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Abstract

Gisborne is a remote city on the northeast North Island of New Zealand, close to the
Hikurangi Subduction Zone, subject to a range of geohazards. Landslide risk in recent
years has been exacerbated by expansion of residential development into erosion-prone
hillslopes surrounding the city. The hills are underlain by weak Neogene sediments and
uplifted Pleistocene estuarine deposits. Sentinel-1 InSAR has revealed the pattern of
slope displacement across Gisborne’s steepland periphery from January 2016 to
December 2021. Velocities in the line of sight were obtained from the stack of
interferograms and projected along the direction of the maximum slope to correct for
slope displacement. Ascending and descending datasets were combined to reveal the
vertical and horizontal components of displacement. Activity at Gisborne landslides
appears to be linked to rainfall-induced increases in soil moisture. Site investigations
revealed the soils are smectite-rich and exhibit expansivity. In addition, small amounts
of the toxic “asbestiform” mineral, erionite, have been detected in soil exposures in
landslide scarplets. Despite clear evidence of the effects of tree removal, loading of
slopes by construction activity, slope cutting, and installation of unconsented,
inadequate retaining walls contributing to landslides, such activities continue to occur.
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1 Introduction

In urban residential zones, landslides are a serious and complex natural hazard that occur in many
countries globally, and can have social, economic and environmental impacts (Cruden 1990). The most
common landslides in New Zealand are slides and flows in shallow soil and regolith, usually initiated
by heavy rainfall (Crozier 2005). The scale of erosion can vary from individual landslides to multiple
occurrence landslide events (MORLEs), whereby thousands of landslides are initiated in a single event,
on a regional scale (e.g. Crozier 2005). Events of this magnitude make it extremely challenging to map
landslides covering such large areas using conventional ground-based mapping methods and site-
specific in situ monitoring such as extensometers and inclinometers. Therefore, remote sensing
approaches, such as unmanned aerial vehicle (UAV) surveys, light detection and ranging (LiDAR) and
interferometric synthetic aperture radar (InSAR), have been used in recent years. These approaches
provide complementary data sets to traditional landslide mapping and monitoring techniques to maintain
and update landslide inventories (Solari et al. 2020) and aid landslide susceptibility analysis.

The focus here is on Gisborne (Figure 1), on the northeast of New Zealand’s North Island. The city of
38,000 people is situated on a landscape of steep slopes, narrow ridgelines and clay-rich soils, and is
particularly susceptible to rainfall-triggered MORLEs (Cook et al. 2023). Such landslides are often
triggered by extra-tropical cyclones, or slow moving “atmospheric rivers”, which are long, narrow, and
transient corridors of strong horizontal water vapor transport, typically associated with a low-level jet
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stream ahead of the cold front of an extratropical cyclone (American Meteorological Society 2017). The
landslides are often initiated as shallow slumps within Pleistocene estuarine and fluvial sediments,
overlying weak, Pliocene and Miocene marine sediments (Cook et al. 2023). While shallow, they still
damage houses and infrastructure (Figure 2).
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Figure 1. (a) Location of Gisborne, close to the Hikurangi Subduction Zone; (b) elevation map with shallow
landslide locations; (c) geology, landslides and residential property outlines (blue polygons).

In addition, the area is subject to earthquakes from the nearby Hikurangi Subduction Zone, tsunami, and
mud volcano activity. A more recent emerging geological hazard reported here for the first time, and
associated with landsliding, is the presence of the naturally occurring zeolite mineral, erionite, exposed
in a landslide scarp. Erionite can form highly toxic mineral fibers, and when inhaled, can be orders of
magnitude more toxic than asbestos fibers (Patel et al. 2022).

2 Methods
2.1 InSAR
The main methods for the detection of landslides across the Gisborne area here is Interferometric

Synthetic Aperture Radar (InSAR), which is an active remote sensing imaging system that monitors
surface displacement on a cm to mm scale accuracy (Ferretti 2014; Hu et al. 2014). By comparing the
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phase component of repeated SAR acquisitions over the same area, at different times, we can generate
interferograms which provide maps of range change between the ground and the satellite at spatial
resolutions of metres to 10’s of metres (Simons and Rosen 2007). This has emerged as a key remote
sensing approach to allow large areas to be rapidly surveyed without putting people or equipment at risk
and provide preliminary results to help target specific areas for further investigation. Furthermore,
InSAR is most effective at detecting slow landslide processes moving at very slow (16 to< 1.6 m/year)
to extremely slow (< 16 mm/year) velocities (as defined by Hungr et al. 2014), rather than detecting
maximum velocity at failure.

Although InSAR is an effective instrument for landslide detection and analysis, it also presents some
well-known limitations which can lead to the underestimation of the actual number of active or dormant
landslides in an area (e.g., Bayer et al. 2018). These include: 1) Rapid movement such as earthflows and
small-scale landslides can lead to complete coherence loss, and these can be challenging to detect
depending on the satellite's spatial and temporal resolution. 2) The low density of coherent targets
acquired over highly vegetated areas, especially for shorter wavelength SAR systems. 3) Another
important factor to consider is decorrelation and noise in the phase from which deformation is obtained.
While noise contained within the measured interferometric phase (e.g. atmospheric, topographic, and
other noise components), are mostly removed during the processing of the interferograms, the
processing method, filtering and other parameters will impact the LOS displacement results.

For the InSAR analysis in this study, the small baseline subset (SBAS) technique was used to identify
landslide-related slope movements across the Gisborne area. Sentinel-1 single look complex images (12
or 24-day revisit cycle) from the interferometric wide-swath mode for descending and ascending orbit
directions were used (e.g., De Luca et al. 2022). From the ascending track 8, 163 images were used to
generate a stack of 487 interferograms, and from the descending track 175, 137 acquisitions were used
to generate a stack of 409 interferograms. For most landslides the displacement direction coincides with
the direction of the steepest slope, and the accepted method to delineate the actual component of
landslide movement is to project the LOS velocity (Vios) along the direction of the slope (VscLorE; e.g.,
Notti et al. 2014).

2.2 Site Investigation and testing

To investigate the subsurface material properties, a range of field techniques have been used, including
cone penetration test (CPT), shear vane, and ground penetrating radar (GPR). Laboratory investigations
include Atterberg limits, index properties, shear strength. Mineralogy and geochemistry was assessed
using X-ray diffraction (XRD) and scanning electron microscopy (SEM).

3 Results

The landslides (Figure 2) exhibited typical characteristics of previous rainfall-triggered landslides in the
Gisborne region. They are mainly shallow (<2 m) slumps on slopes with initiation angles of 25-35°,
that transition downslope into earthflows, with runout usually topographically constrained within
existing gullies. Material types that fail include fill (e.g., Hill Road landslide), fluvial deposits (e.g.,
Owen Street landslide), residual soils, and colluvium (e.g., Gaddums Hill Road landslide).

Occasionally, the slope failures incorporated some highly-weathered rock (Richardson Avenue
landslide). As an example, on the east-dipping slopes above the Wainui township (Figure 3), the InNSAR
line of sight (Vios) displacement time series of P2 shows a strong seasonal component (Figure 3c¢).

Peaks in the displacement occur during the Austral winter months (June—August). This can be attributed
to the shrinkage of the clay soils in the dry summer months and swelling during the wet winter months.
However, the overall trend indicates P2 is moving away from the sensor in a downslope direction. The
average Vsiope in the area is —15 mm/year, and the maximum Vsiope in the area reaches up to —49
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mm/year. In addition, at other sites measured in Gisborne, rates of ~70 mm year were measured via
InSAR.

Figure 2. (A, B) Slump-flow at Clifford Street affecting deck and swimming pool; (C, D) Ballance Street
fill/retaining wall failure; (E) Gaddum's Hill Road earthflow downslope towards 17 Darwin Road; (F) retaining
wall failure at Owen Road; (G) scarplet and offset retaining wall, Argyll Street; (H) shallow earthflows at

Wheatstone Road.
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Figure 3. (a) Unstable slopes identified in using InSAR Vsrope approach at Wainui, Gisborne. Negative values
(red) indicate movement downslope; (b) acrial imagery showing exposed sediments; (c) displacement time series
in the direction of the line of sight (LOS) from P2 highlighted in (a) and total monthly rainfall.

The hillshade (Figure 3a) shows multiple relict headscarps below the ridgeline, several scarplets are
exposed further downslope, and exposed sediment can be seen in the aerial imagery (Figure 3b).
Understanding the displacement rates and patterns is of particular interest as the shallow landslides are
situated in an area of multiple residential properties under development along the ridgeline.

Example CPT data is shown for the Russell Street landslide in Figure 4, a deeper rotational slump
affecting several houses. Three main soil behaviour types identified, with organic clays and clean sands
0-0.3 m depth: (1) from 0.3 m to ~7 m a clay unit is dominant with layers of silt and sand mixtures; (2)
from ~7 m down to 9 m, silt mixtures are dominant layer; (3) from 9 m to the end of the CPT at 9.65 m
the layer comprises of only sand mixtures. As the cone enters the clays and silts the cone resistance is
~1 MPa for clays and ~4 MPa for silts, and at 9 m, where the sand layer is reached, cone resistance
increases to ~8 MPa. The clay layers exhibit low porewater pressures of near 0 kPa. Porewater pressure
increases in the silt layers to ~100 kPa, and when the sand layer is reached at 9 m, porewater pressure

significantly increases to > 800 kPa.
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Figure 4. Example CPT results showing the subsurface soil characteristics at the middle of the Russell Street
landslide.

Figure 5a shows a scanning electron microscopy (SEM) image of an erionite mineral fiber from a
recently formed (2023) landslide scarp at Russell Street, Gisborne. Figure 5b also includes an energy-
dispersive X-ray spectroscopy (EDS) plot that provides elemental information of the mineral fiber. The
length of the erionite fiber (~5 um) and diameter (~0.4 pm) means that it is close to respirable, according
to the World Health Organization (WHO) guidelines. Indeed, WHO (1986) guidelines state that
respirable fibers are particles with lengths >5 um, diameters <3 pum, and aspect ratios >3:1. Given that
such erionite fibers are a Group 1 carcinogen (Patel et al. 2022), this newly-identified geological hazard
in Gisborne, and its geological provenance, is of significance.

2.5pm 76 (|

Figure S. (a) SEM image of erionite fiber within Mangatuna Formation soils, with location of EDS target
measurement marked; (a) EDS elemental counts of target measurement in (A).

4 Discussion
A range of site pre-conditioning factors can contribute to landslide activity and reactivation of ‘dormant’

landslides (Crozier, 2010). The latter are where the slope has failed in the past, and the slope materials
are then at a residual strength, which is lower than their original, peak strength, and may be more
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susceptible to failure (Stringer et al. 2021). Whether or not a slope fails in soil, rock or fill material is
important, because soil and fill fail through the granular mass, while rock fails along defects such as
joints and/or bedding planes.

Within the Gisborne area, as shown by site visits and Sentinel-2 optical imagery, shallow slumps and
flows are common. Some of these are new failures, while others are more likely to be reactivated existing
landslides. Generally, the observed landslides reported herein accord with previous observations of
shallow landslides in the region, that typically occur within the highly-weathered Pleistocene Mangatuna
Formation soils (e.g., Cook et al. 2022; Mazengarb 1997). In addition, however, several failures have
been reported on “fill” slopes, where slopes have been modified to accommodate construction activity,
such as tennis courts or swimming pools. Such fill failures are not uncommon across New Zealand,
often due to poor compaction and drainage management in urban and suburban areas (e.g., Brook, 2018).

Nevertheless, whether the landslide is within soil or fill, it is probably promoted by drainage and
permeability contrasts that occur with the underlying Miocene Tunanui Formation mudstones (Cook et
al. 2022). Such contrasts cause elevated groundwater tables during heavy, prolonged rainfall, as
indicated by groundwater ‘daylighting’ out of exposed landslide headscarp exposures. The Mangatuna
Formation soils have an effective friction angle of ~30°, but if soil have undergone ‘strain-softening’
through modification, loading or landsliding, they may be at a lower residual strength, making them
susceptible to failure (e.g., Bromhead 1979). Hence, the residual friction angles of the soils are probably
much lower than 30°, and close to typical slope angles.

Finally, while antecedent rainfall and soil moisture are important, slope failures often occur later summer
when the ground has dried out, smectite-rich soils have shrunk, and fissures through the soil mass have
opened up. This can result in slopes that are vulnerable to intense rainfall events, with water infiltrating
deeper and faster into the subsurface, than when soils are much more moist, and fissures have narrowed
(Cook et al. 2022).

5 Conclusions

This study focused on slow-moving shallow soil landslides driven by soil creep and the shrink-swell of
clays, which in Gisborne often transition into fast-moving earth and mudflows during heavy rainfall
events. The landslides are often associated with steep slopes affected by deforestation, overgrazing and
undercut by roads, rivers and tracks. The InSAR analysis has shown a high consistency between areas
of deformation and shallow soil failures observed in the aerial imagery and the field. Slope velocities
increased rapidly, specifically, following ex-tropical cyclones since April 2017, and more generally
following heavy rainfall events during winter months. Maximum velocities of ~70 mm/year in the
Vsiope direction were detected by InSAR. Seasonal displacements due to shrinking and swelling of
smectite-rich expansive soils also occurs, driven by wet and dry periods. In addition, a new geological
hazard has been outlined for the first time here, the presence of the carcinogenic, naturally occurring
zeolite mineral, erionite. This was identified in soils exposed in a fresh landslide scarp, but the risk to
human health from erionite exposure is unknown, and is subject to ongoing research.
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