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1. INTRODUCTION 

There are a myriad of triggering mechanisms and causative processes involved in landslides 

globally, including climate change (e.g. Handwerger et al. 2022). Indeed, researchers are even 

attempting to predict landslide activity based on future climate change scenarios (e.g. Araujo 

et al. 2022). This is because precipitation is the most common triggering agent for landslides, 

even exceeding earthquakes (Crozier, 2010). Therefore, an extensive literature and paradigm 

has emerged in recent years investigating the effects of future climate changes on landslide 

initiation (e.g., Alvioli et al. 2018; Jakob and Owen, 2021; Araujo et al. 2022). In New Zealand, 

rainfall (Glade 2003) and earthquakes (e.g. Massey et al. 2016) are typical landslide triggering 

mechanisms that can cause destructive, multiple occurrence regional landslide events 

(MORLEs; Crozier 2005). Usually, such events are triggered by high intensity rainstorms, 

superimposed on prevailing high antecedent moisture conditions (e.g. Palma et al., 2020). 

Nevertheless, Crozier (2010) cautioned that land surface changes resulting from human activity 

are a factor of equal, if not greater, importance than climate change in affecting the temporal 

and spatial occurrence of landslides.  Internationally, this has been highlighted by recent 

analyses of landsliding in urban (e.g. Ozturk et al., 2022) and rural (e.g. Santoro et al. 2021) 

areas. Landuse change has also driven slope instability and erosion in New Zealand (Glade, 

2003; Rosser et al., 2017), and this has led to some regional erosion mitigation strategies. In 

particular, in northeast New Zealand erosion from large areas of hill country over the last six 

decades, especially following storms, led to a change from intensive pastoral farming to a 

plantation forestry regime (e.g. Marden, 2012).   

Indeed, the Gisborne region of New Zealand continues to rely on reforestation to 

manage rural hill country erosion (Marden 2004; Marden and Seymour, 2022), while 

engineering approaches are focused on erosion control along the main transport corridors (e.g. 

NZTA, 2014). Despite these approaches, sediment is readily transferred from slopes into rivers 

via landsliding, contributing ~55 Mt of suspended sediment annually (Hicks and Shankar, 

2003). Indeed, this region of New Zealand contributes ~0.3% of the total global suspended 

sediment input to the ocean (from ~0.0003% of Earth's total land area) and ~33% of New 

Zealand's sediment yield to the ocean (Hicks et al., 2011).  Such land degradation in this region 

of steep, erosion-prone hill country in Neogene and Cretaceous soft rock terrain (McGovern et 

al., 2021) has socio-economic and infrastructure impacts that extend downstream, well beyond 

eroding hillslopes and river catchments, into the near shore zone (New Zealand Herald, 2018).  

To attempt to mitigate this erosion, a reforestation approach over the last 60 years has been 

attempted in the most erosion-prone areas (Marden and Seymour, 2022). Exotic plantation 
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forest species such as Monterey Pine (Pinus radiata), with a rotation of ~27 years from planting 

to harvest, have proven useful in mitigating shallow landsliding, earthflows and gullying 

(Marden, 2012), but the current area of hill country affected by gullying is only 5% less than 

60 years ago, according to recent aerial photo analyses by Marden and Seymour (2022).  The 

pattern of landsliding during Cyclone Bola in 1988 (Marden and Rowan, 1993) revealed that 

exotic pine plantations >8 years old provided the best protection against the formation of 

shallow landslides. The greatest damage from Cyclone Bola occurred on pasture and in areas 

of young (<6 years old) exotic plantations, where canopy cover was negligible and root system 

development limited (Marden and Rowan, 1993; Ministry for Primary Industries, 2018).  A 

further issue is that the fast-growing Monterey Pine trees are harvestable ~24–27 years after 

planting, and so soil disturbance and track cutting during harvesting, also makes the soil 

vulnerable to erosion. Nevertheless, much of the existing work on slope failure and erosion in 

the region has been catchment-wide or region-wide aerial photo analysis, or morphological 

budgeting studies using DEM-differencing approaches (Fuller et al., 2020). Moreover, work 

into the effects of geology on landslides and erosion in the region has often been superficial, 

using a simple binary geological classification (‘Tertiary’ vs. ‘Cretaceous’; Marden et al., 

2012). Existing work has rarely focused in detail on specific examples of slope failure and land 

management issues, mainly due to access and legal sensitivities. Here, we report a case study 

report of landsliding due to the effects of forest harvesting activities in the Waingake Forest 

Block area, ~25 km southeast of Gisborne (Figure 1). We availed ourselves of a rare 

opportunity to visit the Waingake Landslide area and study the effects including haul-road 

cutting, drainage management issues, and inadequate erosion controls on slope failure. Thus, 

we provide a case study “ground truth” example to contextualise the region-wide remote 

sensing analyses (e.g., Marden and Seymour, 2022) of this area of New Zealand subject to very 

high erosion rates.  

 

2. STUDY AREA 

The Waingake Landslide (38.827°S, 177.764°E) is located ~28 km southwest of the city of 

Gisborne in an area of gently rolling to moderately steep hill country (Figure 1). The 75 m × 

60 m landslide appears to have initiated between September-December 2018, but was first 

discovered in February 2019, during inspection (Table 1). The catchment that the landslide is 

within is an area of particular importance to Gisborne because most of Gisborne’s water is 

transferred through the area from reservoirs via the Te Arai Water Pipeline (Figure 1). The area 

is within the inner forearc of the central Hikurangi subduction zone (Berryman et al. 2010), 
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and so the large-scale geomorphology is a function of deformation from oblique convergence 

between the Pacific and Australian Plates at 47 mm a−1. Therefore, the area is characterized by 

inclined and faulted topography, and the terrain is one of low angle dip slopes and steeper scarp 

slopes, forming a ‘cuesta’ topography (Mazengarb and Speden 2000; Lacoste et al 2009). Thus, 

the oldest sediments are exposed to the west of the Waingake landslide, and are mid-Miocene 

age Tunanui Formation of the Tolaga Group. These are alternating fine-grained sandstones and 

mudstones, with minor conglomerates (Mazengarb and Speden 2000). Overlying this are the 

units exposed in the headscarp at the Waingake landslide, which consist of late Miocene age 

slightly calcareous mudstones, intercalated with fine-grained silty sandstone. The sequence is 

predominantly moderately soft to moderately hard, and grey in colour, with bedding spacing 

centimetre to decimetre. On slopes and valley floors, late Pleistocene and Holocene deposits 

occur. Due to the uplift, tilting and river incision, large planar rock block-slides, detaching 

along bedding planes within the weak Neogene stratigraphy, are typical of the area (e.g. 

Pettinga 1987; McGovern et al 2021). Examples of such block-slides include the two-phase 

Holocene age Waikaremoana landslide (Davies et al. 2006), and the river-damming 

Mangapoike landslide (McGovern et al. 2021) which occurred in February 2018 (Figure 1A). 

Smaller landslides, typically rotational slumps that can transition into flows, are also pervasive 

across the area.  

 

3. METHODS  

Geomorphological mapping and surface change 

A timeline of surface geomorphological change at the Waingake Landslide area was compiled 

from a range of sources (Table 1). A suite of complementary approaches were implemented to 

investigate the Waingake Landslide’s material properties and geomorphological 

characteristics. Remote sensing in the form of airborne LiDAR and an unmanned aerial vehicle 

(UAV) survey were used to assess the post-failure terrain and geomorphological processes. 

The LiDAR data was collected on 15 February 2019 in the course of the region-wide Tairawhiti 

District Survey, from a fixed wing aircraft using an Optech Galaxy PRIME LiDAR system. 

The survey had a point density of 4 points per m2, horizontal accuracy of ± 1 m and vertical 

accuracy of ± 0.2 m. This post-failure LiDAR survey allowed a comparison with a 2014 pre-

failure Digital Elevation Model (DEM), albeit of 5 m resolution. In addition, the post-failure 

UAV survey was undertaken with a DJI Phantom 4 Pro in March 2019, with a ground sampling 

distance (GSD) of 35 mm. The UAV imagery was processed using Structure-from-Motion 

(SfM; e.g. James et al. 2019) photogrammetry in Pix4D, producing a seamless georeferenced 



5 
 

post-failure image of the site. This was used as a basemap to map landforms during site visits 

and aid geomorphological interpretation.  

Material properties 

Field surveys were used to ground-truth the geomorphological mapping. Soils were tested in 

situ at three locations (upper site, beneath the headscarp; mid-section site; lower site, above the 

toe) down the landslide centerline (Figure 2A; Table 2), as well as being removed for laboratory 

analysis. Field descriptions followed the New Zealand Geotechnical Society Guidelines 

(NZGS 2005). A Geotechnics shear vane was used to obtain field-estimated shear strength in 

three boreholes at a range of depths. Following the New Zealand Geotechnical Society 

Guideline (NZGS 2001), the shear vane blade was inserted into the soil to a depth at least twice 

the length of the vane blade, and extension rods were used to measure at different depths in the 

auger holes, as the hole was advanced. A Scala dynamic cone penetrometer (DCP; Gabr et al. 

2001) was used to evaluate the strength of the subsurface. This method uses a 9 kg hammer 

dropping through a height of 510 mm to drive a 60° cone into the subsurface. The number of 

blows required to drive the cone 100 mm are then recorded at different depths. Soil samples 

from the three locations were removed in aluminium tubes for laboratory testing. For moisture 

content and dry bulk density, core samples were oven-dried overnight to 105°C. Then, the dried 

samples were crushed and subsampled for particle-size distribution analysis using a Malvern 

Mastersizer 2000. Atterberg limits were obtained on the <0.425 μm size fraction of samples 

following the procedures outlined in BS 1377-2:1998. In addition, soil samples were collected 

to identify the typical clay minerals present at the site and investigate soil microfabric. An 

Hitachi SU-70 scanning electron microscope energy with dispersive spectrometry (SEM-EDS) 

was used to identify minerals as well as image microtexture on air-dried soil samples. 

Ground penetrating radar (GPR) 

Ground penetrating radar (GPR) is a common reflection technique for investigating subsurface 

stratigraphy and structure, usually displayed as 2D images (radargrams) of the soil profile with 

depth along the travelled path (Daniels, 1989). GPR sensors measure variations in the dielectric 

constant (relative permittivity) of the subsurface caused by high-frequency electromagnetic 

waves that are emitted and received by the GPR antenna (Bristow and Jol 2003). The resolution 

and maximum depth of the radargrams vary according to the antenna frequency, where higher 

frequencies increase the resolution and decrease the depth of penetration (Daniels, 1989). At 

Waingake Landslide, GPR imaging of the near-subsurface was conducted using a Mala GX 

HDR 160-MHz shielded antenna (antenna spacing = 0.33 m) mounted on an all-terrain cart, 
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with integral GPS. The transect extended southeast, downslope along the centreline of the 

landslide (Figure 2A), with the aim of intersecting the three boreholes as closely as possible. 

The horizontal sampling interval was 0.049 m, along the 30 m-long transect. Processing of the 

GPR data was completed using RadExplorer 1.4.2 and standard processing routines were 

applied including desaturation, first arrival time correction, amplitude correction, bandpass 

filtering and migration (e.g. Bristow and Jol 2003). The GPR data was corrected for topography 

using LiDAR survey data. A depth-averaged radar wave velocity structure was assumed of 0.1 

m/ns, a typical velocity for dry, clayey soils (e.g. Bristow and Jol 2003). 

 

4. RESULTS 

Geomorphology 

The characteristic geomorphological features of the landslide area are shown in Figure 2 in the 

form of an engineering geomorphological map, augmented by site photos of particular features 

in Figure 3. The geomorphological features in Figure 2A are superimposed on an aerial image 

from the March 2019 UAV survey. Contour lines are from the February 2019 LiDAR survey. 

The landslide itself is ~60 m long, and the upper part of the landslide is well defined by a ~ 7 

m high headscarp, in which highly weathered Tolaga Group mudstone is exposed (Figure 3D), 

dipping into the slope at ~30°. Above the headscarp, tension cracks and subsidence have caused 

the fence-line to slump, as the landslide extends retrogressively northwestwards into the layby 

area (Figure 3A). Lateral scarps define the margins of the landslide (e.g. Figure 3B), which has 

a maximum width of ~75 m.  The main body of the landslide is dominated by back-tilted blocks 

(Figure 3C), with the toe of the landslide excavated into a ~10 m batter directly above the forest 

road. Surface water is evident in depressions formed by the tilted blocks above the toe, and 

groundwater seepage occurs from the toe itself.  The toe batter is so steep (~40°) that secondary 

failures episodically occur during wet weather, presumably partly facilitated by blocked 

culverts and drains below the landslide toe (Figure 3F). Thus, the toe and any daylighting basal 

shear planes are obscured by earthflow material. Evidence from the adjacent slopes indicates 

that slope failure is not limited to the Waingake Landslide, and weathered Tolaga Group 

mudstone and residual soils are prone to failure when exposed in cuttings (e.g. Figure 3H). In 

particular, slumping of the skid site across the road from the toe is evident (Figure 2B, Figure 

3E), and the benched slope directly below the landslide is also failing as an ‘underlip’ (Figure 

2B, Figure 3G). Directly downslope of the bench, fill (the toe runout material excavated from 

the road) has been placed onto the slope (loading it), onto which surface water is now directed 
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by drainage coil pipes (Figure 3G). In other areas between Zigzag 1 and Zigzag 2, directed 

surface water is scouring and eroding slope materials, forming small gullies. 

 

Material properties and subsurface structure 

A summary of the geomorphology of the three borehole (BH) sample sites is provided in Table 

2, with material properties reported in Table 3 and Figure 4. Material properties and 

characteristics were logged close to the surface, as well as at 1 m and at 1.5 m depth in each of 

the three boreholes (BH1-3).  Examples of the minerals (smectite, kaolinite) typically 

encountered in the clay fraction are illustrated by the SEM images in Figure 4D, E. The 

alignment of the smectite particles is similar to the smectite-rich soils reported at urban 

landslides in nearby Gisborne (Cook et al., 2022). Field geotechnical properties were 

augmented by laboratory testing. Summary soil index properties (Table 3) show in situ 

moisture contents (w%) lower than the liquid limits (wL%), but higher than the plastic limits 

(wp%). Alongside consistency index (IC) values of 0.38-0.98, and liquidity index (IL) ranging 

between 0.02 and 0.62, the derived limits indicate the soils will behave in a plastic state. All 

can be classified as either “lean clays” (CL) or “fat clays‟ (CH), following ASTM D2487 

(Figure 4A). Based on the NZGS (2005) guidelines, the percentage of fine particle size (<60 

μm) exceeds 35% for all samples, so the soils are classed as cohesive (Figure 4B), dominated 

by silt-sized gradings. Nevertheless, all samples contain proportions of sand-sized particles, 

typical of residual soils. Comparing the plasticity index (Ip) with clay fraction, following 

Skempton (1953), the samples would be classed as highly active clays (Figure 4C), The soil 

undrained, undisturbed shear strength (Su) values are stiff (50–100 kPa) to very stiff (100-200 

kPa) in the upper area, firm in the middle of the landslide (25-50 kPa) and generally stiff in the 

lower area. Overall, there appears to be no consistent patterns in material properties across the 

three boreholes, although the weakest soil in the lower area is at the surface (40 kPa), coinciding 

with the wettest part of the landslide (w=40.3%; Table 3).  Typically, the disturbed shear 

strength (Sd) values are significantly lower than undisturbed (Su) values (8-39 kPa; Table 3). 

The sensitivity index (Is) is defined as the ratio of the undisturbed (Su) and disturbed (Sd) 

undrained shear strength of the soil at its natural moisture content (Skempton and Northey 

1952). The soils at the upper area are generally sensitive (Is = 4-8), while in the mid-section 

and lower zone above the toe, most of the samples exhibit low (Is = 1-2) to moderate (Is = 2–

4) sensitivity (e.g. Skempton and Northey, 1952).  
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Scala dynamic cone penetrometer (DCP) data are reported in Figure 5, alongside the 

GPR profile down the centre of the landslide (see Figure 2A for location). The DCP data 

accords (Figure 5B) with the shear vane data in that there is a general increase in blow count 

(i.e. stiffness) with depth. Second, the stiffest soils are in the upper area (BH1), following the 

pattern exhibited by the shear vane testing. Indeed, at BH1, the blows range from 1 to 5, classed 

as “very loose” to “medium dense” in the NZGS (2005) density index, until 1.8 m, where the 

blows exceed 10 per 100 mm (dense to very dense). A similar pattern is evident at BH2 and 

BH3, with the latter exhibiting a lower rate of stiffness increase with depth than at BH2. The 

GPR radargram is shown in Figure 5A, and the surface observations coupled with the boreholes 

(BH1-3) and DCP data show close correspondence. Indeed, the strong, laterally continuous 

reflectors represent soil layers with contrasting dielectric properties to ~2 m depth. Below ~2 

m depth, reflections become weaker, coinciding with a transition into stiffer soils, as shown by 

the penetrometer data (Figure 5B). At the upper-most end of the GPR profile around BH1, the 

strong reflectors are more discontinuous than further downslope, coinciding with tension 

cracks and scarplets on the land surface caused by rotational slumping and back-tilting of 

blocks (see Figure 2A). Towards the middle of the radargram (chainage ~10-15 m), at ~5 m 

depth, a high amplitude continuous reflector is possibly a basal shear plane and corresponds 

with observations at the toe. In the lower area of the landslide (~22-28 m chainage), the series 

of dipping, cross-cutting high amplitude reflectors is indicative of the successive accretion of 

re-mobilised flows of saturated soils, that are reactivated during wet weather. This pattern 

coincides with the softer DCP data at BH3 where the subsurface is only of medium density 

(e.g. NZGS 2005) to 2 m depth.  

 

Geomorphological change 

Geomorphological changes at the site are illustrated by the aerial imagery in Figure 6. Figure 

6A shows the site in 2016, with the site covered by mature Monterey Pines, prior to harvest. 

The pre-harvest 2014 5 m DEM contours are superimposed on the image. Figure 6B shows the 

site post-harvest in March 2019. As can be seen on the March 2019 UAV image, substantial 

topographic changes have occurred downslope from Tawera Road, including the cutting of a 

forest road across the slope, which has led to the initiation of the Waingake Landslide (yellow 

outline), between Zigzag 1 and the Skid Site 1, sometime between September and December 

2018. At this point in time, the toe of the landslide that extended across the road had been 

cleared, although bulging of the toe can be seen. In May 2019 this failed again, and the 

GoogleEarth image of May 2019, although low resolution, actually shows contractors clearing 
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the toe of the failure from the road (Figure 6). The landscape change illustrated by the aerial 

imagery is characterized by the March 2019 LiDAR DEM in Figure 6C, which confirms that 

significant slope modification occurred to facilitate tree harvesting. In addition, 

geomorphological changes at the site are visible on the LiDAR DEM-differencing in Figure 

6D, which indicates the topographic changes between the 2014 DEM and the 2019 LiDAR 

surveys. Areas of erosion and slope cuttings are shown by yellows and oranges, and areas of 

deposition and fill placement are represented by blue. As can be seen from Figure 6C, the 2019 

LiDAR survey, substantial surface change was evident from the LiDAR DEM-differencing. 

The shallow nature of the Waingake Landslide is indicated by ±3-4 m of change at the site, and 

this accords with observations made during site visits and the cross-section in Figure 6E. This 

also includes the approximate change in elevation along line A-A’, down the landslide 

centreline.  

In summary, the upper part of the landslide and lateral scarps define the primary area of erosion, 

and the lower part is the main area of deposition. Nevertheless, the total volume of erosion 

(6960 m3) is substantially greater than the total volume of deposition (4680 m3) calculated form 

the DEM-differencing. The volume difference (~2100 m3) is the volume of material transported 

onto and across the road, which has been removed by contractors and loaded as fill onto slopes 

below the road. Finally, excavations for forest roads and vehicle layby areas close to the 

Waingake Landslide have created steep, 10-12 m high cuttings, and substantial areas of fill 

have also been placed on slopes above and below the Waingake Landslide. Thus, the DEM-

differencing clearly accords with site visit observations (Figure 3). The factor of safety (F) 

against shear failure for an infinite slope can be approximated by the formula (e.g. Gratchev et 

al., 2019): 

𝐹 =
𝑐

𝛾ℎ	sin𝛽	cos𝛽 +
tanf
tan𝛽 

where soil thickness (h) is 3 m, slope inclination (β) is 30°, unit weight of soil (g) is 18 kN m-

3, cohesion (c) is 5 kPa and the typical friction angle (f) for firm to stiff Tolaga Group soils is 

~25° (LDE, 2019). This results in a factor of safety (F) of 1.02. If the presence of water in the 

soil mass is also considered, for example 0.5 m above a feasible failure plane, this lowers F to 

0.94. Thus, even in dry conditions, excavation of the slope toe to angles of β>50°) seen in the 

forest road cutting in Figure 3C, will lower F to <1, causing failure.  

 

5. DISCUSSION 
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Geology, Geomorphology and ‘badass gullies’ 

As highlighted by Glade (2003) and Crozier (2010), a range of conditioning factors can 

contribute to landslide activity, such as forest cover (Marden 2012), and structural geology 

(Santangelo et al., 2015). In New Zealand, there has been a tendency to oversimplify the 

variability of engineering properties when exploring landslide conditioning factors in soft 

materials (e.g. Williams et al. 2021). This is despite Kluger et al. (2017) unequivocally 

describing how the depth-variable engineering properties controlled failure at a Bay of Plenty 

landslide on the North Island. Moreover, while the effects of deforestation on initiating 

landslides in sensitive soils of northeastern New Zealand are well documented on a region-

wide scale (e.g. Marden et al. 2018), few site-specific studies have been reported.  At the 

Waingake Landslide, the site is subject to continuing rotational failure and slumping, and 

tension cracks above the headscarp indicate continuing active retrogressive expansion. At 

many landslides in the region, structural geology is a key conditioning factor, with large 

volume, bedding-plane landslides (McGovern et al. 2021). Indeed, at a regional scale on the 

soft Neogene materials across the North Island, the presence and distribution of translational 

slides is strongly controlled by the alignment between slopes and preferential failure surfaces 

(Massey et al., 2013, 2016; Prebble and Williams 2016). In contrast, non-structurally controlled 

rotational failures are more strongly related to topography (i.e. the slope threshold model), 

particularly for deep-seated landslides (e.g. Williams et al. 2021). For shallow landslides such 

as the Waingake Landslide, structural geology is of lower importance, and the local bedding 

planes dip (favorably) into the slope at ~30° (Figure 1). Thus, other factors such as the slope 

threshold model, whereby increasing slope angle is directly related to shallow landslide 

occurrence, are of importance, which accords with other research on the North Island (e.g. 

Dymond et al. 2006). 

The other key conditioning geological factor relates to the engineering properties of the 

materials.  Drainage and permeability contrasts between the residual soils and underlying 

weathered Miocene Tolaga Group mudstones are important and are well documented in the 

region (Mazengarb and Speden 2000; Cook et al. 2022). The residual soils are clay-rich 

(particularly smectite) exhibit medium-high plasticity, and are ‘highly active’, following 

Skempton (1953). In addition to the near-surface geological variability, although smectite-rich 

soils in the region typically exhibit friction angles of 24-26° (LDE, 2018), effective cohesion 

is actually low (<5 kPa). This is consistent with the much lower disturbed shear strength (Sd) 

values (8-37 kPa) compared with undisturbed shear strength (Su=23-131 kPa) reported here. 

Thus, soils that have undergone strain through landsliding will have low residual strength, 
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exhibiting remoulded properties, and display low cohesion making them susceptible to 

reactivation and failure (e.g. Skempton 1985). Indeed, the residual friction angles of soils at 

the Waingake Landslide are probably close to, or lower than typical slope angles on natural 

slopes in the area (~20°). The residual strength is important as it should exert a controlling 

influence on engineering design (Skempton 1985) of forest haul road cuttings. 

Marden et al. (2018) referred to large (>0.1 km2) fluvio-mass movement gully 

complexes in the region as ‘badass gullies’. Such features apparently do not conform to any 

existing gully model, and generate disproportionally large amounts of sediment, per unit area 

(Marden et al. 2018). The ‘badass’ gullies seemingly initiated in the early 20th century 

following land clearance, and the contemporary erosive processes at badass gullies are well 

studied (Marden et al. 2018; Fuller et al. 2020, and references therein). As the gullies enlarge, 

surface erosion is enhanced by mass movement processes comprising debris flows, deep‐seated 

and shallow landsliding, which augments rilling, gullying, and other fluvial processes (Fuller 

et al. 2020, p. 3917). Nevertheless, there remains some ambiguity about what geomorphic 

process(es) causes ‘badass gullies’ to initiate, be it a rotational slump, a shallow translational 

failure, groundwater sapping, or the result of rapid stream incision into weak, and/or deformed 

rock. The Waingake Landslide does not yet resemble a ‘badass gulley’ (sensu Marden et al. 

2018), particularly because of the limited surface area (<0.01 km2), but there are some 

similarities in terms of the wider, downslope topography. Thus, whether or not the Waingake 

Landslide is an incipient “badass gulley’, is at this stage open to conjecture, but the landslide 

is at the head of a steepland, low-order catchment, with incised slopes below the toe (Figure 

2B). This geomorphic setting resembles the mature, amphitheatre-like ‘badass’ gully 

complexes currently undergoing failure reported by Marden et al. (2018, p.15).  

 

Rainfall triggering 

While the conditioning factors related to geomorphology and lithological properties outlined 

above are important considerations, landslides in New Zealand are commonly triggered by 

prolonged and/or high-intensity rainfall (Rosser et al. 2017). In the Gisborne region in 

particular, the regional climate is temperate maritime, with warm, moist summers and cool, 

wet winters (Marden and Seymour 2022). The mean annual rainfall 1980-2010 at the Waingake 

climate station 4 km northeast of the Waingake Landslide was 1459 mm a-1 (Figure 7), but the 

region also has a history of extreme erosion generating storms. Indeed, 24-hr rainfall intensities 

of ~150 mm exhibit recurrence intervals of ~3 years (Marden and Seymour 2022), with 



12 
 

Cyclone Bola (1988) delivering up to 419 mm in 24 hours at one monitoring station in the 

region (Sinclair 1993). Nevertheless, determining site-specific 24-hr rainfall triggering 

thresholds for landsliding is notoriously difficult (Segoni et al. 2018), on account of the 

interplay between rainfall, material properties, soil moisture, atmospheric circulation and land 

surface change (Crozier 2010).  The critical antecedent rainfall amount (e.g. Crozier, 2010) can 

also vary markedly throughout the year, making determination of 24-hr rainfall thresholds for 

landsliding even more problematic (e.g. Kim et al. 2021).  

The daily rainfall, atmospheric circulation and soil moisture and surface runoff record 

for Waingake is shown in Figure 7. The daily rainfall (Figure 7B) controls available soil 

moisture and surface runoff (Figure 7A). More broadly however, is the influence of regional 

atmospheric circulation, such as the El Niño Southern Oscillation (ENSO). According to 

Ummenhofer and England (2007), during El Niño years (i.e. negative Southern Oscillation 

Index; SOI), stronger southwesterlies bring drier conditions for much of the North Island, 

decreasing annual rainfall by ~400 mm a−1 in the northeast of the North Island. In contrast, 

during La Niña years (i.e. positive SOI), anomalous northerly winds bring increased moisture 

to the North Island. The SOI record rainfall and soil moisture data in Figure 7 closely accords 

with this, with negative SOI corresponding to soil moisture deficit conditions and vice-versa, 

in the study area. Furthermore, the initial failure of the Waingake Landslide during forest 

harvesting sometime between 13 September and 8 December 2018, occurred during an 

extremely wet year. Indeed, the 2018 annual rainfall total (1822 mm) considerably exceeded 

the 1980-2010 annual ‘normal’ of 1459 mm, with 1459 mm of rainfall reached by mid-

September 2018, and 982 mm reached by the end of June (Figure 7A). Thus, the rainfall record 

illustrates that the Waingake Landslide did not occur due to a particularly high intensity rainfall 

‘MORLE’ event (e.g. Crozier, 2005).  Rather, a prolonged period of enhanced antecedent soil 

moisture probably increased soil unit weight and elevated porewater pressures (e.g. Bronders 

1994). The clay-rich soils were then highly sensitive to land disturbing activities associated 

with forest harvesting. Following Marden and Seymour 2022, p. 15), harvesting (and canopy 

removal) would have resulted in a spontaneous increase in saturation and surface runoff, 

thereby heightening the risk of initiating landsliding, which, ironically, the Monterey Pines had 

originally been planted to alleviate (Ministry of Agriculture and Forestry 2000). 

 

Surface drainage and slope failure 
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The Waingake Landslide was somewhat predictable, given the known relationships between 

slope angles and geology in the region (McGovern et al. 2021; Cook, 2022), underpinned by 

regional (e.g. Marden 2012) and international (Highland and Bobrowsky 2008) body-of-

knowledge of the effects of forestry activities (clear-felling, road infrastructure, soil 

disturbance etc) on slope failure. Nevertheless, whether a slope failure occurs in rock or soil is 

important, because soil fails through the granular mass, whereas a shear surface within 

sedimentary rock may be along a pervasive bedding plane (Hearn et al. 2020). Within the 

Waingake Landslide, both soil and weak mudstone are present within the headscarp area zone, 

adding complexity to delineating the exact failure process-mechanism(s), which can be a 

common issue with landslide failure mode classification (e.g., Hungr et al. 2014). Landslide 

initiation is commonly attributed to permeability differences between highly weathered 

(permeable), and fresh (impermeable) rock, with the permeability contrast creating elevated 

porewater pressure, especially due to antecedent rainfall. Typically in the region, pronounced 

shrinkage of clay-rich soils occurs in years of below average rainfall (i.e. negative SOI), leading 

to formation of vertical fissures (e.g. Fityus et al. 2005). The soil mass is then vulnerable to 

sudden and large rainfall events, with water infiltrating deeper and faster than when soils are 

moister and fissures have narrowed (Garrill et al. 2021). The wetting front advances gradually 

under gravity downslope (e.g. Lumb 1962), with the saturated layer descends toward the 

existing water table (Kim et al. 2004). Porewater pressure increases cause a reduction in 

effective normal stress (normal stress minus porewater pressure), a coeval reduction in shear 

strength (Labuz and Zang 2012), and shallow failure occurs. This was itself evident by ponded 

surface water behind displaced blocks, as well as groundwater daylighting out of the toe.  

Thus, a conceptual model of how forest harvesting promotes landsliding at sites such 

as Waingake (c.f. Sidle and Ziegler 2017) is as follows: (1) tree harvesting removes canopy 

cover facilitating peak pore water pressure increases within soils and weathered rock (e.g. Keim 

et al. 2006); (2) mechanical reinforcement of soils by roots is removed (e.g. Schwarz et al., 

2013); (3) road cutting increases slope gradient and intercepts subsurface flow within the slope 

profile (Wemple and Jones, 2003); (4) inadequate maintenance of culverts (e.g. Keller and 

Sherar, 2003) promotes stormwater runoff across toe of cut slope failure; (5) mechanical 

removal of failed material at the toe during road reinstatement promotes further landsliding by 

“de-buttressing” effects (e.g. Highland and Bobrowsky 2008) 

This study is one of the first to document direct effects of contemporary landuse change 

on landslide initiation in New Zealand. Previous work in northeast New Zealand had made 

catchment-scale and regional evaluations of both historic and longer-term sediment delivery 
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contribution of landslides and gully-mass movement complexes (Marden et al., 2012; 

Bilderback et al. 2015; Kuehl et al. 2016), but such work did not make direct, specific linkages 

to contemporary forestry operations.  Future research should seek to delineate and forensically 

analyse landsliding from contemporary and ongoing forestry activity across northeast New 

Zealand’s soft rock terrain, in particular the 60,000 hectares of severely erosion-prone land 

within the government’s ‘Erosion Control Funding Programme (ECFP; Marden and Seymour, 

2022, p. 2). Indeed, application of remote sensing techniques in the form of a PlanetScope 

satellite data landslide inventory (e.g. Amatya et al. 2019) could then assess whether or not the 

Waingake Landslide is an anomaly, or whether it is typically representative of land 

management failures during forest harvesting in northeast New Zealand. Furthermore, InSAR 

(Interferometric Synthetic Aperture Radar) technology is widely used for measuring 

millimetre-scale deformation of the Earth’s surface, in particular of landslides (e.g., Kelevitz 

et al., 2022). The Sentinel-1 constellation provides freely available InSAR measurements over 

the globe, repeating every 6 or 12 days, and this approach has already been applied to slope 

monitoring within the Gisborne urban area (e.g. Cook et al., 2022). Nevertheless, interpretation 

of InSAR data over vegetated settings can be challenging, and in order to improve the SAR 

signal, corner reflectors (e.g. Kelevitz et al. 2022) can be installed to augment any fixed 

features, such as the existing steel fenceline above the Waingake Landslide (Figure 3A).  

 

Conclusion 

We have presented an investigation of the engineering geomorphology of an active landslide 

in soft materials, triggered by forestry activities, in a region of extreme erosion rates. The 

Waingake Landslide is characterized by a headscarp zone of retrogressive slumping, 

transitioning downslope into a toe zone that overwhelmed the forestry road. Often such 

landslides occur in 1000s as region-wide multiple-occurrence regional landslide events 

(MORLEs) following high intensity rainstorms. Although related to rainfall, however, this was 

a rather isolated failure, with the Waingake Landslide triggered by harvesting of Monterey 

Pines, during an extremely wet year, when rainfall had exceeded the 1990-2010 annual 

‘normal’ in an area highly vulnerable to slope instability.  The soft, clay-rich soils became 

saturated above a less permeable weathered mudstone substrate and porewater pressure 

increase in the soils led to a decrease in effective stress. Cutting of the forest road steepened 

the local slope to below its factor of safety, leading to failure. Inadequate road drainage and 

blocked culverts then led surface run-off along the road, saturating the landslide toe. 

Excavation of the toe of the landslide during road re-instatement reactivated the landslide. 
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Finally, with reference to the impacts of Cyclone Bola (1988) on erosion in northeast New 

Zealand, Marden (2004, p.11) posed the question: Future-proofing erosion-prone hill country 

against soil degradation and loss during large storm events: have past lessons been heeded? 

Based on the Waingake Landslide area, the answer to that question is unequivocally, no. Future 

research should consider this landslide case study to better understand slope failures and land 

management decision-making that contribute to the elevated erosion rates characteristic of 

northeast New Zealand. 
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Tables 

Table 1. Approximate timeline of land-use changes and slope failure at the Waingake 
Landslide and harvest area (sources include Google Earth historical imagery, news, and, 
geotechnical assessment reports from GDC). 

Timeline Activity in vicinity of Waingake Landslide 
1989 Waingake forest block purchased by Gisborne District Council (GDC) after 

Cyclone Bola (1988) to guarantee long-term control of land use around the 
Mangapoike Dam and the Waingake water supply pipeline (Marshall, 2019) 

1993 GDC entered joint venture with Juken New Zealand (JNL) to use the land as 
commercial pine forest; primary intent to protect Gisborne city’s water supply 
and prevent erosion (Cave, 2019)  

Sept-Dec 
2018 

Area designated “harvest area one” harvested between 13 September-8 
December 2018; 8 December, toe of failure extends onto road, blocking access 
(Google Earth; Marshall, 2019)  

Jan 2019 Toe material of Waingake Landslide removed and placed on opposite side of 
roadway, loading the slope below the road; also caused toe of landslide to be 
undermined, reactivating deformation and retrogression of headscarp (Cave, 
2019).  

Feb 2019 15 February inspection large tension cracks evident above Waingake 
Landslide, between headscarp and Layby area; slope failure present above skid 
site one (Cave, 2019) 

March 
2019 

22 March inspection found culverts blocked and other culverts diverting 
drainage water onto filled slope below Waingake Landslide adding to 
instability; large gravel piles placed on Skid Site One adding additional load to 
a failing fill slope; further tension cracks forming above Waingake Landslide 
headscarp (Cave, 2019)  

April 
2019 

Site visit on 29 April revealed significant displacement of Waingake Landslide 
and headscarp migration up-slope; tension cracks above headscarp now 
pathways for water ingress; secondary slip formed at toe of landslide; bulging 
in mid-section of the landslide (Cave, 2019)  

May 
2019 

Material at toe of Waingake Landslide removed by excavator, placed on berm 
on opposite side of road, loading the slope, itself constructed of fill; headscarp 
eroding (10 May Google Earth image) 

Nov 
2019 

Site inspection on 7 November found additional ‘overslip’ failure above haul 
road to north of Waingake Landslide, associated with mid-slope track cut; 
Waingake Landslide headscarp shows further recession up-slope since April, to 
edge of Layby, and more tension cracks evident; toe of Waingake Landslide 
slumping, blocking water flow along haul road, causing ponding and further 
toe scour (Cave, 2019)  

June 
2020 

Implementation plan for Waingake Native Restoration Project approved; pre-
planting weed programme before planting native species in the Waingake 
Forest  

July 
2020 

Commencement of planting of native species in Waingake Landslide and the 
Waingake forest (Gisborne Herald, 2020)  
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Table 2.  Summary of geomorphology and vegetation at each site within the landslide. 

Site Geomorphology Vegetation cover 

Upper 

BH1 

Base of ~5 m headscarp; well-drained, highly 
weathered mudstone exposed in headscarp above, 
colluvium below; small volumes (<1 m3) of re-worked 
colluvium from minor earthflows; small scarplet 
immediately down-slope to mid-section; penetrometer 
refusal depth at 2 m. 

minimal; low grass and 
seedlings (<20 cm) 
emerging in the area 

Middle 

BH2 

Mid-section of failure, below scarplet; bench-like 
setting with low scarplet downslope; well-drained site; 
soils present at surface; no weathered rock visible; 
undulating surface and open tension cracks; bounded 
by lateral scarps; penetrometer refusal depth 2.5 m. 

minimal; low (<20 cm) 
dispersed grasses across 
surface; occasional 
Manuka saplings 

Lower 

BH3 

Toe area above road cutting; undulating surface with 
steep down-slope drop-off to road; turbid ponded 
water in depressions; surface wash and transport of 
fines down-slope into secondary failures in toe cutting; 
penetrometer refusal depth 3.1 m. 

mainly grass-covered 
(<20 cm high); ponded 
surface water 
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Table 3. Summary of soil index and engineering properties from upper (U = BH1), middle 
(M = BH2) and lower (L = BH3) sites, as well as sample depth ranges. wL, liquid limit; wP, 
plastic limit; w, moisture content; Ip, plasticity index; IA, activity index; IL, liquidity index; IC, 
consistency index; Cu, coefficient of uniformity; CC, coefficient of curvature; Su and Sd, 
undisturbed and disturbed shear vane, respectively; Is, sensitivity index. 

BH, depth 
(m) 

wL wp Clay 
% 

w     
% 

Ip IA IL Ic D10 Cu Cc Su 
kPa 

Sd 
kPa 

Is 

BH1 0-0.5 53 25 7.5 31.1 28 3.7 0.22 0.78 2.85 5.0 1.0 48 19 2.5 

BH1 0.5-1.0 49 28 6.8 28.5 21 3.1 0.02 0.98 3.00 6.5 0.9 131 22 6.0 

BH1 1-1.5 54 25 7 28.2 29 4.1 0.11 0.89 2.95 6.3 1.0 131 17 7.7 

BH2 0-0.5 44 25 6.8 34.7 19 2.8 0.51 0.49 3.02 6.8 0.9 28 12 2.3 

BH2 0.5-1.0 49 27 5.5 28.8 22 4.0 0.08 0.92 3.46 9.5 0.8 23 16 1.4 

BH2 1.0-1.5 51 26 5.2 27.8 25 4.8 0.07 0.93 3.60 5.1 1.2 56 39 1.4 

BH3 0-0.5 49 26 5.8 40.3 23 4.0 0.62 0.38 3.38 7.4 0.9 40 8 5.0 

BH3 0.5-1.0 48 24 4.5 31.5 24 5.3 0.31 0.69 4.05 9.1 0.9 72 34 2.1 

BH3 1.0-1.5 49 25 6.5 34.3 24 3.7 0.39 0.61 3.12 7.8 0.8 84 37 2.3 
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Figures 

 

Figure 1: (A) Regional geology and location of the Waingake Landslide, 28 km southwest of 
Gisborne; (B) aerial image showing local geology and location of the Waingake Landslide on 
the drainage divide between the Mangapoike River and the Te Arai River within “Harvest 
Area One”. Map units are New Zealand Transverse Mercator (NZTM).  
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Figure 2: (A) Geomorphological map of the Waingake Landslide presented on an aerial 
image (from March 2019), including contours from the November 2019 LiDAR survey; (B) 
schematic diagram showing the broader site engineering geological context of “harvest area 
one”.  
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Figure 3: (A) Tension cracks and slumping above headscarp; (B) 2 m high lateral scarp in 
exposed colluvium; (C) view up-slope from road at toe towards headscarp (people in box for 
scale); (D) weathered mudstone exposed in headscarp; (E) material removed from landslide 
toe placed on fill slope (Skid Site 1); (F) excavated toe showing blocked drain; (G) tension 
cracks in benched slope below landslide, with outlet pipes discharging directly onto fill; (H) 
sheared and highly weathered Tolaga Group mudstone with high angle pervasive defects (6 
m high road cut). 
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Figure 4: Soil properties: (A) Casagrande plasticity chart; (B) particle size; (C) activity plot 
following Skempton (1953); SEM images of (D) smectite and (E) kaolinite. 
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Figure 5: (A) GPR transect (Fig. 2A for location) down landslide centerline, including 
position of boreholes. Insets show tentative interpretation; (B) Scala dynamic cone 
penetrometer (DCP) blow counts at each site. Penetration was greatest in the lower section of 
the landslide, adjacent to BH3. 
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Figure 6: Geomorphic change in the vicinity of Waingake landslide (outlined in A-D). (A) 
2016 pre-harvest aerial image with 5 m contours; (B) post-failure UAV image from 22 March 
2019; (C) post-failure (i.e. post-harvest) LiDAR hillshade and contours (from May 2019); (D) 
DEM-difference between 5 m DEM and post-failure LiDAR; (E) cross section A-A´ showing 
topographic change, and inset image of reactivation in May 2019 (earth-mover circled).  
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Figure 7: Climate data (January 2015-December 2019) from Waingake NIWA weather 
station, 4 km northeast of the study site: (A) soil moisture deficit, surface runoff and Southern 
Oscillation Index (SOI); (B) daily rainfall (black bars) and cumulative daily rainfall for each 
calendar year (blue shading). Red stars indicate the initial failure and the reactivation.  


