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Abstract

Past research has highlighted the importance of sediment delivery from multiple-
occurrence regional landslide events triggered by storms or earthquakes. Herein, we
examine delivery from a more persistent source of sediment, that of a large, slow-
moving landslide in the soft-rock hill country of Aotearoa New Zealand. We map and
monitor the 80-ha Rangitikei Landslide from 2015 to 2019 using time-lapse photog-
raphy, ground surveys, photogrammetry, and piezometers. We show that the land-
slide can be divided into several zones with distinctive movement patterns, but all
zones respond to river erosion. The fastest zone moves more than 10 m per year in a
flow-like fashion, while other zones move 0.01 m per year via slow sliding. Move-
ment occurs all year round, but is two to three times faster in winter and spring.
While rainfall and associated groundwater change are commonly attributed to land-
slide movement patterns, our data show that river flow correlates closely with the
weekly to seasonal variability in movement of the landslide toe. This suggests that
fluvial erosion can play an important role in the movement dynamics of highly
coupled landslides. We estimate an annual sediment yield to the Rangitikei River of
at least 40 000 tonnes, in this first quantification of sediment delivery from an active
soft-rock landslide in Aotearoa. This volume implies 7% of the total catchment
suspended sediment yield is derived from 0.03% of the contributing catchment area,
demonstrating the disproportionate effect of this (and likely other) deep-seated
landslide(s) as a source of sediment in the Rangitikei catchment. Sediment delivery is
more continuous than the episodic supply of multiple-occurrence regional landslide
triggering events, and by delivering mostly fine-grained sediment, it has a potentially
large impact on water quality.

KEYWORDS
fluvial incision, hillslope erosion, landslide monitoring, mass movement, sediment yield, slope-
channel coupling

apparent during extreme triggering events, which can induce tens of
thousands of landslides almost instantaneously across a landscape,

Landslides are a dominant process of hillslope erosion (e.g. Arsenault &
Meigs, 2005; Korup et al., 2007; Mackey & Roering, 2011), landscape
evolution (Booth et al., 2013; Korup, 2008; Larsen et al., 2010), and
sediment and solute generation (e.g. Emberson et al, 2016;
Korup, 2005; Korup et al., 2004). Their geomorphic work is most vividly

causing a major pulse of erosion and sediment delivery (Crozier, 2005).
For example, the ~62 000 landslides and many millions of cubic metres
of erosion generated by the 2004 Manawatu storm event in Aotearoa
New Zealand (Dymond et al., 2006), or the sustained sediment loading
of rivers from the landslides generated by the 1999 Chi-Chi earthquake
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and subsequent storm events in Taiwan (Lin et al., 2008). In contrast,
while less dramatic agents of geomorphic change, the potential longev-
ity (i.e. millennia) and large size (i.e. >10 000 m?) of slow-moving bed-
rock landslides can mean these individual features produce a significant
long-term impact (Basher et al, 2018; Mackey & Roering, 2011;
Nereson & Finnegan, 2018). The continuous movement of soft-bedrock
landslides can reshape entire hillslopes. Their common coupling to a
river network makes such mass movements a chronic but major con-
tributor to landscape evolution and long-term sediment flux, and a dam-
aging, albeit seldom life-threatening, hazard (Mackey & Roering, 2011;
Massey et al., 2013; McColl & McCabe, 2016; Simoni et al., 2013).

Many mass movements share a close relationship with the fluvial
network. Fluvial incision or bank erosion destabilizes hillslopes, and in
areas of intense fluvial incision landslide erosion prevails (Larsen &
Montgomery, 2012). Delivery of clastic landslide sediments can influ-
ence river form and process, by enhancing erosion or forcing channel
adjustments (or blockages) and through bed armouring (Bennett
et al., 2016a; Egholm et al., 2013; Korup, 2006). This fluvial interaction
depends on the nature of the landslide sediment, hillslope-channel
coupling, and rate of delivery. For multiple-occurrence regional land-
slide events, usually only some proportion of all landslides are con-
nected to the river; for example, approximately 8% of landslides
connected to rivers in the 1999 Chi-Chi earthquake in Taiwan, with
13 and 24% connected in the following Typhoon Toraji and Herb,
respectively (Dadson et al., 2004); 67% of landslides were connected
in the 2004 Manawatt storm (Hancox & Wright, 2005). In compari-
son, many chronic (long-lived, slow-moving) landslides exist because
of, or are sustained by, river incision and therefore are directly
coupled to the river network (Bilderback et al., 2014; Mackey &
Roering, 2011; Nereson & Finnegan, 2018). Such situations may be
common in rapidly uplifting and incising landscapes where hillslopes
exist at threshold slope angles (Larsen & Montgomery, 2012), or in
landscapes in which geological structures render slopes sensitive to
fluvial dissection (Williams et al., 2021).

Due to the often strong coupling of long-lived, slow-moving land-
slides to river systems, they are an important, but seldom quantified,
long-term source of sediment delivery to rivers. In particular, to date
there has been little quantification of the contemporary delivery of
sediment from such landslides (cf. Bilderback et al., 2014), or explora-
tion of how these delivery rates change over sub-annual timescales
(cf. Bovis & Jones, 1992). Furthermore, investigation of the causes of
sub-annual movement variability and the dynamic relationships
between fluvial incision and movement over sub-annual timescales,
relative to other mass-movement drivers (e.g. rainfall), has seldom
been explored. Herein, we help to address this shortcoming by exam-
ining the movement and sediment delivery of the deep-seated
Rangitikei Landslide in the North Island of Aotearoa New Zealand.
The landslide occurs within Neogene marine sedimentary rocks, which
cover about 17% of Aotearoa, and about 30% of the North Island
(Edbrooke et al., 2015). The weak nature of these rocks renders the
landscapes highly prone to slope instability, even at low hillslope
gradient, and the spatial persistence of bedding planes permits very
sizeable landslides to develop, some of which exceed multiple square
kilometres in area (Williams et al, 2021). Over 7000 landslides
(>2 ha), including the Rangitikei Landslide, have been mapped within
Aotearoa’s Neogene cover rocks (Massey et al., 2016; Rosser
et al, 2017). While some of these mapped landslides are likely
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discrete failure events that experienced a single or short-lived period

of motion (e.g. earthquake triggered; Crozier & Pillans, 1991; Massey
et al., 2018b; Mountjoy & Pettinga, 2006), many are likely to be long
lived (>100 years old). Some dated landslides in Aotearoa are many
thousands of years old (e.g. Beetham et al., 2002; Bilderback
et al., 2014) and remain active or dormant, similar to long-lived land-
slides found elsewhere in the world (e.g. Bovis & Jones, 1992;
Nereson et al.,, 2018). Such landslides continuously or episodically
move and deliver sediment to the river network (Massey et al., 2013,
2018a). The fine-grained nature of these weak materials results in the
almost instantaneous production of suspended sediment upon enter-
ing the river network, creating potential water quality and ecological
health implications (Ballantine et al., 2015; Davies-Colley, 2013).
Quantification of the delivery of fine sediment from slow-moving
landslides and its variability compared with other sediment sources
(e.g. shallow, soil-stripping landslides or bank erosion) is needed to
inform land management and suitable national policy targets for sedi-
ment reduction strategies.

2 | STUDY AREA

21 | Geology and geomorphology

Rangitikei Landslide is within hill-country terrain cut into the Neogene
marine sedimentary cover rocks of the Whanganui Basin, central
North Island, Aotearoa (Figure 1; landslide centroid = 175.854°E,
39.751°S). The rocks are predominantly weak (<1-20 MPa uncon-
fined compressive strength) mudstones, sandstones, and siltstones,
with occasional stronger calcareous or concretionary layers, and very
weak clay seams (Lee et al., 2011; Massey et al., 2018a; Rees
et al., 2020) (Figure 1). The cover rocks rest upon the much stronger
(UCS > ~150 MPa) basement Torlesse greywacke rocks, which out-
crop to the east where erosion from uplift of the axial ranges has
exposed them (Lee et al., 2011). West of the axial ranges, the preser-
vation of the cover rocks, and the persistence of planar to gently
deformed bedding layers, reflects the lower rates of uplift, but tec-
tonic activity has regionally and locally tilted, folded, and faulted the
rocks. The regional dip/inclination of the bedding is 3-7° to the
south-southwest (Massey, 2010), but faulting and folding cause local
variation. The cover rocks have been strongly dissected by fluvial inci-
sion, with suites of Pleistocene-Holocene strath terraces and deeply
incised river valleys (Litchfield & Berryman, 2006; Milne, 1973; Rees
et al., 2020). Mostly greywacke river gravels and sands cap the river
terraces, which in places are preserved as flat terraces, and in other
places are deformed and reworked by mass-movement processes.
The fluvial incision, in combination with spatially persistent, dipping
clay layers, gives rise to hillslope instability and the formation of
numerous large, translational landslides in the cover rocks, along with

rotational landslides and earthflows (Williams et al., 2021).

2.2 | PoroalLandslide Complex

Rangitikei Landslide is part of the (c. 11 km?) Poroa Landslide
Complex (Thomson, 1982). The Poroa Landslide Complex is bounded
to the west by the Hautapu River and to the south by the Rangitikei
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FIGURE 1 Location of the Rangitikei
Landslide and geological setting.

(a) Location of map b in the North Island
of Aotearoa, with dark grey shading
showing the distribution of Neogene
sedimentary cover rocks from Edbrooke
et al. (2015). (b) 25 m coloured digital
elevation and transparent hillshade model
and major river network (from land
information New Zealand, LINZ). Black
polygons represent the GNS Science large
landslide database (Rosser et al., 2017)
and mapping by Williams et al. (2021).
The Taihape rain gauge and Mangaweka
flow gauge are labelled. The extent of

38m
T
\@ vd 1
i
aw

Taihape /_/4 ’

Landslide

O%w

/ Complex

/

Poroa,Lan lide

’ {fl

" ¢ - A~

/- AT . e
'.r J" -
\‘Q\Rangmk%er’ o~

7 !I; 7 /
v
: ’4” .rl/i i

map c is marked by the white dashed
rectangle. (c) Geology surrounding the
Rangitikei Landslide showing the cover
rocks, faults and folds, along with major
landslide outlines. (d) Schematic
(approximate) geological cross-section
through Poroa Landslide Complex at
position (i-i') marked on map c. Geological
data for panels c and d are simplified from
Lee et al. (2011) and Townsend

et al. (2008) [Color figure can be viewed
at wileyonlinelibrary.com]
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River, extending about 5 km eastwards along the Rangitikei River
(Figures 1 and 2). Failure of the complex likely involves translational/
planar sliding along gently inclined weak sedimentary strata (e.g. clay
layers), similar to other deep-seated landslides in the area (e.g. the
neighbouring Utiku Landslide; Massey et al., 2013). While no data are
available on bedding attitudes in the landslide, bedding sighted on the
opposite side of the Rangitikei River from the Rangitikei Landslide has
an apparent dip of a few degrees towards the west (true dip likely
SSW). This is consistent with the mapped position of an anticline that
transects the Poroa Landslide Complex just east of Rangitikei Land-
slide (Figure 1), and a dip direction of ~230° from three-point solution
of borehole data for the failure surface of the adjacent Utiku Landslide
(~1 km to the west) (Massey, 2010). The depth of the complex is
unknown, but given its areal extent it is likely many tens to hundreds
of metres thick and displacing Tangahoe Mudstone Formation
(Taihape Group) and Tarare Formation (Utiku Group) rocks. The com-
plex is compartmentalized into several smaller landslides, with move-

ment directions that differ due to variance in the local bedding

Utiku Group
deposit ue sandstone

inclination, resulting from a SSW-NNE-trending anticline that passes
through the middle of the landslide complex (Lee et al., 2011) and
river valleys on multiple sides (Figure 2b).

2.3 | The Rangitikei Landslide

The 0.80 km? Rangitikei Landslide is a discrete mass movement of the
Poroa complex (Figure 2), first mapped and described by
Thomson (1982). The landslide is bounded on either side by lateral
shears (strike-slip ‘faults’) or drainage lines, suggesting that it moves
partly independently of the other parts of the complex (Figure 2c).
The upslope boundary is deemed to be a head graben (i.e. zone of
subsidence driven by extensional displacements within landslides),
which hosts a lake/wetland named John’s Swamp (Figure 2). The toe
of the landslide is trimmed by the Rangitikei River. In the current river
alignment, the landslide toe forms an outside bend of the river, with

river flow directed into the landslide toe (Figure 2e). The landslide is

85UBD17 SUOLULLIOD dAIER.D 3|qedl|dde au Aq peusenof a1e SapILe YO SN JO SN 104 Aeiq1T8UIUO AB|IM UO (SUORIPUOD-PUB-SLLIBH 0D A3 | 1M Afe1q 1B [UO//SdNL) SUORIPUOD pue SWd L 84} 89S *[202/e0/eT] uo Ariqiautiuo Aojim ‘Ariqi Aisieaiun Aesssen Aq 85e5°dsa/200T OT/10p/Wod A3 1M Afelq 1B UO//SdnY Wo.y popeojumoq ‘8 ‘220e ‘LE86960T


http://wileyonlinelibrary.com

McCOLL et AL.

FIGURE 2 (a) Poroa Landslide
Complex and the Rangitikei Landslide
(white dashed outline), looking west.

(b) Coloured hillshade model of Poroa
Landslide Complex, based on 1 m digital
surface model courtesy of Horizons
Regional Council. (c) The true right
boundary of the Rangitikei Landslide at
the landslide toe indicated by the white
dashed line and red arrow. (d) View of
Poroa Landslide with Rangitikei Landslide
in foreground, looking northeast

(JS = John’s Swamp). (e) View of
Rangitikei Landslide looking northwest
with Rangitikei River flowing into the toe
of the landslide (red dashed arc) and the
stand of trees in the lower section of the
landslide. Photos in a, d, and e taken in
August 2009 by Graham Hancox. Photo in
c taken by C. Holdsworth [Color figure
can be viewed at wileyonlinelibrary.com]

part of a working sheep and beef farm, with pasture giving way to a
stand of native and exotic trees in the lower part of the landslide.
Farm tracks, fences, and small buildings have experienced damage
from landslide movement. The landslide is reported by the farmer to
have undergone phases (i.e. years to decades) of more rapid move-
ment, similar to what has been observed for other landslides in the
Neogene cover rocks in the lower North Island (Massey et al., 2016;
McColl & McCabe, 2016). In 2015 the landslide was reported to have
begun another phase of more rapid displacement that continues to
the present day, prompting the current investigation.

3 | METHODS

3.1 | Survey network

To monitor landslide movement, 30 survey pegs (0.5 m steel stakes)
were distributed on and around the landslide (Figure 3). Some were
placed outside of the assumed landslide boundary to provide a means
of confirming the landslide boundary delineation within the Poroa
Landslide Complex. The positions of all pegs were measured using
Trimble R10 and R8 GNSS receivers in real-time kinematic (RTK) or
post-processed kinematic (PPK) survey mode at 3-6 monthly intervals
between July 2015 and October 2019. A Land and Survey

Utiku Landsfide
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River

Poroa Landslide
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New Zealand (LINZ) benchmark (B47B) on Carlson Road, Utiku was
used as a fixed reference (i.e. base station control point) for all sur-
veys, with a maximum differential correction baseline of less than
2.5 km. It is assumed that B47B is stable (other than regional tectonic
deformation), and that any movement measured at the study site,
above the detection threshold, is recording real ground movement
(where disturbance by stock animals can be discounted). Trimble Busi-
ness Centre 5.0 was used for differential GNSS processing, with most
resulting precisions (as reported by Trimble Business Centre) below
0.06 m horizontally (max = 0.058, mean = 0.039, standard deviation
[s.d.] =0.013m) and 0.1 m vertically (max = 0.086, mean = 0.056,
s.d. = 0.018 m); few observations exceeded 0.1 m precisions and
those were removed from the analyses. Repeat occupations of one or
more survey pegs during each survey (to evaluate intra-survey
accuracy) were within 0.035m horizontally of each other
(max = 0.034, mean = 0.012, s.d. = 0.009 m) and 0.015 m vertically
(max = 0.013 m, mean = 0.007, s.d. = 0.003 m). Occupations of the
same ‘stable’ peg (peg 1; Figure 3a) outside of the inferred landslide
boundary between subsequent surveys (to evaluate inter-survey accu-
racy) were all within 0.065 m horizontally of each other (max = 0.064,
mean = 0.027, s.d. = 0.014) and 0.19 m vertically (max = 0.184,
mean = 0.050, s.d. = 0.057 m). All positions were recorded as grid
coordinates in NZGD 2000 NZTM and elevations are relative to the
New Zealand 2016 Vertical Datum (NZVD2016).
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morphological change assessment

Geomorphological mapping and

High-resolution (50 cm) digital elevation models (DEMs) and (5 cm)
orthophoto mosaics were produced for the purposes of geomorphic
change assessment and geomorphological mapping. These data were
produced using Structure-from-Motion (SfM) photogrammetry from
aerial photography surveys in October 2016, May 2017, and October
2017. Aerial photos were collected using a Phantom 3 Professional
remotely piloted aircraft (RPA) with a 20 mm (35 mm format equiva-
lent) lens and 12-megapixel sensor. For each survey a systematic flight
pattern was flown with an above-ground elevation of 50-60 m, and
nadir (vertical) camera orientation to achieve a minimum of 75% for-
ward and 65% side overlap between photos. Each flight path was
flown a second time with an oblique (~30° from nadir) camera
orientation to maximize photo overlap and help reduce radial distor-
tion common to SfM photogrammetry (as shown by James &
Robson, 2014). Prior to each collection, 24-28 ground control points
(GCPs), consisting of 1 m-square plastic sheets, were distributed
around the margins of and within the main body of the landslide
(Figure 3b). Their centroids were surveyed with RTK GNSS to provide
georeferencing and lens calibration for the photogrammetry models.
The horizontal and vertical GNSS precisions reported by Trimble

FIGURE 3 (a) Location of survey
pegs on and around Rangitikei Landslide,
and location of time-lapse camera with
approximate field of view shown by the
pink shaded area. (b) Ground control
point distributions for SfM
photogrammetry surveys and example of
masking of vegetation, water features,
and other excluded areas in the DEM
differencing (October 2016-May 2017).
JS = John’s Swamp. (c) Example of
ground control target being surveyed
with R8 RTK GPS. (d) Time-lapse camera
and approximate field of view across the
toe and lower zones of the landslide and
with Rangitikei River (looking
downstream). P1 and P2 mark the
locations of the two piezometers. The
imagery in a and b is 2016 0.3 m aerial
photography provided by Land
Information New Zealand with an
associated transparent hillshade model
based on 1 m digital surface model
courtesy of Horizons Regional Council
&= [Color figure can be viewed at
wileyonlinelibrary.com]

Business Centre were used for defining the GCP uncertainties in the
photogrammetry software, but with additional allowances of 0.01 m
horizontal and 0.02 m vertical error for survey pole tip placement on
the GCP centres. Agisoft Metashape 1.6.2 was used for SfM photo-
grammetry processing, with the key processing parameters and steps
used presented in Supplementary Table S1. DEMs, produced follow-
ing point cloud classification and manual editing to remove trees, were
imported into ArcMap 10.6. To evaluate DEM accuracy, the survey
pegs were used as independent check points. The number of check
points used in each survey varied between 14 and 22, depending on
peg visibility within the resulting orthophoto mosaics. The elevation
difference between each check point collected in the field and the
respective DEM was calculated, along with the mean, root mean
square error (RMSE), maximum, and minimum of the values (Table S1).

To assess changes in landslide morphology and to quantify volu-
metric changes (i.e. erosion and sediment export), the DEMs were
differenced using the Geomorphic Change Detection (GCD) tool
(Wheaton, 2015) in ArcMap. Three DEMs of difference (DoDs) were
produced to compare change across 1 year (October 2016-October
2017) and within the year to compare summer (October 2016-May
2017) and winter (May 2017-October 2017) change for the entire
landslide. After reviewing the results, which presented little detectable

change in the upper landslide zones, three new DoDs were produced
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for the same epochs, but for the lower (more active) zones of the
landslide only. The lower zones of the landslide experience the
greatest movement and are better captured by the distribution of
GCPs, allowing more reliable detection of change and volumetric
change calculations. The RMSE value from the independent check
points was used to produce a uniform error surface for each DEM,
which were then propagated, using standard error propagation (equa-
tion [2] of Wheaton et al., 2010) and used as a minimum level of
detection (mLoD) for the DoD (Wheaton, 2015). Although point cloud
classification and editing were applied to remove trees in the DEM
generation, due to uncertainty of DEM interpolation within heavily
treed areas, areas of tree cover (and water bodies) were delineated
and applied as masks in GCD to exclude these from the DEM
differencing (Figure 3). Masking was done separately for each DEM
(due to changes in the positions of objects from landslide movement)
and used to produce a unique area of interest (i.e. analysis area) for
each DoD. This helped to provide more reliable DoDs free from areas
of unreliable (i.e. non-ground) data, but it results in a slightly different
area of analysis for each DoD.

The DEM hillshades and orthophoto mosaics, along with field
inspection, were used to characterize the geomorphology of the land-
slide. The types and distribution of mass movement strain indicators
(e.g. scarps, anti-scarps, shear zones, and other ground damage) were
noted, along with overall slope morphology. This, in combination with
the survey peg data and DoD, allowed the partitioning of the landslide

into zones with distinct geomorphology or landslide characteristics.

3.3 | Time-lapse photography

A camera was installed in July 2015, looking across the lower land-
slide, to track movement at the toe of the landslide where movement
was assumed to be greatest (based on anecdotal information and
morphological observations) and to monitor the relationships between
fluvial erosion and landslide movement patterns (Figure 3). The
camera was controlled using a custom-built timer and a Raspberry Pi
computer board to capture hourly photos during daylight hours. The
camera was a Canon 700D SLR with a 24 mm fixed focal length lens
with focus set at infinity, housed in a waterproof casing, and powered
with a 12 V battery and solar panel. Time-lapse videos were made by
selecting one photo per day, targeted at 11 am unless visibility was
better earlier or later in the day. Time-lapse videos permit the pattern
of movement to be visualized. Weekly images were also selected for
guantitative movement measurement using pixel tracking, with the
software Point Catcher v2.0 (www.lancaster.ac.uk/staff/jamesm/
software/pointcatcher.htm) (James et al., 2016). The time-lapse cam-
era was considered to be located in a stable position beyond the main
landslide boundary, relatively free from movement during the course
of the study. This was confirmed by GPS monitoring of a survey peg
at the camera, and reviewing changes in the camera field of view.
Consequently, time-lapse images were not registered to remove cam-
era movement (deemed negligible relative to the real movement
observed). For some of the analyses presented, the data were
georeferenced using a DEM from the SfM processing, while for some
analyses they are not georeferenced. Georeferencing provides a
means of extracting real-world coordinates or object movement in

units of metres, but DEM fitting introduces error and since the
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purpose was mainly to assess the timing of movement rather than

absolute distances, movement in units of pixel displacement was con-

sidered adequate.

3.4 | Piezometric monitoring and hydrological data
In October 2017 two standpipe piezometers (P1 and P2) were
installed in the lower part of the landslide (Figure 3d), to assess the
relationship between rainfall, groundwater levels (porewater pres-
sure), and movement within the lowermost (fastest moving) zone of
the landslide. The piezometers (PVC pipe with screened section near
the base) were installed into holes excavated by a percussion corer.
The depth of each hole was targeted at an inferred failure surface of
the earthflow slide in that location. The failure surface depth was
approximated by projecting its position into the slope from an expo-
sure of the failure surface in the riverbank at the landslide toe
(Figure 2c). The failure surface was assumed to be met when the corer
reached a relatively impenetrable layer, compared to the broken, soft
ground of the remoulded earthflow material. P1 was installed on the
western side of the landslide to a depth of 2.5 m. P2 was installed
about 100 m east, on higher ground, to a depth of 11 m. Solinst
(levelogger) digital water-level loggers were set at the base of each
piezometer (i.e. just above the assumed failure surface), with a record-
ing interval of 5 min. A barometer was positioned on a nearby building
at a similar elevation to allow air pressure variations to be compen-
sated for. While the holes were not manually backfilled or sealed, the
holes quickly collapsed around the pipes and are assumed to have
provided a suitable natural seal due to the soft, clay-rich nature of the
landslide material. For comparison of landslide movement rates
against rainfall and river flow, we used nearby Horizons Regional
Council monitoring stations (Figure 1b). Mean daily flow on the
Rangitikei River was taken from a flow gauge at Mangaweka, approxi-
mately 8 km downstream; while it captures additional flow from sev-
eral tributaries downstream of the landslide, the catchment area
upstream of the landslide is larger. Daily rainfall totals were taken
from a rain gauge at Taihape, approximately 10 km NNW in similar
terrain to the Rangitikei Landslide.

4 | RESULTS

4.1 | Landslide morphological zonation

Identification of ground damage, morphology, and structural features
has permitted the discretization of the Rangitikei Landslide into zones
with distinct stress regimes and geomorphology; planar sliding, transi-
tional, earthflow-sliding, and passive zones (Figure 4). The planar slid-
ing zone (PSZ) occupies the upper half of the landslide and is
characterized by gently sloping ground (~3-4°, but locally steeper)
dissected by grabens with opposing ‘normal fault’ scarps (Figures 4b
and g). The grabens and scarps extend across the whole width of the
landslide and strike approximately ENE, sub-parallel (i.e. slightly
oblique) to the slope contours. While the grabens themselves undergo
subsidence, this and their presence is assumed to be in response to
extension resulting from sliding along a planar failure surface
(Figure 5). Two zones (TZ1 and TZ2) in the central to lower third of
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FIGURE 4 (a) Morphology of the Rangitikei Landslide with delineation of the landslide boundary and zones of characteristic movement style

or mechanism (dashed yellow polygons; TZ = transitional zone; EFSZ = earthflow-sliding zone). Background image is a hillshade model from the
May 2017 SfM DEM of this study or Horizons DEM beyond the landslide boundaries. JS = John's Swamp and hs = head scarp. The white dashed
boxes correspond to panels B-E showing morphological features of interest, with the 2017 orthophoto mosaic beneath transparent hillshade
model. Cross-section locations for Figure 5 are shown with red lines. (b) Example of a graben with relatively smooth scarps (indicating low
movement rate/magnitude). (c) Example of a strongly developed graben, with high downhill-facing arcuate scarps. The white arrow points to a
north-south-oriented structure dissecting this zone, also indicated at the same position by the white arrow in panel a. (d) Lower transitional zone
1 and transitional zone 2 with intense ground damage from vertical land movement and slumping. (e) The earthflow-slide zone at the landslide toe
with a sharp, linear, landslide boundary indicated by the white arrow. Panels f and g provide a different (i.e. oblique) perspective of some of the
same features. (f) An oblique aerial photo view of approximately the same area as panel d, showing both of the transitional zones in the western
part of the landslide. (g) Oblique aerial photo of the same graben shown in panel b, with the same tree marked by the blue circle. (h) An oblique

view looking east across the toe of the landslide with the landslide boundary marked by a white arrow [Color figure can be viewed at

wileyonlinelibrary.com]

the landslide suggest a transition from dominantly brittle failure (slid-
ing in PSZ) to more ductile deformation (flow) towards the toe of the
landslide (Figure 4). Transitional zone 1 (TZ1) is slightly steeper than
the PSZ and is characterized by nested arcuate SSE-facing scarps, sev-
eral of which form well-developed but asymmetrical graben structures
(Figure 4c). An approximately north-south-oriented linear structure
dissects the zone (Figures 4a and c) and the scarps are more devel-
oped (higher and fresher) west of this structure. The eastern side of
the landslide adjacent to TZ1 is characterized by more subtle scarps
and morphology, suggesting less deformation, and is referred to as the

‘passive zone’ (Figure 4).

An increase in slope gradient at a prominent convex break in
slope marks the boundary between TZ1 and TZ2 in the western part
of the landslide (Figures 4 and 5). The break in slope can be traced
east of the landslide, suggesting its origin as a former terrace riser.
The zone is characterized by south-facing arcuate scarps that are less
continuous and more closely spaced than in TZ1 and are mostly
downhill facing (Figure 4d). In the western part of TZ2 the scarps are
more active (fresh and broken) and are overall more numerous than in
the eastern part of the zone, which extends downslope to the river
where the toe of the landslide forms a steep bedrock slope. The

boundary of the landslide on the western side juts out westward,
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FIGURE 5 Topographic cross-sections along i
the (i-i’) whole landslide; (ii-ii’) transitional zone 2;
and (iii-iii’) earthflow-slide zone, in locations given £ 420
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TABLE 1 DEM error assessment for each photogrammetry survey using independent check points from RTK GPS survey

Survey October 2016
Number of independent check points 14

Max vertical difference 0.302 m
RMSE of vertical difference 0.165m
Arithmetic mean of vertical difference 0.018 m

Min vertical difference 0.029 m

cutting into the hillslope and extending the width of the landslide in
this location, with eastward-facing scarps.

The western part of TZ2 grades into the earthflow-slide zone
(EFSZ) which connects to the Rangitikei River (Figure 4). The EFSZ is
more gently sloping (7°) than TZ2 (27°), but gradually steepens down-
eral boundary of the EFSZ is well defined on the west with a
prominent lateral shear (Figure 4e), but is less defined on the east
where deformation is probably distributed more widely as it connects
into the eastern part of TZ2. The ground in the EFSZ is highly dis-
turbed and the materials are likely to have undergone sufficient
remoulding (loss of cohesion) to allow them to flow, as indicated by
the convex shape in the cross-section (Figure 3d). However, the well-
defined lateral shear (i.e. indicative of brittle deformation), evidence of
brittle fracture within the landslide body (i.e. multiple small-scale gra-
bens), a well-defined failure surface exposed in the riverbank at the
landslide toe, and other observations (described below) suggest that

this zone also experiences basal sliding.

4.2 | DEM analysis

421 | DEM data quality

The errors in the DEMs evaluated from independent check points
range from a minimum of 0.001 m to a maximum of 0.945 m, with
RMSEs of 0.165, 0.174, and 0.301 m for October 2016, May 2017,
and October 2017, respectively (Table 1). The RMSE values are
inflated by high error at the landslide toe as a result of (up to ~0.5 m

May 2017 October 2017
17 22

0481 m 0.945 m
0.174 m 0.301m
0.032 m 0.140 m
0.001 m 0.011m

of) movement in the periods between the GPS surveying taking place
(in the morning) and the photo collection (in the afternoon). If inde-
pendent check points collected near the toe of the landslide are
removed, then the maximum and RMSE values reduce to about one-
third. The RMSE values are therefore considered conservative esti-
mates of mean error for most parts of the model beyond the landslide
toe. However, the RMSE errors are half to one-third of the maximum
measured error, and therefore there are places in the model with con-
siderably higher error.

422 | DoD analysis; geomorphic change and
volumetric change assessment

Over the course of 1 year there was negligible detectable change over
the upper (PSZ) zone of the landslide, and so our DoD analyses are
focused on changes in the lower part of the landslide only (i.e. the tran-
sitional zones and EFSZ of Figure 4). Almost 50% of the lower part of
the landslide body had detectable change, mostly in the form of surface
lowering (Figure 6; Table 2), but with differences between the first
DoD (October to May; i.e. summer) and the second (May to October;
i.e. winter). Overall, more lowering is apparent in the winter DoD,
whereas in the summer DoD these areas experienced mostly elevation
gain. In both DoDs there is lowering at the toe of the landslide, but the
magnitude and extent of lowering are larger in the winter (Figure 6).

An annual (October 2016-October 2017) thresholded volumetric
change for the lower zones of the landslide (except for masked areas,
e.g. trees) was calculated as —43 600 (+25 900) m>. This represents a

net elevation/volumetric loss (with the error value calculated by GCD
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FIGURE 6 DEMs of difference over a full year (October 2016-October 2017) and within a year (i.e. summer, October 2016-May 2017 and
winter, May 2017-October 2017) for the transitional and earthflow-slide zones of Rangitikei Landslide. Red pixels represent negative elevation
changes (i.e. lowering) and blue pixels represent positive elevation changes (i.e. raising). The white areas represent locations where the elevation
differences are less than the minimum level of detection from the propagated error (i.e. propagated RMSE from each survey) or where trees have
been masked out (mainly in the lower zones of the landslide; Figure 3b) [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 DEM of difference volumetric calculations for the transitional and earthflow-slide zones of the Rangitikei Landslide. The area of
interest is the total area of cells differenced between the two DEMs, with the amount of detectable change within that area given in parentheses.
All volumetric values presented are the thresholded values (using propagated error masks), such that cells that have change below this minimum
level of detection threshold are ignored. For cells that have change above this threshold, only change exceeding the threshold is used. All values
are rounded to the nearest 100 m? or 100 m®. The negative sign for the net volume difference indicates volume reduction (i.e. lowering/erosion)

Area of interest (m?) and proportion

of detectable change (%)
206 600 (46%)
199 700 (39%)
192 100 (42%)

DoD epoch

Oct 2016 to Oct 2017 (annual)
Oct 2016 to May 2017 (summer)
May 2017 to Oct 2017 (winter)

as the area of cells with detectable change multiplied by the RMSE
errors propagated from Table 1). If the annual DoD volumetric change
of 43 600 m® is converted into yield in tonnes, using a unit weight of
2 t/m® for remoulded landslide debris (from a neighbouring landslide;
Massey, 2010), the yield is ~87 200 (+51 800) tonnes. The large
percentage of error reflects a large number of cells with a small magni-
tude of change, expected for a mostly translational style of move-
ment. Given that tree cover resulted in masking of about half of the
lower zones, and the mLoD approach used ignores small changes, the
annual yield is probably best considered to represent a minimum from
this method. The thresholded volumetric change over the October
2016-May 2017 summer was +10 400 (+13 800). Although the error
for the summer DoD exceeds the magnitude of change, there is a
widespread pattern of elevation gain across much of the lower
landslide in the summer (Figure 6), of a magnitude that is verified by
checking against independent GPS data (i.e. GCPs and survey pegs) in
this area of the landslide. Regardless of high uncertainty in the
summer DoD, the winter (May 2017-October 2017) DoD gave a
volumetric change of —49 300 (+£25 200) m®, suggesting that much
more of the annual change (i.e. net lowering) occurred during

the winter.
4.3 | Survey peg movement data; spatial
distribution of movement

The GPS tracking of survey pegs at repeat survey intervals has con-

firmed that the whole landslide is actively moving downslope towards

Net volume
difference (m°)

Volume of
raising (m°)

Volume of
lowering (m®)

66 500 + 24 700
22 000 + 6400
57 000 + 25 000

22 900 + 7900
32 500 + 12 200
7700 + 2900

—43 600 £ 25 900
+10 400 + 13 800
—49 300 £ 25 200

the Rangitikei River (Figure 7; Supplementary Table S2). Annual net
displacements range from a mean of 0.2 m (max = 0.4 m) in the PSZ
to 9.4 m (max = 18.1 m) in the EFSZ (Supplementary Table S2). The
maximum cumulative net displacement for any one peg was 49 m (for
Peg 22, over ~2.7 years between July 2015 and March 2018 before
the peg was lost into the river; Figure S1). Peg 21 recorded the second
largest cumulative net displacement, moving 44 m over an ~4.5-year
period (Figure S1). The horizontal displacement directions (trends) are
generally south but closer to the river they are rotated anticlockwise.
They have a SSW azimuth (195°) in the PSZ, deviating westwards of
the slope direction. The displacement direction is more due south in
the transitional zones (183-188°). The direction is SE (156°) in the
EFSZ (Figure 7), more parallel to the direction of slope. The vertical
displacement is negative (i.e. vertically downwards), ranging from —13
to —16° in the PSZ and TZ1, to —22° in TZ2 and —5° in the EFSZ.
Outside of the inferred landslide boundary, the annual net displace-
ment rates are generally less than, but of a consistent order of magni-
tude (mean = 0.05 m/yr, max = 0.1 m/yr) to, pegs within the slowest
landslide zone (the PSZ). The mean azimuth (229°) is more westward
and the inclination shallower (9°) than the PSZ.

44 | Temporal patterns of movement and
relationships to hydrological variables

The landslide movement varies through time, with a pronounced sea-
sonality in displacement rates, such that displacement rates are faster

in the late winter and spring months than in the summer and autumn
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FIGURE 7 Mean annual net displacement 5 AT Bt
rate (metres per year) of the survey pegs (black yj‘ Mean annual

dots) from repeat RTK GPS surveys, from the first
to the last observation of each peg. The
displacement rate shown is not to scale (i.e. the
arrow size is not to scale), but they show the
overall pattern of displacement rate variation at
locations on and around the landslide [Color
figure can be viewed at wileyonlinelibrary.com]
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(Figure 8). Displacement is on average 2.3 times faster at the start of
summer than at the end of summer across all zones and years
(2015-2016 = 1.8; 2016-2017 = 2.8; 2017-2018 = 2.2), with little
difference between zones, and with five pegs having rates four to six
times faster (Figure 8). Generally, for most years and zones the peak
rates had established by October and declined thereafter through the
summer, but in 2015 the peak rates for the PSZ and the EFSZ were
later (~December). For the summer of 2016-2017, the same delay is
seen for the PSZ but not for the EFSZ. The timing of the (true) peak
rates of displacement after 2018 is less precise due to the reduction
in the frequency of data collection. The seasonal changes in move-
ment rate tend to mimic a seasonal pattern seen in both rainfall and
river flow data, with a wetter winter and spring compared to summer
(Figures 8 and S2). The relationship, however, is more pronounced for
flow than for rainfall. For example, while flow rates and movement
rates reduced during the summer of 2017/2018, there was not a
notable drop in rainfall. This suggests that despite elevated local
rainfall, the rainfall in the headwaters followed the usual seasonal
reduction, causing a drop in flow and landslide movement (Figure 8).
Inter-annual variability in movement also matches variability in both
rainfall and flow, for example the EFSZ and TZ2 had higher movement
rates in 2015 compared with 2016, consistent with a large cumulative

deviation from mean daily rainfall and flow in 2015 (Figures 8 and S2).

There was a trend of increasing movement after 2016 (e.g. winter

peaks in movement rate nearly double between 2015 and 2017 in
TZ1 for survey marks 11 and 14; Figure 8). This trend matches a trend
of increasing rainfall and flow between 2016 and 2019, which
declines, along with movement rates, after 2019 (Figures 8 and S2).
The winter peak in movement rate for 2018 appears lower than
previous years for most zones, but this is likely due to the longer
interval between surveys, corroborated by the cumulative movement
data. Furthermore, the seasonal minima (i.e. the movement rates at
the slowest part of each year) seem to be increasing in all zones
until 2019.

Displacement tracking in the EFSZ using time-lapse photography
(see Supplementary Data Video) over a 1-year period further high-
lights the seasonality of displacement and the relationship between
movement and hydrological variables (Figure 9). Cumulative flow and
displacement both share a sharp increase in late winter to early spring
(August-September), with cumulative rainfall following less closely,
with a more gradual increase (Figure 9a). During the late autumn to
early winter (May to July), displacement appears to be relatively
insensitive to increases in either cumulative rainfall or flow
(Figure 9a). During the summer to autumn months individual rainfall
and flow events tend to cause small spikes in movement, but the larg-

est daily rainfall values in the record (in November and December
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FIGURE 8 RTK GPS survey peg
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2015, i.e. in the summer) caused relatively small spikes in displace-
ment (Figures 9a and b). In comparison, a large (>150 m%/s) flood on
9 July, not associated with a large amount of local rainfall (instead
driven by headwater rainfall), caused a large spike in displacement.
Further spikes in movement during the winter period are associated
with floods, some of which coincide with high local rainfall. In the
spring (September and October), several further floods in excess of
100 m3/s produced only slight increases in movement rate. Examining
relationships between displacement data and that of rainfall and flow
suggests that, during the 1-year monitoring period, displacement cor-
related more strongly with flow than rainfall (Figures 9c and d).

The two piezometers (P1 and P2) provide a record of groundwa-
ter levels in the EFSZ of approximately 6 and 12 months duration,
respectively. The record from P2 is shorter due to damage from
landslide movement (Supplementary Figure S3). Both piezometers
experienced a reduction in water level through the summer of
2017/2018, with a minimum in early autumn 2018. The water level of
P1 then rises to a maximum in the winter of 2018 and thereafter
declines towards the end of the record in November (Supplementary
Figure S2a). The seasonal pattern in water level shows a weak rela-
tionship with the cumulative deviation in mean rainfall (recorded at
Taihape), but short-term peaks in water level correspond to major
rainfall events (Supplementary Figure S2a and b). Movement rates of

the EFSZ in proximity to P1 broadly follow the same seasonal pattern

of higher movement in winter and spring to that of our other monitor-
ing periods and datasets (cf. Figures 8 and 9), and this is consistent
with the seasonal trend in water level recorded by P1 and P2. How-
ever, at an event-based level (i.e. weekly records from November
2017 to November 2018) there is no correspondence of movement
pattern to the mean water level (R? = 0.004) and only a weak correla-
tion (R? = 0.192) to mean rainfall (Figure 10a) of the previous 7-day
interval. In contrast, there is a moderate correlation (R? = 0.552)
between movement and mean Rangitikei River flow (recorded at
Mangaweka) of the following 7 days. When divided between
summer-autumn and winter-spring, two distinctive relationships with
flow emerge, with a stronger and more positive correlation for the
wetter months of the year, albeit largely as a result of two weeks in
winter/spring with average flows in excess of 300 cumecs
(Figure 10b). To explore the effect of a longer moving average, we
also examined relationships between movement and the preceding
14, 21, and 28-day mean flow, rainfall, and water level, but in all cases

the strongest correlations exist for flow (Supplementary Table S3).

45 | Sediment delivery to Rangitikei River

This sediment delivery estimate from DoD volumetric analysis can

be independently evaluated using movement monitoring data.
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FIGURE 9 (a) Displacement rate (solid black 3 7 (a) ri
line) of the lower central part of the earthflow- | _ g
X = 25 ——— displacement rate S o8 &
slide zone over 1 year from October 2015 to 8 —— cumulative displacement o c o
November 2016, from time-lapse photography § 207 I I Cumuiativerainfal -7 L o E
. o
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FIGURE 10
mean water level, rainfall, and river flow of the preceding 7 days, from

Mean 7-day flow (m?3/s)

(a) Relationships between mean pixel displacement (at approximately weekly intervals) in proximity to piezometer 1 and that of

November 2017 to November 2018. The datasets are normalized to a

maximum value of 1 to permit plotting on the same axis. (b) The relationship between mean pixel displacement and river flow presented
separately for summer-autumn (November to May; black dots) and winter-spring (May to October; grey dots). See Supplementary Figure S2 for

the equivalent time-series datasets

Assumed to be representative of movement near the toe, Pegs
21 and 22 in the EFSZ give an annual displacement of ~14 m.
Holdsworth (2018) previously measured the width of the earthflow
slide to be 156 m, and visual inspection of the river bank in this loca-
tion suggests the thickness at the toe to be ~6 m. A movement rate
of 14 m/yr results in an annual sediment delivery of 13 100 m®
(or 26 200 tonnes using a unit weight of 2 t/m®). In addition, there is
a further ~100 m of landslide toe associated with the western part

of TZ2. The DoD analysis and the movement pegs in that area

suggest several metres of displacement annually (Figures 6 and 7,
Peg 20 moves 3 m/yr). The toe in this location forms a steep slope/
cliff about 25 m high. Assuming movement of Peg 20 is representa-
tive of the annual erosion at this location, this area is delivering a
further 7500 m® (15 000 tonnes) of sediment per year. This takes
the total estimated from the GPS movement measurements to
(20 600 m®) 41,000 t/yr, which is within (but at the lower end of)
the range estimated from the annual DoD for the lower zones
(17 700-69 500 m®; or 35 400-139 000 t).
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5 | DISCUSSION

51 | Landslide failure mechanism

Rangitikei Landslide has been preconditioned by weak, dipping bed-
rock layers, made unstable by the removal of toe support from fluvial
erosion. This is consistent with site investigations of other nearby
landslides (namely the Taihape and Utiku landslides; Massey
et al., 2013, 2016) and landslide susceptibility modelling in the region,
whereby the intersection of inclined strata and fluvially incised valleys
is a first-order control on their development (Williams et al., 2021).
The instability of the PSZ, with a gentle surface gradient (of 3-4°) and
the dominance of horizontal extension and brittle response
(e.g. grabens and sub-horizontal displacement vectors) are consistent
with translational sliding along a gently inclined, weak failure surface
(Massey, 2010). The GPS displacement vectors on and around the
Rangitikei Landslide are also suggestive of translational sliding along
bedding. Vectors in the PSZ, and of pegs outside the inferred landslide
boundary, have a south to southwest direction (mean of 195 and
229°, respectively), parallel to the expected dip direction of the strata
and deviating from the (south-facing) slope aspect. The vertical dis-
placement vectors (13-16°) of the TZ1 and PSZ provide a reasonable
approximation of the likely maximum (steepest) angle.

The landslide morphology, mechanism, and movement behaviour
change downslope. There is a downslope increase in the morphologi-
cal expression (e.g. intensity of ground damage, freshness and density
of scarps), along with faster movement rates. There is an increase in
vertical displacement (mean of —16° in the PSZ, increasing to —22° in
the TZ2), and a rotation of the horizontal GPS movement vectors to a
direction more similar to the slope aspect and more perpendicular to
the river. The same anticlockwise rotation of pegs closer to the river is
not seen for the pegs outside the landslide boundary. It can be
inferred that these changes in landslide morphology and behaviour
are in response to topographic forcing (i.e. river incision). This is
reflected by a transition to more flow-like morphology at the toe from
strain softening. The convex long profile in the EFSZ suggests a more
ductile (i.e. remoulded, strain-softened) material that is responding to
shear stresses imposed by the surface gradient that increases towards
the river. A similar transition from planar sliding in the upper landslide
to earthflow behaviour near the toe was observed at Utiku Landslide
(Massey et al., 2018a). Furthermore, at Utiku Landslide the dominant
landslide motion is not down-dip but instead along-strike, towards the
Hautapu River, facilitated by ductile deformation (Massey, 2010).
Both the Utiku and Rangitikei landslides therefore point to the strong
influence that topographic forcing by fluvial incision has in
destabilizing landslides and influencing behaviour.

The dominant role of the river at the Rangitikei Landslide in the
present day likely reflects the current alignment of the Rangitikei
River. Bend development has migrated the channel to the true right of
the valley floor so that the toe of Rangitikei Landslide now abuts a
sharp outside bend of the river, where the erosional capacity of the
river is at its highest. Based on historical aerial photography from
1952 AD, the current river alignment has deviated little in historical
times because the valley floor is relatively narrow in this confined set-
ting. Paleochannel alignments along the river corridor suggest that
over longer timeframes the channel position has migrated, such that

the focus of bank erosion and movement rates of the landslide have

likely changed. Indeed, some of the other landslides recognized within
the Poroa Landslide Complex (e.g. ~1.5 km east of Rangitikei Land-
slide; Figure 2b) appear to be inactive with a degraded morphology
and are no longer directly connected to the river. This mix of active
and inactive landslides highlights the role played by lateral changes in
the Rangitikei River alignment in switching on and off deep-seated
landslide sediment delivery in the catchment.

5.2 | Temporal patterns of movement and the
response to fluvial erosion

Measured temporal patterns of movement also point to the impor-
tance of fluvial erosion processes. There is a strong seasonal pattern
to movement throughout the landslide, with elevated displacement
rates during the winter and spring. While rainfall (therefore porewater
pressure) likely modulates these patterns, as is found for many active
landslides (e.g. Bennett et al., 2016b; Schulz et al., 2017), fluvial ero-
sion appears to strongly influence movement rate, especially at the
landslide toe. At sub-seasonal and weekly (i.e. flood event) timescales,
there is a stronger relationship between landslide movement and flow
data (measured at Mangaweka) than for rainfall (measured at Taihape)
or groundwater level (measured in the EFSZ). The relationship
between movement and river flow is considered to arise primarily due
to bank erosion. Trimming of the bank during floods is observed in
time-lapse photography (Supplementary Figure S4), and initiation of
earthflow motion and slumping occur during the flood, suggesting
bank erosion (rather than rapid drawdown) is the primary mechanism
of destabilization.

Seasonal patterns in landslide movement have been observed at
other similar landslides in the region (Massey et al., 2013), with the
role of seasonal changes in porewater pressures in modifying stability
and sliding having been demonstrated in laboratory experiments
(Carey et al., 2019). Such studies have not explicitly evaluated the
contribution of fluvial erosion in influencing movement patterns, how-
ever, the role of fluvial incision in priming failure is recognized
(Massey et al., 2018a). During the 2004 Manawatu flood, erosion of
the toe of Taihape Landslide by O’'Taihape Stream destabilized the
hillslope, resulting in a period of faster movement for several years
thereafter (Massey et al., 2016). While it remains uncertain as to why
the Rangitikei Landslide entered a phase of faster movement around
2015, we advance these studies by showing the importance of fluvial
incision for the movement dynamics at annual, seasonal, and weekly
(flood-event) timescales. Due to the disconnect between river flow
(driven mostly by headwater rainfall) and ‘local’ rainfall (albeit mea-
sured a few kilometres to the north of the landslide but at a similar
distance to the headwater ranges), we can identify events in which
the landslide responds to flooding (i.e. bank erosion) without any
notable ‘local’ rainfall. Furthermore, while more robust analyses
would be required to assess the relative importance of rainfall or
groundwater in controlling the movement patterns of the landslide as
a whole (e.g. Van Asch et al., 2007), we show these factors to be of
lesser importance than fluvial erosion in controlling weekly to sea-
sonal movement dynamics at the highly sensitized toe of the
Rangitikei Landslide. Our data suggest that the highly coupled mobile
landslide toe is extremely sensitive to erosion by the river, such that

the pace of movement varies closely with river flow (i.e. bank erosion),
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perhaps to the point where fluctuations in porewater pressure have
relatively little influence on the movement pattern in that location.

We also show how the sensitivity to both rainfall and river flow
changes throughout the year, with the highest sensitivity occurring in
winter and spring. Following major movement episodes in spring, we
see a reduction in sensitivity at the toe of the landslide, perhaps
suggesting that the EFSZ has to be ‘recharged’ by material from the
transitional zone before it becomes sensitive again. A recharge phe-
nomenon may explain why we observe surface elevation gains across
the lower half of the landslide during the summer months (October to
May) in the DEM differencing. This is unlikely to be related to surface
inflation from seasonal shrink-swell effects observed elsewhere
(Massey et al., 2013), as the signal is opposite to what is expected
(i.e. surface lowering from shrinkage would be expected during sum-
mer). Another contribution to this ‘recharge’ effect could be from
movement of the wider Poroa Landslide Complex. Our movement
pegs, outside the morphologically defined landslide boundary, show
small but persistent displacement in the SSW direction. Resolving
whether such movement reflects Poroa Landslide Complex movement
or poor definition of the Rangitikei Landslide boundary will require a
more extensive monitoring network.

Our findings build on a body of work that points to the
importance of fluvial erosion in driving landslides. At the orogen and
catchment scale, the intensity of fluvial incision influences the distri-
bution of landslides and landslide activity (e.g. following post-glacial
incision) (Bilderback et al., 2014; Larsen & Montgomery, 2012;
Roering et al., 2015). Within the Whanganui-Rangitikei region, river
incision (i.e. incised topography) is a strong predictor of the spatial
distribution of large landslides (Williams et al., 2021). Our research
suggests that this not only manifests through kinematic feasibility
(i.e. susceptibility), as suggested by the deviation in movement vectors
towards the actively eroding landslide toe, but fluvial erosion pro-
cesses also influence the movement rates of active landslides at
multiple timescales. In other places, waves of movement associated
with fluvial incision have been identified in the lower zones of
earthflows (Nereson & Finnegan, 2018), but here we show fluvial inci-
sion to be a persistent control on movement. From the data available
it is difficult to relate the changes in movement patterns of the upper
parts of the landslide to toe erosion to assess how far and over what
timescale the toe erosion signal propagates. However, several obser-
vations suggest that the effects of toe erosion are felt throughout the
landslide body; extensional strain in the upper landslide, a similar
seasonal pattern in movement in the upper landslide but of lower
magnitude to the lower landslide, and a downslope increase in
movement rates. Provided that the present river alignment remains, it
is likely that the landslide will continue to move in response to bank
erosion, and this will drive retrogression (and upslope enlargement) of

the transitional zones.

5.3 | Sediment delivery—nature and significance

Our results suggest that Rangitikei Landslide is delivering a consider-
able volume of sediment into Rangitikei River. Two independent cal-
culations of delivery (survey peg movement data and DEM
differencing) with an overlapping error range provide confidence in
this finding. We consider 40 000 tonnes to be a realistic and probably

W_WILEYL"®

conservative estimate of annual sediment delivery from the landslide.

This volume represents 7% of the measured annual suspended sedi-
ment load of the Rangitikei catchment (Dymond et al., 2016). Given
that the landslide occupies only 0.03% of the catchment area, this is a
highly disproportionate point source of sediment delivery to the river.
Due to the dominantly fine-grained bedrock and remoulded
(i.e. weakened and disaggregated) landslide toe material, most of the
sediment being delivered to the river is readily entrained and breaks
down rapidly. These sediments are therefore contributing directly to
the suspended sediment load, and have an immediate impact on water
quality and ecological health (Ballantine et al, 2015; Davies-
Colley, 2013). Landslides in the Neogene cover rocks, such as the
Rangitikei Landslide, can deliver coarser clastic material (e.g. from car-
bonate or concretion-rich rocks translocation of river terrace gravels),
but these tend to be minor constituents. As a consequence of this
contribution to suspended load, the impact of these landslides on the
fluvial system differs from that of many landslide terrains previously
studied. In other landscapes, bedrock landslides and some earthflows
deliver a high proportion of coarse (often bouldery), hard, clastic
material. Delivery of such clastic material contributes dominantly to
bedload, and can promote river incision (i.e. by providing erosion
tools), and has a more pronounced impact on river morphology
through occlusions, blockages, or changes in planform (Bennett
et al., 2016a; Egholm et al., 2013; Finnegan et al., 2019; Korup, 2005;
Korup et al., 2004; Shobe et al., 2021), but may have lesser impact on
water quality.

There is a seasonal variability to the disproportionately high sedi-
ment delivery from Rangitikei Landslide. Landslide movement rates,
and therefore delivery, vary by two to three times between the fastest
(winter-spring) and slowest (summer-autumn) period. This is reflected
by the DEM analysis, with contrasting changes (particularly in the
lower landslide zones) between October-May (net surface gain) and
May-October (net surface lowering). This difference is interpreted as
the landslide responding to more rapid toe cutting by Rangitikei River
during higher winter flows and more rapid and ductile (flow-like)
deformation of the wetter earthflow-slide mass. Likewise, the surface
lowering of the western part of TZ2 in the winter may represent more
aggressive erosion by the river, while the surface raising in this part of
the zone in the summer may represent ongoing landslide movement
(i.e. recharge) with less effective fluvial erosion/removal of the mate-
rial. Therefore, the majority of the sediment yield to the river is likely
taking place over several of the wetter months of the year; but none-
theless, the landslide continues to deliver sediment, albeit at a slower
rate, throughout the year and especially in response to major floods.
This persistent, but seasonally variable, delivery of sediment from a
large, slow-moving landslide contrasts with many other sources of
mass movement erosion. Rainfall or earthquake-triggered landslides—
the focus of much previous landslide erosion research—are associated
with irregular, high-magnitude events. In Aotearoa, landslide-
triggering storm events can occur at any time of the year, and the
recurrence interval of major events (triggering thousands of landslides)
at a regional scale tends to be decadal to centennial. For example, the
2004 Manawatu storm which generated some 62 000 mostly shallow
landslides has an estimated 150-year return period (Dymond
et al., 2006; Fuller & Heerdegen, 2005). Such storm events generate a
major pulse of sediment delivery and although their effects can last

years, they differ from the chronic delivery of slow-moving landslides.
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Slow-moving landslides, like the Rangitikei Landslide, are likely to be a
long-term source of sediment delivery. A conservative estimate of
50 m as an average depth for the 80-ha Rangitikei Landslide (Figure 5)

3. If the current delivery rate

equates to a volume of 40 Mm
(~20 000 m3/yr) was maintained, this would equate to another
2000 years before the landslide is exhausted. More likely, the land-
slide will fluctuate between periods of faster and slower movement
(e.g. Bovis & Jones, 1992), with shifts in the position of the Rangitikei
River, climate, and episodic earthquake activity. That, coupled with
potential growth (e.g. by retrogression above John's Swamp), means
the lifespan may greatly exceed 2000 years.

This study is one of the first to document the delivery rates of a
contemporary (active) slow-moving landslide in Aotearoa’s Neogene
cover rocks. Previous work had evaluated the longer-term sediment
contribution of large landslides and earthflows in Waipaoa catchment,
East Cape and identified these to be a major source of sediment in the
post-glacial period (Bilderback et al., 2014; Booth et al., 2013; Cerovski-
Darriau et al., 2014; Marden et al., 2018; Zhang et al., 1991), but such
work has not been extended elsewhere in Aotearoa or examined con-
temporary delivery. Future research should seek to quantify the move-
ment and sediment delivery rates of the many thousands of other large
landslides mapped within similar soft-rock terrain (Rosser et al., 2017;
Williams et al., 2021), for which the activity status is unknown for the
majority. This would help to assess whether the Rangitikei Landslide is
an anomaly or characteristic, and try to quantify how sediment delivery
from such landslides varies over space and time and what their overall
contribution is to catchment sediment yields. If the Rangitikei Landslide
is characteristic, then this type of landslide erosion process needs to be
explicitly accounted for in erosion and sediment delivery models
(e.g. SedNetNZ; Dymond et al., 2016) and considered within landscape
management and sediment reduction strategies to meet national policy
targets. Our research suggests that any efforts to try to reduce the
movement of such landslides is probably best targeted at reducing flu-
vial incision/toe erosion; or at least not exacerbating incision like has
been suggested of river gravel extraction below the Utiku Landslide
(McSaveney & Massey, 2017) or quarrying at the toe of the Abbotsford
Landslide (Hancox, 2008).

6 | CONCLUSIONS

The Rangitikei Landslide is an 80-ha translational landslide that transi-
tions into an earthflow-slide at the landslide toe. We demonstrate that
fluvial erosion is a dominant process driving instability, the evolution of
morphology, and movement of a large, soft-rock landslide in Aotearoa.
Due to strong coupling to the river, movement rates of the landslide toe
closely correlate with river flow fluctuations over flood event to sea-
sonal timescales. Our findings suggest that for highly coupled landslides,
fluvial erosion can have considerable influence on the movement pat-
terns and sensitivity of the landslide to other environmental variables
such as porewater pressures. Furthermore, we determine that this
highly coupled landslide is a major and previously unaccounted for
source of fine-grained sediment to the Rangitikei River, delivering 7% of
the estimated annual sediment load of the catchment from 0.03% of
contributing catchment area. While the sources of error in both
methods of calculation (surface movement and DEM differencing) are

large, the conclusion is unavoidable that the landslide is delivering a

large and disproportionate amount of sediment into the Rangitikei River
on an annual (but seasonably variable) basis. While only a single exam-
ple, it may be representative of many other mapped landslides that are
actively connected to stream systems in Aotearoa’s soft-rock hill coun-
try, or of similar landscapes elsewhere. Such landslide delivery and
slope-channel coupling could constitute a major process of hillslope
erosion, sediment delivery, and change in these landscapes.
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