise timing of this event remains poorly 

constrained (Bushell, 2022). 
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Figure 8. Hill shaded LiDAR map showing the topography of Woodchester Station and 

Stops 3 & 4. Red triangles indicate the locations of surface ruptures produced in the 

2016 Kaikōura earthquake.

During the Kaikōura earthquake the Leader Fault primarily

accommodated left-lateral reverse displacement, with vertical and horizontal 

components ranging up to 3.5 m and 3 m (including uncertainties), 

respectively (Figure 8). The Waiau wall site (Figures 2, 8 & 9) is one locality 

where the vertical displacement on the fault is significantly above background 

values. It is possible that some vertical displacement at the Waiau Wall site 

reflects gravitational rather than tectonic processes, although this hypothesis 

has not been tested. 
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When the Waiau wall was freshly exposed it was possible to observe 

striations on the fault surface (Figure 8D), which are interpreted to record the 

slip direction of the fault during the earthquake. Interestingly, the orientations 

of these slickenside striations were more dip slip on the lower two metres of 

the fault surface. Curvature of the striations down the fault plane suggests 

that fault slip was initially mostly strike-slip and then a mix of dip slip and 

strike slip. The reason for the change in slip direction at the Waiau wall locality 

is presently unclear, although further north on the Kekerengu Fault a similar 

phenomenon has been observed where it is attributed to the earthquake 

rupture direction (Kearse et al., 2019). Using this curvature and the model of 

Kearse et al. (2019), the earthquake may have propagated from north to south 

along this section of the fault. 

Figure 9. The Waiau wall on Woodchester Station from different perspectives. (A) 

26/11/16. Twelve days after the earthquake, with most of the fault forming nearly 

vertical faces. (B) 6/12/2016. Twenty 24 days after the earthquake. (C) 8/9/2017. 

Significant ponding along fault scarp; nearly all vertical faces have been degraded; 

some have soil forming over colluvial wedges. (D) 6/12/2016. Sinistral-oblique 

slickensides exposed on the scarp; all have now been degraded and cannot be 

observed. All photographs by Kate Pedley.  
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Stop 4 Leader landslide and dam 

The primary purpose of this stop is to examine and discuss the Leader 

landslide and the response of the Leader River to landslide deposition. The 

Leader landslide was triggered by shaking during the Kaikōura Earthquake.

Of the earthquake-induced landslides about 50 collapsed into river valleys 

and produced large dams that impeded drainage and formed lakes (Figures 

3,4 and 10). The Leader landslide dammed the river and took approximately 

1 month to form Lake Rebekah. The Leader landslide material mainly 

comprises weak and low permeability Late Miocene Greta Siltstone 

Formation. The landslide debris is uncompacted and easily eroded 

(compared to bedrock and quaternary gravels). The sequence of events for 

the formation and evolution of the dam is given in Table 1. Most of the key 

events occurred in the first-year post-earthquake. Unlike many other 

landslide dams it has not yet fully breached, although without continued 

human intervention the lake will almost certainly drain in the coming years 

to decades (see “Implications for hazards” section for further discussion) 

Table 1. Timeline of key events in the evolution of the Leader River and Lake 

Rebekah, from the Kaikōura Earthquake (14/11/2016) up to December 2024

(McCarthy, 2025). 

Date/Timeframe 

(d/m/y) 

Event 

14/11/2016 Kaikoura earthquake and leader landslide formation 

14/11/2016 Lake Rebekah starts to form 

Mid 12/2016 Leader dam overtops and western lake forms 

Late 01/2017 Middle and east lakes fill 

13/02/2017 Partial landslide collapse and drainage adjustments 

10/03/2017 Construction of erosion protection bank at western knickpoint 

Mid 10/2017 Eastern lake evacuated by eastern knickpoint migration and dam 
breaching. 

2024-onward Continued migration of western knickpoint 
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Figure 10. Map showing the evolution of the Leader River channel prior to and since 

the 2016 Kaikōura Earthquake. The extent of the Leader landslide is shown in

transparent grey, while river positions are shown in blue (pre-earthquake) and red 

(post-earthquake). Cross hatching shows the locations of water bodies (yellow 

ephemeral lakes) and red (still present). From McCarthy (2025).  
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