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Abstract Evaluating if earthquakes will rupture across fault segment boundaries is important for our un-
derstanding of seismic hazard and fault growth. However, the role of segment boundaries in reverse fault
earthquakes is still unclear. Here, we combine fault mapping and trench data from the multi-segment Nevis-
Cardrona Fault (NCF) in the South Island of Aotearoa New Zealand to assess if it has hosted single or multi-
segment earthquakes during the late Quaternary. Two new trenches on its Nevis segment provide strati-
graphic evidence for two surface rupturing earthquakes, which through Optically Stimulated Luminescence
dating and OxCal modelling, are constrained to have occurred at 28.9 T'2-° ka and 12.8 + 4.9 ka. The most
recent event’s timing is only weakly correlated to the timings of surface rupture documented in two trenches
along the NCF’s NW Cardrona segment. Furthermore, the 1.073-7 m Nevis segment single event displacements
we estimate would be unusually low for a ~85 km long NCF multi-segment rupture. We therefore surmise that
late Quaternary NCF surface rupturing earthquakes did not rupture through the ~30-50° bends that link these
segments. Our trench data and fault mapping also indicate lower slip rates on the Nevis segment than previ-
ous studies (0.0775-02 mm/yr vs 0.440.2 mm/yr).

Non-technical summary Earthquake magnitude is proportional to the length of fault rupture. Itis
therefore important that forecasts of future earthquakes use realistic fault lengths. However, this can be chal-
lenging as faults exhibit geometrical complexities along their length, such as bends and steps, and these com-
plexities can impede earthquake rupture. More empirical data on how geometrical complexities influenced
past earthquake ruptures is therefore required. In this study, we excavated trenches across the southern part
of the Nevis-Cardrona Fault in the South Island of Aotearoa New Zealand, and from interpreting the offset of
different geologic layers exposed in the trenches and dating methods, we obtained timings for its prehistoric
earthquakes. We then compared these timings to previous estimates for earthquake timings on this fault’s
northern segment. These suggest that previous Nevis Cardrona Fault earthquakes were confined to individ-
ual segments that are bound by ~30-50° bends along its length. Our study also suggests lower fault slip rates
(and hence longer earthquake interevent times) on the Nevis Cardrona Fault than previous studies (0.04-0.1
vs. 0.4 mm/yr). This result provides an improved understanding of earthquake hazards around the nearby
towns of Queenstown, Wanaka, and Cromwell.
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portant, as they can influence whether fault sources are

The concept that faults lengthen by the coalescence of
distinct segments underpins many fault growth mod-
els (Cartwright et al., 1995; Dawers and Anders, 1995;
Jackson et al., 1996; Walsh et al., 2003; Amos et al.,
2010; Rotevatn et al., 2019). In turn, this leads to kine-
matic and geometric segment boundaries that can per-
sist even after a fault has accumulated many kilome-
tres of displacement (King, 1986; Ellis and Dunlap, 1988;
Mazzoli et al., 2005; Accardo et al., 2018). In the con-
text of probabilistic seismic hazard analysis (PSHA), ap-
propriate characterisation of segment boundaries is im-

*Corresponding author: jack.williams@otago.ac.nz

forecast to generate ruptures along short discrete seg-
ments or larger, but more infrequent, multi-segment
or even multi-fault ruptures (Field et al., 2014; Chartier
et al., 2019; Visini et al., 2020). This is particularly im-
portant for low slip rate faults and high probabilities
of exceedance, where PSHA is especially sensitive to
how fault segmentation is treated (Valentini et al., 2017,
2020; Williams et al., 2023)

To this end, a range of empirical data (Crone and
Haller, 1991; DuRoss et al., 2016; Biasi and Wesnousky,
2016, 2017), physics-based simulators (Douilly et al.,
2015; Zielke and Mai, 2023), and statistical methods
(Field et al., 2014; Chartier et al., 2019; Visini et al.,
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2020; Gerstenberger et al., 2024) have been developed
to incorporate fault segmentation into PSHA. However,
challenges remain when applying these concepts to re-
verse faults as there is a discrepancy between some
studies that suggested that their earthquakes have a ten-
dency to rupture across segment boundaries (Rubin,
1996; McCalpin and Carver, 2009; Arrowsmith et al.,
2017), and historical surface rupture compilations, in
which reverse fault earthquakes are no more likely to
rupture across bends or gaps than strike-slip or nor-
mal faults (Biasi and Wesnousky, 2016, 2017). Resolv-
ing this question calls for more empirical data of seg-
mentation during individual reverse fault earthquakes
(e.g., Hubbard et al., 2014; Stahl et al., 2016; Paty-
niak et al.,, 2021). By combining new and existing
fault mapping and paleoseismic data, the aim of this
study is to evaluate whether late Quaternary surface
ruptures of the Nevis-Cardrona Fault in the South Is-
land of Aotearoa New Zealand were single segment or
multi-segment events. Our results also provide new in-
sights into strain localisation within slowly deforming
fault systems, and new information for seismic hazard
assessment around the rapidly growing communities
and infrastructure in the nearby Queenstown-Wanaka-
Cromwell region (Mackey, 2015).

2 The Nevis-Cardrona Fault

2.1 Regional tectonic setting

Within the southern South Island of Aotearoa New
Zealand, ~70-90% of plate boundary motion between
the Australian and Pacific plates is accommodated by
strike-slip motion on the Alpine Fault and subduction
of the Australian Plate at the Puysegur subduction zone
(Fig. 1a; Norris and Cooper, 2001; Barnes, 2009; Barth
et al., 2014). Of the remaining plate motion, 1-2 mm/yr
of WNW-ESE convergence is accommodated on NNE-
SSW striking range-bounding reverse faults that collec-
tively define the Otago range and basin reverse fault
province (McSaveney and Stirling, 1992; Norris, 2004,
Beavan etal., 2016; Denys et al., 2016; Barrell, 2019; Grif-
fin et al., 2022b). Slip rates on individual faults are es-
timated to be 0.05-1 mm/yr (Pace et al., 2005; Barrell,
2019; Griffin et al., 2022a,b; Seebeck et al., 2024; van den
Berg et al., 2023; Johnson et al., 2024), which is consis-
tent with relatively low rates of seismicity across this
region (Fig. 1la; Warren-Smith et al., 2017; Todd et al.,
2020; Eberhart-Phillips et al., 2022).

2.2 Fault nomenclature

It has been convention to term the set of quasi-
continuous reverse fault strands that extends for 130 km
from Lake Hawea to the Mataura River as the ‘Nevis-
Cardrona Fault System’, and which in turn comprises
the Nevis, NW (Northwest) Cardrona, and Cardona-
Hawea faults (Beanland and Barrow-Hurlbert, 1988;
Kerr et al., 2000; Turnbull, 2000; Barrell, 2019; See-
beck et al., 2024; van den Berg et al., 2023). How-
ever, folding of the Waiponoumau Erosion Surface and a
sliver of late Cenozoic footwall sediments indicates that
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there is a continuous geologic expression of faulting be-
tween the ~47° and ~30° bends that link the Nevis and
NW Cardrona faults (Fig. 1b; Turnbull, 2000; Barrell,
2019). We therefore find it more appropriate to describe
these structures as two segments of a single hard-linked
fault. Likewise, the splay between the NW Cardrona and
Cardrona-Hawea faults near Wanaka, does not neces-
sitate that they are distinct faults (Faure Walker et al.,
2021). We therefore adopt the terms ‘Nevis-Cardrona
Fault’, and the Nevis, NW Cardrona, and Cardrona-
Hawea segments in this study. We use the term ‘strand’
to describe different across-strike Nevis-Cardrona Fault
splays (Barrell, 2019).

2.3 Geologic Setting

The Nevis-Cardrona Fault (NCF) is a west-dipping re-
verse fault that marks the boundary between the Otago
range and basin reverse fault province and the higher
elevation, steeper topography, and thickened crust of
the Southern Alps (Beanland and Barrow-Hurlbert,
1988; Warren-Smith et al., 2017; Barrell, 2019; Eberhart-
Phillips et al., 2022; Seebeck et al., 2024). NCF activity
is thought to have initiated in the Late Miocene-Early
Pliocene when angular schist clasts sourced from its up-
lifting hanging wall ranges first appear in its package
of non-marine late Cenozoic footwall sediments (Fig.
1c; McKay, 1897; Williams, 1974; Beanland and Barrow-
Hurlbert, 1988; Turnbull, 2000; Youngson et al., 2002;
McDonnell and Craw, 2003). These sediments are pre-
served in four structurally controlled basins: Nokomai,
Cardrona, and the Upper and Lower Nevis valleys (Fig.
1b). Based on the differences in elevation between these
basins and their respective hanging wall ranges, the
throw on the NCF varies along strike between 0.5-1.5
km (Fig. 1d; Beanland and Barrow-Hurlbert, 1988).

The Cardrona-Hawea segment represents the NCF’s
northernmost extent (Beanland and Barrow-Hurlbert,
1988; Turnbull, 2000; Barrell, 2019). However, there is
no evidence for post-glacial activity (i.e., since 18 ka) on
this segment; instead the most recent NCF surface rup-
tures appear to be restricted to a NNW striking strand
between the Cardrona valley and Lake Wanaka (Bar-
rell, 2019). To the south, multiple discontinuous (<1
km long) fault scarps are identified on mid-level allu-
vial fans and fluvial terrace surfaces in the Cardrona val-
ley and Crown Range (Fig. 1b; Beanland and Barrow-
Hurlbert, 1988; Langridge et al., 2016; Barrell, 2019;
van den Berg et al., 2023).

Between the Kawarau River valley and Doolans Sad-
dle, the NCF passes through two prominent bends that
link the NW Cardrona and Nevis segments (Fig. 1b).
As this section coincides with fluvial downcutting in
the Kawarau River valley (Fig. 1d), it is challenging to
follow other studies (Philip et al., 1992; Jackson et al.,
1996; Amos et al., 2010; Stahl et al., 2016) that use along-
strike elevation profiles and drainage patterns to exam-
ine how reverse fault segments linked. Changes in the
provenance of ~650 ka sediments downstream of the
Kawarau River have been used to suggest this drainage
pattern formed due to progressive westward headwall
erosion (Bell, 1992; Craw, 2013). This could be equivo-
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Figure 1 (a) Tectonic setting of the Nevis-Cardrona Fault (NCF) showing late Cenozoic faults in southern Aotearoa New
Zealand as represented by the New Zealand Community Fault Model v1.0 (NZ CFM; Seebeck et al., 2024). Fault names are
highlighted with italicised text. Yellow circles: locations for My, >4.0 event from the Augmented New Zealand Earthquake
Catalog (Rollins et al., 2022). Inset, principal faults bounding the Australian (AUS) and Pacific (PAC) plate in the South Island
of Aotearoa New Zealand. PSZ: Puysegur Subduction Zone. (b) Aerialimage and (c) simplified geologic map of the region from
the 1:1,000,000 Geological Map of New Zealand (Heron, 2014) underlain by the hillshaded New Zealand 8 m digital elevation
model. In (c) surrounding fault names are shown in bold italicised text. Locations of previous paleoseismic trench along the
NCF (Beanland and Barrow-Hurlbert, 1988; van den Berg et al., 2023) also indicated. (d) Topographic profiles along the NCF
hanging-wall ranges and footwall basins projected on a north-south profile. Fault mapping and classification in b&c after
Barrell (2019). Coordinates in NZTM except for inset for (a).
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cal evidence for a causal link between where the Kawa-
rau River valley formed and a displacement minima at
a NCF bend; however, we cannot exclude the alterna-
tive possibility that the Kawarau River represents an an-
tecedent drainage network.

NCF scarps are identified on mid-level alluvial fan
surfaces throughout the Lower and Upper Nevis val-
leys along its Nevis segment (Fig. 1b; Beanland and
Barrow-Hurlbert, 1988; Turnbull, 2000; Langridge et al.,
2016; Barrell, 2019). Further south, there is geologic ev-
idence for the NCF extending into the Nokomai catch-
ment, however, no scarps have been identified in this
catchment (Fig. 1b; Kerr et al., 2000). Instead, Quater-
nary fault displacement in the Nokomai catchment is
predominantly accommodated on the E-dipping Roar-
ing Lion Fault (Kerr et al., 2000).

Detailed geologic mapping and 12 paleoseismic
trenches on the NCF were conducted in the 1980’s for
the purposes of seismic hazard assessment of hydro-
electric developments in the Kawarau and Clutha rivers
(Fig. 1c). Results were initially disseminated in un-
published technical reports and student theses that cov-
ered different NCF segments (Beanland, 1984; Bean-
land and Fellows, 1984; Beanland et al., 1984; Bean-
land and Barrow, 1984a,b,c; Beanland, 1985; Barrow-
Hurlbert, 1985), and then later synthesised by Bean-
land and Barrow-Hurlbert (1988) in a comprehensive
overview of late Quaternary NCF activity. From these
investigations, evidence for up to four late Quaternary
NCF surface rupturing earthquakes were presented.
However, due to the limited range of dating techniques
in the 1980’s, rupture timings could only be constrained
for a trench at Gibbston in the Kawarau River valley
where organic sediments were present (Fig. 1c; Bean-
land, 1985; Beanland and Barrow-Hurlbert, 1988).

More recently, surface rupture timings were con-
strained for the NCF’s NW Cardrona segment following
re-exposure, re-assessment, and Optically Stimulated
Luminescence dating of sediments from a trench at
Macdonalds Creek (Fig. 1c; van den Berg, 2020; van den
Berg et al., 2023). This study suggested that the penul-
timate and most recent surface ruptures inferred from
the Macdonalds Creek and Gibbston trenches can be
correlated (van den Berg et al., 2023). Prior to this study,
the only chronostratigraphic constraint for Nevis seg-
ment surface ruptures is a radiocarbon date of 10,955
+ 370 calendar years before present (two standard de-
viation error following recalibration in OxCal using the
SH20 calibration curve, Hogg et al., 2020) from a buried
peat 0.8 m above the active channel of Whittens Creek,
and so an upper bound for the age of the unfaulted flood
plain (Fig. 2a; Beanland and Barrow, 1984b; Barrow-
Hurlbert, 1985). A 0.2570-0% mm/yr Nevis segment up-
lift rate has also been suggested based on the infer-
ence that the Nevis-Nokomai divide is currently ~100
m above the modern channel, and that the genetic di-
vergence of galaxxid fish currently inhabiting these two
catchments suggest the divide formed 300-500 ka (Wa-
ters et al., 2001; Craw et al., 2012).

4

2.4 Upper Nevis valley

We focus here on the expression of the NCF’s Nevis
segment in the Upper Nevis valley, where the two pa-
leoseismic trenches described in this study were exca-
vated (Fig. 2). In this 12 km long NNE-trending inter-
montane basin, Torlesse Terrane-affiliated Haast Schist
is mapped only on the topographically higher western
side, and the boundary between it and the structurally
higher Caples Terrane-affiliated Haast Schist coincides
with the NCF’s main strand (Fig. 2b). Hence, it has
been inferred that late Cenozoic displacement on the
NCF has thrust the Torlesse Terrane over Caples Terrane
in the Upper Nevis valley (Turnbull, 2000; Boyce, 2002).
The regionally extensive late Cretaceous-early Cenozoic
Waipounamu Erosion Surface has been cut into the top
of the basement on the eastern side of the Upper Nevis
valley (Stirling, 1990; Landis et al., 2008), and there may
be localized remnants of it to the west in the Tapuae-o-
Uenuku/Hector Mountains (Boyce, 2002).

Within the Upper Nevis valley, a sequence of late
Cenozoic sediments covers the Waipounamu Erosion
Surface (Fig. 2). This sequence, which has correla-
tive equivalents in the Lower Nevis valley and elsewhere
in the Otago range and basin reverse fault province
(Williams, 1974; Youngson et al., 1998; McDonnell and
Craw, 2003), consists of Miocene fluvial conglomer-
ates and lacustrine sediments (Manuherikia Group),
Pliocene conglomerates (Schoolhouse Fanglomerate),
and Quaternary gravels that underlie four sub-planar
geomorphic surfaces (AF1-AF4; Beanland and Barrow,
1984b; Barrow-Hurlbert, 1985; Boyce, 2002). These sur-
faces represent alluvial fans, and they are distinguished
by their relative elevation above the modern channel of
the Nevis River (T0, Fig. 2). AF4 and AF3 are found only
as remnants in a structural high in the centre of the val-
ley where they have been detached from their alluvial
material source to the west. AF1isthe surface of an allu-
vial piedmont that is found across the valley, and which
in detail comprises a composite surface that has been
locally incised by 1-3 m (Beanland and Barrow, 1984b;
Beanland and Barrow-Hurlbert, 1988; Boyce, 2002).

Formation of these alluvial fans likely correspond to
past glacial cycles, when the Upper Nevis valley experi-
enced a periglacial climate, and there would have been
an abundance of material for rivers to aggrade in non-
glaciated areas (Barrow-Hurlbert, 1985; Boyce, 2002).
However, the degree to which surfaces AF1-AF4 can be
individually correlated to glacial cycles in the regional
Upper Clutha Glacial System is unclear (Boyce, 2002;
Barrell, 2011). Within the current interglacial period,
the Upper Nevis valley experiences a semi-arid climate
with <1 m rainfall/year (McSaveney and Stirling, 1992;
Macara, 2015).

The main NCF strand, termed the Western Bound-
ary Fault (WBF; Beanland and Barrow, 1984a; Barrow-
Hurlbert, 1985; Beanland and Barrow-Hurlbert, 1988),
runs along the western side of the Upper Nevis valley.
However, no scarps have been identified on the WBF
(Beanland and Barrow, 1984a; Barrow-Hurlbert, 1985;
Boyce, 2002; Barrell, 2019). By contrast, an ~8 km long
1-2 m high scarp, which we refer to as the Nevis strand,
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Figure 2

(a) Aerial image and (b) geologic map showing the different NCF strands (labelled in black italicised text) in the

Upper Nevis valley (Beanland and Barrow, 1984a; Barrow-Hurlbert, 1985; Beanland and Barrow-Hurlbert, 1988; Turnbull,
2000; Boyce, 2002; Barrell, 2019). Trench locations from Beanland and Barrow-Hurlbert (1988) (B&B-H 88) and the location
of a radiocarbon date sampled (B&B 84, Sample ID NZ 6543A; Beanland and Barrow, 1984b; Barrow-Hurlbert, 1985) from
Whittens Creek is also indicated. Map extent shown in Fig. 1c, and coordinates in (a) in NZTM. (c) Topographic cross section
along the Upper Nevis valley as indicated in (b) to highlight geomorphic surfaces T0 and AF1-4. Both maps underlain by the

New Zealand 8 m digital elevation model.

is identified on the AF1 surface in the centre of the val-
ley between Drummond and Stoney creeks. This strand
is interpreted to be a gently dipping synthetic splay of
the WBF (Beanland and Barrow-Hurlbert, 1988; Boyce,
2002). Based on progressively larger offsets of degraded
AF1 surfaces at Drummond Creek, it has been proposed
that the Nevis strand has accommodated at least four
late Quaternary surface rupturing earthquakes (Bean-
land and Barrow, 1984b; Barrow-Hurlbert, 1985; Bean-
land and Barrow-Hurlbert, 1988). However, nowhere
does the Nevis strand scarp displace TO0.

Between the Nevis strand and WBF, an east dipping
antithetic NCF strand extending south from Drummond
Creek, termed the Wrights Fault is identified (Fig. 2a;
Beanland and Barrow, 1984b; Barrow-Hurlbert, 1985;
Beanland and Barrow-Hurlbert, 1988; Boyce, 2002). In
combination with the Nevis strand, this has formed
small structural highs in the centre of the Upper Nevis
valley, across which remnants of T2-T4 are preserved
(Figs. 3a and 4a). The Wrights Fault strand offsets rem-
nants of AF3 and AF4 but does not offset the AF1 sur-
face (Beanland and Barrow, 1984b; Barrow-Hurlbert,
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1985). Hence all the most recent NCF surface ruptures
in the Upper Nevis valley appear to have occurred only
on the Nevis strand. There is no geomorphic evidence
of lateral fault offsets in the Upper Nevis valley (Barrow-
Hurlbert, 1985), or indeed elsewhere along the NCF
(Barrell, 2019). Hence, we consider the NCF to be a pure
dip-slip reverse fault.

3 Methods

3.1 Paleoseismicinvestigations and dating

Two paleoseismic trenches were excavated perpendic-
ular to the gently-sloping (5-10°) Nevis strand scarp
on geomorphic surface AF1 in the Upper Nevis val-
ley in March 2022 (Figs. 2, 3, and 4). The trenches,
Stoney Creek (-45.385°S, 168.821°E) and German Creek
(-45.374°S, 168.832°E), are close to (<100 m), but not
exactly equivalent to, the bulldozer (‘dozer cuts’ - DC)
trenches DC8 and DC9 that were previously excavated in
the Upper Nevis valley (Figs 2 and S1-S4; Beanland and
Barrow, 1984c; Barrow-Hurlbert, 1985; Beanland and
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Barrow-Hurlbert, 1988). Our names for these trenches
are taken from the informal names of creeks that run
adjacent to them (Youngson et al., 2002).

The trenches were approximately 25-30 m long, 6
m wide, and 6 m deep (with a bench at 3 m depth).
Trench logs were made in the field on graph paper at
a 1:25 scale using a string grid. Interpretations were
subsequently refined using an orthorectified mosaic of
the trench wall that was generated from multiple pho-
tos of the trench walls in Agisoft Metashape (https://
www.agisoft.com/). Due to time constraints, only the
north wall of both trenches was logged.

Nine samples from the trenches were submitted for
Optically Stimulated Luminescence (OSL) dating. Sam-
ples were taken using a 20 cm steel tube that was
hammered into the trench walls to prevent bleaching.
OSL dating was conducted at the Victoria University
of Wellington Luminescence Dating Laboratory. Sam-
ples were first prepared using the fine-grained (4-11
um) technique. Luminescence ages for the samples
were then derived using the Single Aliquot Regenera-
tive Method (SAR) to determine their Equivalent Dose
(Murray and Wintle, 2000) and gamma spectroscopy to
measure their Dose Rate (see Supplementary Informa-
tion S3 for further details).

From combining the trench stratigraphy with the OSL
dates, and their associated uncertainties, a probabilis-
tic chronology of surface ruptures at the trench sites
was constrained using Bayesian statistical modelling
in OxCal v4.4.4 (Supplementary Information S4; Bronk
Ramsey, 2009; Lienkaemper and Bronk Ramsey, 2009).
Given the similar stratigraphy and proximity of the Ger-
man Creek and Stoney Creek trenches (1.5 km apart), we
developed a single OxCal model to evaluate the timing
of surface ruptures at these trench sites.

Using the ‘Combine’ function in OxCal, we then eval-
uate the degree to which the timing of surface rup-
turing earthquakes in the Upper Nevis trenches can
be correlated with the timings estimated elsewhere
along the NCF from the Gibbston and Macdonalds Creek
trenches (Fig 1b; van den Berg et al., 2023). Specifi-
cally, for each possible rupture correlation we use the
Combine function to provide: (1) the chi-square statis-
tic (x?) that the probability distributions functions for
rupture timing are statistically distinct (at a 95% sig-
nificance level), (2) an Agreement Index (Acomp), Wwhich
is a measure of the spatial overlap between the two
distributions, and (3) a combined probability distri-
bution from summing the two rupture timing distri-
butions (https://c14.arch.ox.ac.uk/oxcal3/arch_cmb.htm
and https://cl14.arch.ox.ac.uk/oxcal3/oper_an.htm#prob;
Bronk Ramsey, 2009; DuRoss et al., 2011; van den Berg
et al., 2023).

3.2 High resolution digital elevation models
from Uncrewed Aerial Vehicle photos

We use photos taken using an Uncrewed Aerial Vehicle
(UAV) and the principle of structure for motion (SFM) to
generate digital surface models (DSM) at four key sites
along the Nevis segment identified by Beanland and
Barrow-Hurlbert (1988): Drummond Creek (Fig. 2a),
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Coal Creek (Fig. 1c), and the German and Stoney creeks
trench sites (Table 1).

Photos for the DSM were taken using a DJI Phan-
tom 3 Professional UAV, which was fitted with a gimbal-
stabilized 12 megapixel digital camera with a 3.6 mm fo-
callens. At each locality, the UAV collected photos along
an automated flight plan generated for a ‘3DMapArea’
mission in the DJI GS Pro app (https://www.dji.com/
nz/downloads/products/ground-station-pro). The photos
were then processed into a DSM using Agisoft, whereby
photos from the survey were first aligned and then used
to build a 3D point cloud. The point cloud was then used
as the source for building the DSM with the default in-
terpolation and filtering options in Agisoft selected.

Ground control points were not used, and so the
DSM’s absolute location accuracy is dependent on the
UAV’s onboard global navigation satellite system (reso-
lution 1-5 m). However, in assessing the NCF scarps,
we are mainly concerned with the DSM’s internal ac-
curacy, and these within-model errors are much lower
(Kalacska et al., 2020). Unlike bare-earth digital ele-
vation models, surface features (e.g., vegetation) are
not removed from DSMs. Nevertheless, in areas with
sparse vegetation, such as the Nevis valley where veg-
etation is dominated by ~0.5 m high tussocks, it has
been shown that UAV-derived DSM can still resolve sub-
tle fault scarps and offset geomorphic features (Johnson
et al., 2014; Angster et al., 2016). The influence of veg-
etation is further reduced by using 5-50 m wide swaths
to extract multiple topographic profiles across the scarp
in MATLAB TopoToolbox (Schwanghart and Scherler,
2014). From the mean elevation of these profiles, we
then construct regression lines through the surfaces ei-
ther side of the scarp, and their vertical separation at the
mid point along the scarp is taken as its vertical offset.
The uncertainty in this measurement from the along-
strike variations in scarp height and the offset surface’s
non-planarity is quantified based on the offset of lines
that represent the standard deviation of the swath’s ele-
vation (Figs. 3c and 4c).

4 Results

4.1 Paleoseismic trench results
4.1.1 Trench wall stratigraphy

The stratigraphy of the German Creek and Stoney Creek
trench walls is dominated by a light grey poorly-sorted
clast-supported gravel (Unit 3, Figs. 5-7). This unit ex-
tends from the base of the trench to within 0.5 m of the
surface. Clasts are pebble to boulder in size with a maxi-
mum diameter of 50 cm and are angular to sub rounded.
The lithology of these clasts are predominantly schist,
with a subordinate group of quartz. The upper 0.5 m
of the gravel matrix grades from grey to brown, which
likely reflects near surface soil development. Our de-
scription of these gravels matches those from previous
trenches in the Upper Nevis valley (Beanland and Bar-
row, 1984c; Barrow-Hurlbert, 1985) and natural expo-
sures of the gravel underlying the AF1 surface (Boyce,
2002).
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Figure 3 (a) Annotated Uncrewed Aerial Vehicle (UAV) image over the Stoney Creek trench site. Image taken looking to
the north with fault traces and different geomorphic surfaces outlined. The position of the Roaring Lion Fault is based on the
mappingin Turnbull (2000). (b) UAV-derived digital surface model (DSM) of the trench site. Coordinatesin NZTM. (c) Vertically
exaggerated topographic profile across the scarp extracted from the mean (black line) and standard deviation (grey shading)
of elevation in a 50 m wide swath centered on line X-X in (b). Dashed blue lines represent regression surfaces used to measure
vertical offset across the scarp. See section 3.2 for further information on the UAV-DSM.

. ) . . Average Point Density ) ) 2
Site Area (km”)  UAV Height (m)  Number of images (points/m?) Pixel size (cm?)
Stoney Creek 0.063 30 176 655 16
German Creek 0.066 30 221 1122 9
Drummond Creek 0.115 50 560 232 30
Coal Creek 0.323 78 541 56.1 114

Table1l Propertiesofthedigital surface models (DSM) alongthe NCF generated from Uncrewed Aerial Vehicles (UAV) photos.

In the German Creek trench, a 5-30 cm thick bed of 3a cannot be identified within the main zone of trench
matrix-poor pea-gravels with well sorted sub-rounded deformation (Fig. 6). We infer this is because of sedi-
pebbles is encountered near the top of Unit 3 (Figs. 6 ment mixing during faulting and folding.
and 7). We mapped this bed as a facies within Unit 3
(Ul’llt 3a) It Comprises two ﬁning upward sequences in Near the foot of the scarp in both trenches is a distinct

which pebbles grade up from 5 to 0.5 cm diameter. Unit gravel (Unit 2) that is distinguished from Unit 3 by being
matrix-supported and containing fewer cobbles (maxi-
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Figure 4 UAV image looking south over the German Creek trench site. (b) DSM of the trench site, coordinates in NZTM.
(c) Topographic profile across the scarp, with vertical separation across the scarp measured using the mean and standard
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mum clast size 15 cm, Figs. 5-8). Overlying Units 2 and
3isamedium brown, massive very-well sorted silt (Unit
1) that we interpret as a loess deposit, and a brown-grey
friable medium-grained soil that contains rootlets (Unit
0).

4.1.2 Deformation history

We identified four gently-dipping (<30°) synthetic
faults in each trench from offset unit contacts and clast
alignment along their trace. In addition, we traced
faults from shallow cracks in the trench wall. We in-
fer these cracks are a consequence of gravel-on-gravel
displacements and later downward groundwater perco-
lation, which made the faults relatively erodible during
trench excavation. Three of the Stoney Creek trench
faults terminate within the structureless Unit 3 gravels
and so it is not possible to measure the offset across
them (Fig. 5). Fault F4 has folded and thickened the Unit
2 gravels (Fig. 8b). However, this unit has limited lateral
extent, and as a possible slope or colluvial deposit (see
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discussion below) its base was not necessarily a planar
horizontal surface. We therefore do not consider that
its offset across F4 is a reliable offset marker. Conse-
quently the offset across individual faults in the Stoney
Creek trench, and the degree to which deformation has
been accommodated by faulting or folding at this site,
is unknown.

Using the top of Unit 3a in the German Creek trench
as an offset marker, which can be correlated either side
of the four faults, the total throw accommodated by the
faults in this trench is <1.0 m (Fig. 6). Given the 1.8 m
vertical separation of the AF1 surface at German Creek
(Fig. 4c), we infer the remaining deformation is accom-
modated by folding.

We interpret that the Upper Nevis valley trenches pro-
vide stratigraphic evidence for two surface rupturing
earthquakes. In the penultimate rupture, a combina-
tion of folding and rupture along the synthetic low angle
trench faults formed a gently dipping scarp, as is typi-
cal for low angle thrust faults (<30° dips) like the Nevis
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Figure5 (a) Orthorectified mosaic and (b) trench log for the upper and lower walls of the Stoney Creek trench, (north wall).

Please note, (a) consists of separate orthomosiacs for the upper and lower trench walls, and which has resulted in some image
overlap around the bench. An unannotated version of the orthomosiacin (a) is available at: https://zenodo.org/doi/10.5281/

zenodo.10819579.

strand (McCalpin and Carver, 2009). This deformation
style is in contrast to other NCF trenches where dis-
placement was localised on a single fault strand; how-
ever in these cases, the trenches were excavated across
moderate-steeply dipping (45-66°) antithetic (Macdon-
alds Creek) or master (Gibbston) NCF strands (Beanland
and Barrow-Hurlbert, 1988; van den Berg et al., 2023).

We then infer that the scarp was subject to gravity
and/or slope wash processes that reworked the Unit
3 gravels adjacent to the scarp into distinct matrix-
supported Unit 2 gravels (Fig. 8). A distinct ~1 m wide
lens of gravels within Unit 3 in the Stoney Creek trench
may also represent reworked gravels that formed above
Fault F1 (Figs. 5 and 8a). Unit 2 was then deformed by
the most recent surface rupture as evidenced from the
folding and thickening of the Unit 2 gravels around fault
F4 in the Stoney Creek trench, and faults F3 and F2 in
the German Creek trench (Fig. 8). This was followed by
deposition of Unit 1 loess, which is locally thickened in
the depressions created by Unit 2 folding.

4.1.3 OSL dating results and surface rupture tim-
ing

We estimate the timing of the two surface rupturing
earthquakes we inferred from the Upper Nevis valley
trench stratigraphy by incorporating the OSL dates pre-
sented in Table 2 into a probabilistic rupture chronology
using OxCal (Fig. 9, Supplementary Information S4).
Two OSL dates were returned from Unit 3 gravels: OSL-
1 (13.3 4+ 0.6 ka) and OSL-6 (47.9 + 2.2 ka). However,
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as OSL-1 is not in stratigraphic order with the overlying
dates (Fig. 5), we suggest its luminescence signal has
been partially reset. We therefore do not consider this
date further.

OSL dates OSL-2 (20.7 == 0.8 ka), OSL-3 (17.8 == 0.6 ka),
OSL-7 (19.1 + 0.8 ka), and OSL-10 (11.9 + 0.6 ka) were
all sampled from Unit 2 (Table 2). Given that Unit 2 is
relatively thin (0.5 m), and the consistency between this
unit’s other OSL dates, we regard OSL-10 as an outlier
that we exclude from our OxCal model. The remaining
dates for Unit 2 are grouped as a single phase in OxCal
(Fig. 9). The OSL dates from Unit 1 loess are 7.8 + 0.4
ka (OSL-4), 5.5 + 0.2 ka (OSL-8), and 4.3 == 0.2 ka (OSL-9,
Table 2).

The stratigraphic evidence for the penultimate sur-
face rupturing earthquake (UN-eq2) is provided by the
Unit 2 gravels at the foot of the scarp. One approach to
date this rupture would be to formally interpret these
gravels as a colluvial wedge, and hence the Unit 2 OSL-
dates are a very close minimum age estimate for this
event. This interpretation implies that the Nevis scarp
has been significantly eroded, as its current slope an-
gle (5-10°) is below the angles normally assumed for
colluvial deposits to accumulate (>20°; Carretier et al.,
2002; McCalpin and Carver, 2009; Chiama et al., 2023).
An alternative -but not mutually exclusive- interpreta-
tion is that the Nevis strand scarp represents a pressure
ridge scarp, which are generally not associated with
significant colluvial deposits, but are subject to slope
wash processes (McCalpin and Carver, 2009). We ten-
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Figure6 (a) Orthorectified mosaic and (b) trench log for the upper and lower walls of the German Creek trench (north wall).

As with Fig. 5, (a) consists of two separate orthomosiacs, one for each trench wall, and this has resulted in some overlap
between them. The vertical separation of the top of Unit 3a between faults F1-F4 is also indicated. An unannotated version
of the trench wall orthomosiac is available at https://zenodo.org/doi/10.5281/zenodo.10819579.

tatively prefer the latter interpretation as Unit 2’s ~ 18-
20 ka age indicates that UN-eq2 occurred during the last
glacial period when the Nevis Valley was experiencing
a periglacial climate (Barrow-Hurlbert, 1985), and fre-
quent freeze-thaw cycles would have promoted solifluc-
tion and debris flow processes around the scarp to form
Unit 2 (Font et al., 2006; McCalpin and Carver, 2009). In
either case, UN-eq2’s timing is most appropriately con-
strained by date OSL-6 (Unit 3, 47.9 + 2.2 ka) and the
grouped dates from Unit 2, albeit with the recognition
that Unit 2 dates likely providing a close minimum es-
timate given that OSL-6 was sampled near the base of
the trench. To recognise this, we use the Zero Boundary
command in OxCal to negatively skew UN-eq2’s timing
probability distribution function (DuRoss et al., 2011).
This leads to a 28.9 T2 ka (95% uncertainty) estimate
for UN-eq2’s timing (Fig. 9).

The most recent surface rupture (UN-eql) is repre-
sented by folding and reverse fault offsets in Unit 2, with
Unit 1 deposited after this rupture. From combining the
OSL dates from Units 1 and 2 into our OxCal model, the
timing of UN-eq1 is estimated to be 12.7 + 4.9 ka (Fig. 9).
We discuss the OSL dates and estimated rupture timing
further in Section 5.1.

4.1.4 Integration of paleoseismic data along the

NCF

Following the steps outlined in Section 3.1, the surface
rupture timings inferred from the Upper Nevis valley
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trenches are correlated with timings from elsewhere
along the NCF at Gibbston and Macdonalds Creek (Ta-
ble 3 and Fig. 10). We note that a 3-event interpretation
was originally proposed for the Gibbston trench (Bean-
land and Barrow-Hurlbert, 1988), however, we consider
arevised 2-event interpretation here only (van den Berg
et al., 2023). For each correlation, we assign a score be-
tween 1-3 where: 1 means the events cannot be corre-
lated as the comparisons fail the x? test at a 95% signif-
icance level or there is a zero distribution (i.e., no over-
lap in the respective rupture timing distribution func-
tions), 2 indicates that correlation passes the x? test,
however, the agreement indices (Acomp) for the com-
bined or individual ages are below the recommended
level of 60% (Bronk Ramsey, 2009; DuRoss et al., 2011),
and 3 indicates no statistical reason why the ruptures
cannot be correlated.

This comparison indicates that we cannot exclude
the possibility that rupture UN-eql correlates with the
most recent surface rupture inferred from the Gibbston
Trench (G-eql), or with G-eql and the most recent sur-
face rupture recorded at the Macdonalds Creek trench
(MC-eql, Table 3). However, the correlation is weak in
these cases, with the individual agreement index for G-
eql’s timing below the recommended threshold (60%).
UN-eq1 can also be correlated with the penultimate rup-
tures inferred from the Gibbston (G-eq2) and Macdon-
alds Creek trenches (MC-eq2). If true, this would imply
that events G-eql and MC-eq1 did not extend to the Up-
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Figure 7 Cross section of the trench wall stratigraphy
away from the scarp in the German Creek trench (north wall)
highlighting the Unit 3a pea gravel facies. Location of image
within trench indicated in Fig. 6.

per Nevis valley. Alternatively, the penultimate surface
rupture in the Upper Nevis valley (UN-eq2) could be cor-
related with G-eq2 and MC-eq2 (Table 3).

As with any integration of surface rupture timings
between paleoseismic trenches, it is also possible that
the ruptures inferred from the NCF trenches are inde-
pendent, or distinct but temporally clustered, events.
In particular, since incremental fault displacements in
the NCF trenches are bracketed by the relative offset of
different stratigraphic layers (Figs. 5-8; Beanland and
Barrow-Hurlbert, 1988; van den Berg et al., 2023), there
are relatively high timing uncertainties, which in turn
makes it challenging to exclude rupture correlations.
We discuss this further in Section 5.2.

4.2 Re-examination of late Quaternary NCF
activity using high resolution digital sur-
face models

4.2.1 Drummond Creek

Beanland and Barrow-Hurlbert (1988) identified five
small but distinct geomorphic surfaces just south of
Drummond Creek (Fig. 2a), which they interpreted as a
flight of degradation surfaces that formed during short
periods of stability as the AF1 surface was progressively
eroded. Using topographic profiles constructed from
theodolite measurements with 500 mm accuracy, they
also identified a correlation between the relative age of
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Rupture Correlation x?2 Statistic p Acomb (%) Correlation Score
UN-eql-G-eql 1.712 >0.05 62.8 23
UN-eql - G-eq2 1.436 >0.05 66.8 24
UN-eql-G-eql - MC-eql 1.846 >0.05 727 23
UN-eql - G-eq2 - MC-eql 4.343 >0.05 399 2
UN-eql - G-eql - MC-eq2 12.49 <0.05 6.1 1
UN-eql - G-eq2 - MC-eq2 1.689 >0.05 76.8 3

UN-eq2 - G-eql 13.468 <0.05 16 1

UN-eg2 - G-eq2 0.094 >0.05 138.6 3
UN-eq2 - G-eq2 - MC-eql 14.267 <0.05 2.6 1
UN-eq2 - G-eg2 - MC-eql 17.748 <0.05 12 1
UN-eq2 - G-eql - MC-eq2 26.034 <0.05 0.2 1
UN-eq2 - G-eq2 - MC-eq2 0.328 >0.05 141 3

Table3 Results of rupture timing correlation tests between trenches along the NCF. UN: Upper Nevis trenches, G: Gibbston
trench, MC: Macdonalds Creek trench (van den Berg et al., 2023). In this analysis, we apply a revised interpretation of the
original Gibbston trench study (Beanland and Barrow-Hurlbert, 1988), which is presented in van den Berg et al. (2023).

3Individual Acomp, for G-eql <60%
#Individual Acomp, for G-eq2 <60%

these surfaces and their vertical separation across the
Nevis strand scarp. In turn, this was used to suggest
that four surface rupturing earthquakes, each with 0.25-
0.4 m vertical displacement, had occurred at this site
since AF1 abandonment (Beanland and Barrow, 1984b;
Barrow-Hurlbert, 1985; Beanland and Barrow-Hurlbert,
1988). This represents a significant difference from our
interpretation of two surface ruptures recorded at the
German and Stoney creek trenches, and which were
excavated across the same AF1 surface 5 km south of
Drummond Creek (Section 4.1.2).

To investigate this discrepancy, in Fig. 11 we show re-
vised measurements for the geomorphic surface’s ver-
tical separation across the Nevis strand scarp at Drum-
mond Creek, which we measured using a UAV-derived
DSM (Section 3.2). This indicates that vertical separa-
tion across the undegraded AF1 surface (1-1.3 m, pro-
files A-A’ and C-C’, Fig 1lc) is distinctly higher than
the degraded surfaces (0.4-0.7 m). However, unlike the
theodolite topographic profiles, we find that the verti-
cal separation across the highest degraded AF1 surface
(0.7 m, Profile D-D’, Fig. 11c) is comparable to the ver-
tical separation across the scarp on the middle (0.4 m,
Profile B-B’) and lowest (0.7 m, Profile E-E’) degraded
surfaces. Furthermore, a profile across the these sur-
faces (Profile F-F’) indicates that the lowest and middle
degraded surfaces mapped by Beanland and Barrow-
Hurlbert (1988) may be equivalent surfaces (Fig. 11c).
We also do not observe the highest degraded AF1 sur-
face in the scarp’s footwall (Fig. 11b). This suggests that
erosion to form this surface was limited to the upthrown
side of the scarp.

It is possible that the variations in vertical offset
across the different surfaces at Drummond Creek rep-
resents the along-strike variability of displacement in
a single rupture. However, our preferred interpreta-
tion is that the differences in offset between the unde-
graded (1-1.3m) and degraded (0.4-0.7 m) surfaces rep-
resent progressive offset of two surface ruptures since
AF1 abandonment. Importantly, and unlike Beanland
and Barrow-Hurlbert (1988), we do not find a correlation
between the degraded surface’s relative age and their
vertical offset (Fig. 11c), and so it is unlikely that the
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number of ruptures recorded at Drummond Creek since
AF1 abandonment is >2.

In summary, we suggest the following sequence of
events at Drummond Creek following AF1 abandon-
ment: (1) surface rupture and offset of the undegraded
AF1 surface, (2) progressive erosion of the AF1 surface,
(3) a subsequent surface rupture that offset both AF1
and its degraded surfaces, and (4) continued downcut-
ting by Drummond Creek to its current unfaulted flood-
plain (T0). This sequence of events is therefore consis-
tent with the number and timing of events inferred from
German and Stoney Creek trenches (assuming that the
penultimate event inferred from the trenches occurred
after AF1 abandonment), and with the progressive off-
sets at the DC7 trench locality (Fig. 2a), where the AF1
surface and a single degraded AF1 surface are vertically
offset by 1.4 m and 0.6 m respectively (Beanland and
Barrow, 1984b; Barrow-Hurlbert, 1985).

4.2.2 CoalCreek

Multiple NCF strands are identified in the Lower Nevis
valley (Fig. 12a; Williams, 1974; Beanland et al., 1984;
Beanland and Barrow-Hurlbert, 1988; Turnbull, 2000;
Barrell, 2019). This 13 km long structurally-controlled
basin is akin to the Upper Nevis valley, with the NCF’s
main strand (‘Schoolhouse Strand’) juxtaposing Torlesse
terrane affiliated Haast Schist over a sequence of late
Cenozoic sediments on its western side and the Roar-
ing Lion Fault bounding the valley to the east (Bean-
land et al., 1986; Turnbull, 2000; Barrell, 2019). Dur-
ing their investigations Beanland and Barrow-Hurlbert
(1988) identified a ~1 km long NE trending uphill-facing
scarp just north of Coal Creek. The vertical separa-
tion across the scarp was reported as 2 m on an allu-
vial surface immediately above the flood plain of an un-
named Coal Creek tributary, and 1 m on the flood plain
itself. This scarp does, however, exhibit some enigmatic
features: (1) it cannot be identified on higher terraces
along-trend south of Coal Creek, and (2) it lies 4 km
across-strike from the nearest NCF scarp, which is un-
usually high compared to elsewhere along the NCF and
to other reverse faults in the Otago range and basin re-
verse fault province (Fig. 12a; Van Dissen et al., 2007;
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Figure 8 Examples of fault deformation identified from
the trench walls. (a) Termination of fault F1 at the Unit 2-3
contact in the Stoney Creek trench north wall. Folding and
thrusting of Units 2 and 3 during the most recent surface
rupture in (b) Stoney Creek and (c) German Creek trenches.
In (b) it is unclear whether Fault F4 extends into and offset
Unit 2 during the most recent surface rupture, or if Fault
F4 terminates within Unit 3 gravels but did subsequently
fold and thicken the overlying Unit 2 during the most recent
event. Position of images within the trench log are shown
in Figs. 5and 6.

Barrell, 2019; van den Berg et al., 2023; Griffin et al.,
2022a).

The feature identified as a scarp is visible in the DSM
(Fig. 12b). However, in detail it does not truly offset the
Coal Creek alluvial surface (Profiles B-B’ and C-C’, Fig.
12c¢); instead there is a back limb to the northwest so
that it forms a NNE trending ridge that can be traced
northwards to an unnamed Coal Creek tributary. This
ridge forms a 0.5 m high step in the tributary’s flood
plain (Profile A-A’, Fig. 12c). However, the significance
of this step is unclear as there is a slight convex down
shape to the overall topographic profile.

Cumulatively, we suggest that there is limited evi-
dence that the geomorphic surfaces north of Coal Creek
are separated by a NCF scarp. Furthermore, this fea-
ture could alternatively represent a NNE-SSW trending
strike ridge within the underlying Miocene strata (Dun-
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stan Formation quartz sand to Bannockburn Formation
oil shales; Turnbull, 2000)). This latter interpretation is
consistent with steeply dipping N-S striking late Ceno-
zoic strata mapped elsewhere in the Lower Nevis val-
ley (Williams, 1974; Turnbull, 2000) and accounts for
why this feature could not be mapped on higher ter-
races south of Coal Creek. If true, then evidence for
late Quaternary NCF surface rupturing earthquakes in
the Lower Nevis valley are limited to the Ben Nevis
and Curving scarps (Fig. 12a; Beanland et al., 1984,
Beanland and Barrow-Hurlbert, 1988). These scarps are
found only on mid- high-level terraces in the Lower
Nevis valley, and there are no scarps on Schoolhouse
Flat, a significant outwash fan that lies adjacent to the
Ben Nevis scarp (Fig. 12a).

5 Discussion

5.1 NCF activity in the Upper Nevis valley

The OSL dates returned from the Stoney Creek and Ger-
man Creek trenches provide some of the first chronos-
tratigraphic constraints for the faulted alluvial fan se-
quence in the Upper Nevis valley. Previously, this was
limited to a radiocarbon date from Whittens Creek,
which indicated a maximum age for the unfaulted flood-
plain (T0) of 10,955 + 370 cal. years BP (Fig. 2; Bean-
land and Barrow, 1984b; Barrow-Hurlbert, 1985). This
is consistent with our estimate for the timing of the
most recent rupture in the Upper Nevis trenches (UN-
eql: 12.7 + 4.9 ka). However, compared to our docu-
mentation of four faults within the German and Stoney
Creek trench walls and evidence for two events, only a
single fault and no evidence for incremental displace-
ments was identified within the equivalent trenches
from the 1980’s (Figs. S1-S4; Beanland and Barrow,
1984c; Barrow-Hurlbert, 1985; Beanland and Barrow-
Hurlbert, 1988). This discrepancy may result from the
subtle fault expressions and changes in lithology near
the top of the trenches that were key to our trench in-
terpretation (Fig. 8), and that were not well preserved
in the 1980’s trenches (Fig. S4). In turn, this likely re-
flects that the 1980’s trenches were excavated using a
bulldozer and at a time when best practice for cleaning
and logging trenches in Aotearoa New Zealand was still
being established. The different trench interpretations
may also reflect real ~100 m scale along-strike varia-
tions in the Nevis strand’s expression; indeed, there are
examples of trenches across South Island reverse faults
where the opposing trench walls a few metres apart do
not necessarily match one another (Barrell et al., 2020;
Griffin et al., 2022a; van den Berg et al., 2023). This com-
parison highlights how caution should be applied when
using interpretations from paleoseismic trenches to in-
form seismic hazard assessment, as these interpreta-
tions are not always reproducible and may change as the
science evolves.

Obtaining representative slip rate estimates for the
NCF’s Nevis segment is challenging as the trench data
only provides constraints over 1-2 recurrence intervals,
one of which is still open. Hence, these data are not nec-
essarily representative of the Nevis segment’s long-term
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slip rate (Styron, 2019). To account for this, in Table
4 we compile a range of short and long-term NCF slip
rate constraints. These constraints first consider that
from combining the range of throw estimates across the
Nevis strand scarp at Stoney, German, and Drummond
creeks on the AF1 surface (1.4 + 0.4 m) with the single
OSL date from Unit 3 (OSL-6: 47.9 + 2.2 ka), we obtain an
uplift rate estimate of 0.03 + 0.01 mm/yr (‘AF1 surface-
1’, Table 4). Then from assuming a nominal range of
fault dip estimates for the Nevis segment (45° + 15°;
Seebeck et al., 2024), we can estimate a 0.04 %% mm/yr
slip rate.

It is possible that the layer from which OSL-6 was
sampled has a greater vertical offset than the scarp but
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the evidence for progressive offset during AF1 aggrada-
tion could not be recognised within the structureless
Unit 3 gravels. Hence, this slip rate estimate is a min-
imum constraint (Table 4). A maximum constraint can
be derived by combining the OSL-6 date with observa-
tions from trenches DC5-DC7 in the Upper Nevis valley
(Fig. 2b), where the base of Unit 3 gravels was exposed
and is vertically offset by 2.6 + 0.9 m (Barrow-Hurlbert,
1985). This results in an uplift and slip rate of 0.05 + 0.02
mm/yr and 0.087)-7 mm/yr respectively (‘Base of Unit 3
gravels’, Table 4). Alternatively, from our interpretation
that the Unit 2 gravels postdate the penultimate Nevis
strand surface rupture, and combining this unit’s old-
est date (OSL-2: 20.7 + 0.8 ka) with the AF1 scarp off-
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as collated from this study, Beanland and Barrow-Hurlbert (1988), van den Berg et al. (2023), and Barrell (2019). Where known,
the number of surface ruptures that formed these events and the resulting slip rate is indicated (see also Table 4). NCF scarp
profiles are also reproduced in Supplementary Information S2. Rupture timing probability distributions for (b) Macdonalds
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in NZTM. ToU/HM; Tapuae-o-Uenuku/Hector Mountains.

set, we can place a different upper bound slip rate of
0.1070-0% mm/yr (AF1 surface-2, Table 4). Given that the
Nevis strand has accommodated all of the most recent
NCF displacement in the Upper Nevis valley (Beanland
and Barrow, 1984b; Barrow-Hurlbert, 1985), these re-
vised slip rates (0.0770-1}) are lower than previous es-
timates for the NCF’s Nevis segment (0.4 £+ 0.2 mm/yr;

Litchfield et al., 2014; Seebeck et al., 2024).

For a longer-term perspective, a Nevis segment uplift
rate of 0.2579-0% mm/yr since 400+100 ka is estimated
from the growth of the Nevis-Nokomai river drainage
divide, 6 km south of the trenches (‘Nevis-Nokomai
drainage divide’, Table 4, Fig. 10a; Waters et al., 2001).
Alternatively, if we assume that the total height of the
Tapuae-o-Uenuku/Hector Mountains above the valley
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floor represents the cumulative Nevis segment offset in
the Upper Nevis valley (~750 m, Fig. 1d), and that this
offset initiated in the Late Miocene-Early Pliocene (4.5
+ 2.5Ma; Beanland and Barrow-Hurlbert, 1988; McDon-
nell and Craw, 2003), then we can estimate an uplift rate
of 0.17):2L mm/yr (Table 4, Fig. 10). An equivalent
comparison for the NCF’s NW Cardrona segment indi-
cates a late Quaternary uplift rate of 0.12 + 0.04 mm/yr
(van den Berg et al., 2023) and, given a range height
of 1250 + 250 m above the Cardrona valley floor (Fig.
1d), a 0.28 0% mm/yr long term uplift rate (Table 4,
Fig. 10). These long-term NCF slip rate estimates should
be viewed as minimum constraints as they do not con-
sider that some fault offset may be obscured below late
Cenozoic sediments in the Cardrona and Upper Nevis
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valleys. Furthermore, the low preservation of the Wai-
pounamu Erosion Surface (WES) west of the NCF (Turn-
bull, 2000; Boyce, 2002) indicates some hanging-wall up-
lift has been removed by erosion. Nevertheless, this un-
certainty only serves to support our inference that the
NCEF slip rate since 50 ka is less than its long term slip
rate (Table 4).

East of the NCF, the WES is extensively preserved,
and its vertical offset is considered to provide a record
of total late Cenozoic fault throw (Stirling, 1990; Grif-
fin et al., 2022b). Notably, the late Quaternary uplift
rates for the Hyde and Akatore faults near the eastern
edge of the Otago range and basin reverse fault province
(Fig. 1a) are higher than implied by their vertical off-
set of the WES (Beanland and Berryman, 1989; Taylor-
Silva et al., 2020; Griffin et al., 2022a,b). Under the as-
sumption of constant regional convergent rates, Griffin
et al. (2022b) proposed this indicates that deformation
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within the Otago range and basin reverse fault province
is progressively migrating onto its eastern faults. This
suggestion is supported by our finding that the NCF,
which lies at the western edge of the Otago reverse fault
province, has had a corresponding reduction of slip rate
since at least ~50 ka. Similar observations of where the
boundary conditions imposed by regional deformation
rates are constant, but spatial migrations of deforma-
tion within the fault network drive interdependent slip
rates variations on individual faults, have been docu-
mented in other low strain rate regions (e.g., Taupo Rift,
Basin and Range Province, central Greece; Nicol et al.,
2006; Pérouse and Wernicke, 2017; Iezzi et al., 2021).

5.2 Along-strike extent of NCF earthquakes

The timings for the most recent rupture in the Upper
Nevis, Gibbston, and Macdonalds Creek trenches are
only weakly correlated (i.e., UN-eql - G-eql - MC-eql,
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Fig. 10 and Table 3). Hence it is unlikely that the most
recent NCF ruptures was a multi-segment event. How-
ever, we cannot entirely exclude this possibility using
paleoseismic data, as the poorly constrained rupture
timings still allow a range of plausible event correla-
tions between these trenches (Table 3). To investigate
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the along-strike extent of late Quaternary NCF earth-
quakes further, we therefore also consider empirical
scaling between single event displacement and rupture
length (Thingbaijam et al., 2017) for different NCF rup-
ture cases (Table 5).

We estimate a single event displacement (SED) in the
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Vertical

Offset datum offset (m) Age (ka) Uplift rate (mm/yr) ~ Slip rate (mm/yr) Notes
AF1 surface-1 14404 479422 0.0340.01 0.0419:03 minimurm
: constraint
AF1 surface-2 14404 20.740.8 0.0740.02 0.1019:08 maximunm
: constraint
Base of Unit 3gravels  2.640.9 479422 0.05 4 0.02 0.08%9:97 maximum
: constraint
Nevis-Nokomai +0.08 +0.32 after
drainage divide 100 400100 0-25%0.05 03570712 Waters et al. (2001)
Tapuae-o-Uenuku/ +0.21 +0.51 minimum
Hector Mountains 750 4,500+2,500 0-17%0.06 0.24%57%3 constraint
Macdonalds Creek, after
NW Cardrona segment 40 39.0+14.4 0.1240.04 0.1340.05 van den Berg et al. (2023)
Gibbston, after
NW Cardrona segment 45405 24.7£2.5 0.18+0.04 0.26:£0.06 Beanland and Barrow-Hurlbert (1988)
Cardrona 12504250 4,50042,500 0.28+0:47 0.39+111 minimum
valley range : : constraint

Table4 Range of upliftand slip rate estimates for the NCF. Location of estimates along the NCF is provided in Fig. 10. Slip rate
estimates derived assuming a 45° + 15° NCF fault dip (Seebeck et al., 2024), except for the Macdonalds Creek and Gibbston
scarps where the fault dips 66° and 45° respectively (Beanland and Barrow-Hurlbert, 1988; van den Berg et al., 2023).

Thingbaijam et al. (2017)

Rupture Case Length (km)
Upper Nevis only 8
Upper-Lower Nevis 25
Upper Nevis-Gibbston 45
Gibbston-Wanaka 40
Upper Nevis-Wanaka 85

Average SED (m) My
03493 59114
0.878:3 6.7117

+4.9 +1.4
ﬁ;ﬂ;; ;'élizé
~—0.7 M—1.1
2750 754

Table5 Estimated single event displacement (SED) and My, for different NCF rupture scenarios given the Thingbaijam et al.

(2017) fault scaling.

Upper Nevis valley of 1.015-7 m by projecting the verti-

cal separation across AF1 at Stoney, German, and Drum-
mond creeks (1.4 & 0.4 m) through a fault dip of 45° +
15° and dividing by the two events that we infer to have
formed these scarps. It is therefore likely that late Qua-
ternary Nevis segment surface ruptures extended be-
yond the 8 km long Upper Nevis valley (0.3 m SED, Ta-
ble 5). Furthermore, compilations of historical earth-
quakes in Aotearoa New Zealand indicate that a 8 km
long My ~5.9 rupture confined to the Upper Nevis val-
ley would have a <10% change of surface rupture (Nicol
et al., 2016). No NCF scarps have been identified im-
mediately along-strike to the south of the Upper Nevis
valley in the Nokomai River valley (Fig. 1d; Kerr et al.,
2000), or to the north along the 10 km long gorge that
connects the Upper and Lower Nevis valleys. However,
this may simply reflect that there has been extensive
landsliding in the steep terrain adjacent to the Upper
Nevis valley, and so the chance of scarp preservation
there is low.

The closest known NCF scarps to the Upper Nevis
valley are on mid- to high-level surfaces in the Lower
Nevis valley (Section 4.2.2, Fig. 12a). Notably, the Ben
Nevis scarp’s vertical offset is 2 m, and given that trench
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DC1 provided evidence for >2 earthquakes (Beanland
et al., 1984; Beanland and Barrow-Hurlbert, 1988), the
SED in these events must have been < 1.6 & 0.4 m (as-
suming a fault dip of 45°+ 15°). This is comparable
to the NCF activity we infer for the Upper Nevis valley,
and the fault scaling is compatible with through-going
Upper-Lower Nevis valley ruptures (Table 5). Without
any chronostratigraphic data to constrain earthquake
ages in the Lower Nevis valley, any correlations between
it and the Upper Nevis are tentative. If they are true,
however, they require that the unfaulted Schoolhouse
Flat (Fig. 12a) is younger than the last Nevis segment
surface rupture (~12 ka, Section 4.1.3), and so this sur-
face is younger than the ‘Hawea’ (18 ka) age previously
assigned to it (Williams, 1974; Beanland and Barrow-
Hurlbert, 1988).

NCF scarps have not been identified immediately
north of the Lower Nevis valley where it passes through
two prominent fault bends between Doolans Saddle and
Gibbston (Fig. 1b; Barrell, 2019). However, this re-
gion’s steep terrain and extensive landsliding is not con-
ducive to scarp preservation. A 45 km long rupture that
extended between the Upper Nevis and the prominent
NCF scarp at Gibbston is conceivable given the fault-
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scaling constraints (Table 5). However, we consider this
an unlikely scenario as it implies that the last two sur-
face ruptures at Gibbston did not then propagate further
north into the Cardrona valley, and this is inconsistent
with: (1) the continuity of scarps with similar height be-
tween Gibbston and the Cardrona valley, and (2) well
correlated rupture timings between the Gibbston and
Macdonalds Creek trenches (Fig. 10; van den Berg et al.,
2023). Instead, we infer that if ruptures propagated
from the Upper Nevis to Gibbston, then they must have
also extended further north in multi-segment NCF rup-
tures.

For the case of multi-segment NCF ruptures, we con-
sider a 85 km long My ~7.5 rupture that extends from
the Upper Nevis valley to the northernmost late Quater-
nary NCF offsets near Wanaka (Table 5; Barrell, 2019).
In this scenario, the expected SED is higher than in-
ferred from the Upper Nevis trenches (2.5-3 m vs.
1.075-Tm, Table 5). A multi-segment NCF rupture is con-
sistent with, but at the upper range of, SED estimates
from the Maori Gully, Gibbston, and Macdonald Creek
trenches (2 + 1 m; Beanland and Barrow-Hurlbert, 1988;
van den Bergetal., 2023). Furthermore, the vertical sep-
aration of mid-level alluvial surfaces across Cardrona
segment scarps (4.5 &+ 3.5 m, Fig. 10, Supplementary In-
formation S2; Barrell, 2019; van den Berg et al., 2023) are
consistently higher than on the Nevis segment (1.5-2
m). This implies that if multi-segment late Quaternary
NCF ruptures did occur they had an asymmetric slip dis-
tribution. However, it is generally observed that multi-
segment reverse fault earthquake exhibit overall ellipti-
cal (or sinesqrt function) co-seismic slip profiles (Philip
etal., 1992; Yang et al., 2021; Thingbaijam et al., 2022).

In summary, from considering the weak paleoseis-
mic evidence for multi-segment late Quaternary NCF
ruptures, the SED-rupture length scaling, and the NCF’s
along-strike slip distribution, we favour an interpreta-
tion of single segment NCF ruptures. In this context,
the two surface rupturing earthquakes inferred from
the Gibbston and the Macdonalds Creek trench repre-
sent ~40 km long NW Cardrona segment ruptures be-
tween Wanaka and Gibbston 20.5722 ka and 6.5732 ka
(van den Berg et al., 2023). By contrast, the trenches we
document here in the Upper Nevis valley record Nevis
segment ruptures 28.9 T2 and 12.7 + 4.9 ka. It is
likely that these ruptures extended between the Lower
and Upper Nevis valleys, and possibly from the Noko-
mai catchment to Gibbston. Our interpretation there-
fore suggests that hard-linked ~30-50° fault bends by
Gibbston and/or Doolans Saddles (Fig. 1) acted as rup-
ture barriers during late Quaternary NCF surface rup-
turing earthquakes.

6 Conclusions

We document new fault mapping and two paleoseis-
mic trenches along the Nevis-Cardrona Fault (NCF) in
the low strain rate Otago range and basin reverse fault
province, Aotearoa New Zealand. The trenches were ex-
cavated in the Upper Nevis valley on the NCF’s Nevis
segment, and provide stratigraphic evidence for two
surface rupturing earthquakes. From OSL dating and

19

0OxCal modelling we constrain these ruptures to have
occurred at 28.9 72" and 12.7 + 4.9 ka. By consider-
ing either the vertical offset across the NCF scarp (1.4 +
0.4 m) or the base of alluvial fan gravels (2.6 + 0.9 m),
we estimate slip rates for the Nevis segment of 0.077-1%
mm/yr. These results indicate lower slip rates on the
Nevis segment than previous estimates (0.4+0.2 mm/yr;
Litchfield et al., 2014; Seebeck et al., 2024).

Comparisons with rupture timings obtained from
trench data on the NCF’'s NW Cardrona segment do not
allow us to statistically exclude the possibility that rup-
tures in the Upper Nevis valley propagated for 85 km
along-strike towards Wanaka in multi-segment earth-
quakes, though the evidence for this is weak. Further-
more, when placed in the context of rupture length-
single event displacement scaling, we suggest that NCF
hosted single segment ruptures during the late Quater-
nary. At the regional scale, our results are consistent
with previous studies, which indicate that the 1-2 mm/yr
of Australian-Pacific plate motion accommodated by
the Otago range and basin reverse fault province is cur-
rently localised on its easternmost faults.
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