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ARTICLE INFO ABSTRACT

Keywords: The Hope Fault transfers slip from Hikurangi subduction to the Alpine Fault in the northern South Island of New
Hope Fault Zealand. It accommodates mainly dextral strike slip and currently carries the highest slip rate in the
LiDAR Marlborough Fault System. Displacements, displacement rates and earthquake recurrence intervals have been
:iig Z:tréabﬂity determined using a combination of high resolution LiDAR for 59 dextral displacements (~2.5-200 m) together

with calibrated radiocarbon ages (~130yr to 13,000 yr) for abandoned stream channels, terrace risers and
alluvial fans. Mean single-event displacement (SED) of 3 = 0.6 m (2.2 to 4.6 m for 21 measurements) and mean
recurrence interval of ~266 + 100yr (range 128 to 560 yr) have been determined for the five most recent
surface-rupturing earthquakes. On time scales =2300 yr the dextral slip rate is uniform at 12.2 + 2.4mm/yr,
however, when averaged over time intervals of ~230 to 1700 yr slip rates range from ~4 to 46.4 mm/yr. This
order-of-magnitude variability in slip rate over shorter timescales cannot be fully attributed to errors in dis-
placement and age data, and is at least partly due to variations in earthquake recurrence interval and inferred
SED. Short-term non-characteristic earthquake behaviour may be due to changes in fault loading arising from

Dextral strike slip

stress interactions between different segments of the Hope Fault and nearby faults.

1. Introduction

Seismic hazard parameters for faults capable of surface-rupturing
earthquakes are often evaluated by determining the displacement and
age of geomorphic markers (Weldon and Sieh, 1985; Langridge and
Berryman, 2005; Khajavi et al., 2014; Zielke et al., 2015), and by pa-
leoseismologic trenching of displaced stratigraphy (Scharer et al., 2007;
Langridge et al., 2013; Hornblow et al., 2014; Khajavi et al., 2016).
Such studies often reveal discrepancies in slip rates calculated over
shorter (e.g., < 10°-10*yr) and longer (e.g., 10°-10°yr) timescales
(e.g., Weldon et al., 2004; Nicol et al., 2009; Ninis et al., 2013; Rittase
et al., 2014). Temporal changes in slip rates have been attributed to a
number of factors including: (1) uncertainties on the displacements and
their ages, (2) incomplete sampling of wide deformation zones or long
seismic cycles, (3) temporal and spatial changes in strain rates, and (4)
changes in fault slip vectors (Cowie and Roberts, 2001; Polonia et al.,
2004; Oskin et al., 2008; Cowie et al., 2012; Dolan and Haravitch,
2014). For example, paleoseismic trenches often provide short
(10%-10*yr) or incomplete records of seismic activity due to their
limited depths and lateral extent, uncertainties in the dating of
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earthquakes, and complex faulting especially where strike-slip faults
traverse laterally heterogeneous units (Hartleb et al., 2003, 2006;
Mason et al., 2006; Scharer et al., 2007; Cowie et al., 2012; Quigley
et al., 2012; Langridge et al., 2013; Ninis et al., 2013; Hornblow et al.,
2014; Khajavi et al., 2016). Despite recognition that late Quaternary
slip rates can be variable, questions remain as to how common such
variability is and what geological processes produce it.

In the study, we measure displacements along the Hope Fault using
airborne light detection and ranging (LiDAR) data and previously
published radiocarbon ages of the faulted geomorphic features to ex-
amine the stability of slip rates on the Hurunui segment of the Hope
Fault, New Zealand (Fig. 1). Fifty-nine new strike-slip displacements
ranging from ~2.5 to 200 m with scarp heights of ~0.1 to 22m are
obtained and combined with radiocarbon dates (Langridge and
Berryman, 2005; Langridge et al., 2013; Khajavi et al., 2016) to con-
strain fault strike-slip rates over time intervals of ~230-13,000 yr at
four localities along the Hurunui segment. The variability of single-
event displacement for individual earthquakes is examined by ana-
lysing cumulative displacements, while the timing of distinct earth-
quakes is constrained by prior trenching data combined with
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radiocarbon and optically stimulated luminescence (OSL) dating, den-
drochronology, and OxCal modelling (Khajavi et al., 2016). The
variability of slip rates over different timescales and the potential fac-
tors causing these changes are investigated and discussed.

2. Tectonic setting, geology and kinematics

The Hope Fault is part of the Marlborough Fault System (MFS) in
the northern South Island of New Zealand, which links the Hikurangi
subduction zone to the Alpine Fault in the south (Van Dissen and Yeats,
1991; Berryman et al., 1992; Nicol and Van Dissen, 2002) (Fig. 1). The
MFS comprises four major dextral strike-slip faults: the Wairau,

Hope Fault segment/sections:
T:Taramakau

HU: Hurunui

HR:Hope River

C:Conway

S: Seward

113

: Marlborough Fault System (MFS) in the northern
South Island. Background is a 25 m DEM. (A), New
Zealand plate boundary including subduction zones
. and major faults. Nuvel-1 plate rates (mm/yr) and
orientations are after DeMets et al. (1994). (B), Di-
gital elevation model of the northern South Island
including the MFS and Alpine Fault is shown. The
late Pleistocene-Holocene slip rate estimates (values
in brackets) for the Hurunui, Hope River and
Conway segments/sections are presented in mm/yr
(Cowan, 1990; Cowan and McGlone, 1991; Yang,
1991; Langridge et al, 2003; Langridge and
Berryman, 2005). The late Pleistocene-Holocene slip
rate estimates for other faults within the MFS, at the
junction of the Hope Fault with the Alpine Fault, and
for south of the junction of the Hope and Alpine
faults are also presented (Norris and Cooper, 2001;
Mason et al.,, 2006; Zachariasen et al., 2006; Van
Dissen and Nicol, 2009; Langridge et al., 2010).
Segment/section boundaries are marked by circles.
(C), Site names and locations along the study area
are shown. Earthquake age data used in this study
are from the Hope River site (Khajavi et al., 2016).
Slip rate data along the Hope River segment are from
Glynn Wye and Horseshoe lake sites (Cowan, 1990;
Cowan and McGlone, 1991). Surface age data used in
this study come from Matagouri Flat, McKenzie
Stream, Macs Knob, Hope-Kiwi confluence and Hope
River sites (see Table 2).

Pacific Ocean

Awatere, Clarence, and Hope faults with total strike-slip rates across the
system of ~39-48 mm/yr (Lensen, 1962; Berryman and Beanland,
1991; Van Dissen and Yeats, 1991; Knuepfer, 1992; DeMets et al., 1994,
2010; Beavan et al., 2002; Wallace et al., 2007, 2012). The ENE-striking
Hope Fault (~230 km long) is the youngest and southernmost fault in
the MFS (Freund, 1971; Van Dissen, 1989; Cowan, 1990; Wood et al.,
1994; Langridge and Berryman, 2005). The Hope Fault accommodated
late Quaternary slip rates of ~10-30 mm/yr and is the second fastest
moving fault in New Zealand after the Alpine Fault (Cowan, 1989,
1990; Cowan and McGlone, 1991; Van Dissen and Yeats, 1991;
Knuepfer, 1992; Langridge et al., 2003; Langridge and Berryman, 2005)
(Fig. 1). Field, aerial photography, and LiDAR mapping indicate that
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the Hope Fault comprises five segments (from west to east: Taramakau,

8
Hurunui, Hope River, Conway, and Seaward) of ~20 to 70 km length i
defined by fault-trace geometries and slip rates (Fig. 1) (McKay, 1890; i oy ~
Freund, 1971; Cowan, 1989; Langridge et al., 2003; Langridge and @ & $
Berryman, 2005; Langridge et al., 2013; Beauprétre et al., 2012; é E % E %

Khajavi et al., 2014). The Hope Fault is a major source of seismic hazard
and last ruptured in the Mw 7.1 + 0.1 1888 Amuri earthquake with a
surface-trace length of 44-70 km (McKay, 1890; Khajavi et al., 2016).

The Hurunui segment of the Hope Fault is ~42 km long (Langridge
et al., 2013) (Fig. 1), strikes at 070°-075° (approximately parallel to the
relative Pacific-Australian plate motion vector) and dips ~85° NW
(Khajavi et al., 2014, 2016). At a regional scale, this segment of the
fault is remarkably straight with no major step-overs or bends and is
approximately parallel to the relative plate motion vector, making it
optimally oriented for strike-slip motion (see Khajavi et al., 2014).
Dextral displacements along the main fault trace (MFT) are well pre-
served (Langridge and Berryman, 2005). Khajavi et al. (2016) ex-
cavated paleoseismic trenches and identified six earthquakes at 1888

3 + 1.5 (H: 166 * 17, age: 10,782 + 60) (Macs Knob site)”
+ 1.8 (H: 14 + 3, age: ~1700) (Hope River site)*
10.5 = 0.5 (H: 36 + 0.5m, age: 3336 = 65) (Horseshoe Lake site)"

14 + 3(H: 230 + 20m, age: ~17,000 + 2000) (Glynn Wye)"
<23 + 4 (H: 115 * 15, age: 5066 * 189) (Greenburn Stream site)’
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1531-1577 (cal. yrB.P.) indicating a mean recurrence interval of é 8| 3
~298 =+ 88yr with inter-event times ranging from 98 to 595 yr. They E ﬁ g
concluded that the large variance in inter-event times could be due to AR
incomplete sampling and/or variations in rupture lengths or locations S8l 2
close to the boundary between the Hope River and Hurunui segments. =B g
Previous studies have examined geomorphic slip rates of the Hope fr 2 g ™
Fault from three sites along the Hurunui segment, two sites along the g g|°© —®
. . . w
Hope River segment, and four sites along the Conway segment using g ol e
cumulative slip measurements and ages of faulted landforms (Clayton, = E i 2
1965, 1968; Freund, 1971; Suggate, 1965; Suggate et al., 1978; Hardy bS] g i)
- (3}
and Wellman, 1984; Wellman, 1985; Knuepfer, 1984, 1988; Cowan, 5 § E & 02«
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1991; L‘angrldge etal., 290?, Langridge and B.erryman, 2005) (Table 1). g2 T S 2 a 0 2
Geodetic data (GPS) indicate decadal slip rates of 13.9 mm/yr, B = g HooH 4 i i +H
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Fault have been displaced dextrally by ~8.5 to 40 km (Freund, 1971; § 5 B = £
Nathan et al., 2002; Rattenbury et al., 2006), which could have accrued E fé g oy H E
in ~0.5-2Ma if average late Quaternary slip rates also apply S g 5 @ L2 g
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Fig. 2. Macs Knob area near the middle section of the Hurunui segment (see Fig. 1C for location). (A), The largest displaced fan along the Hope Fault. Upslope and
downslope elevation profiles (black and green lines) are extended along the fan on both sides of the fault. Profile XY is extended across the thrust flake and the MFT
on the fan surface. Horizontal displacements of the fan margins and apex are measured. (B), Cross-section XY shows fault model at depth (fault dips and orientations
are used from Khajavi et al. (2014)) and vertical displacement on the thrust flake. (C), Upslope and downslope elevation profiles show the horizontal and vertical
displacements of the fan. (D), Back-slipping approach is used to correlate the apex of the fan. Vertical displacement of the thrust flake is shown. (E), Thrust
component is removed. Not only the apex, but also the middle section of the fan is now matched.

perpendicular to the trend of the fault trace, which were produced from
the LiDAR digital elevation model (DEM) using ArcMap (GIS) software.
On the profiles, the vertical separations (i.e., scarp heights) across the
fault were measured and measurement uncertainty assigned to scarp
heights taking account of the erosion or deposition along the fault
scarps.

Previous studies suggest that the vertical displacements along the
Hurunui segment are small (H:V ~7 = 2:1) relative to the horizontal
displacements (Langridge and Berryman, 2005). In this study, we show
that scarp heights are not representative of the actual vertical slip. For
example, in the middle section of the Hurunui segment, at the Macs
Knob site, a fan has been displaced horizontally by ~120 m producing a
maximum scarp height of ~22m (Fig. 2). A back-slipping approach
(e.g., Manighetti et al., 2015; Zielke et al., 2015) was used to re-
construct the original shape of the fan at Macs Knob prior to faulting
and to estimate vertical and horizontal displacements of the surface
(Fig. 2A, B and C). Back-slipping of the fan between topographic

profiles indicate horizontal displacements of 121 * 11m for the fan
surface (i.e. the mean of the 3 measurements on Fig. 2). By comparison,
the estimated vertical displacement of the fan apex is 4 = 2m which is
significantly smaller than the maximum apparent scarp height (~22 m).
These displacements produce a mean H:V ratio of ~33:1, which is
significantly higher than ~8:1 estimated assuming that the scarp height
is equal to the vertical displacement.

The horizontal displacements were measured using reconstruction
of geomorphic markers along the fault strike (Quigley et al., 2012;
Rockwell and Klinger, 2013; Zielke et al., 2015). We projected piercing
lines to the fault trace along the two sections of a geomorphic feature
(i.e., north and south of the fault trace). Subsequently, the horizontal
separations between the linear piercing lines along the fault trace were
measured on the LiDAR hillshade models. In this method of displace-
ment measurement, uncertainties assigned to displacements are de-
pendent on how well the geomorphic markers are defined, their angular
relationship to the fault (smaller angles produce greater uncertainties),
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and how far the piercing lines are projected to the fault trace (Rockwell
and Klinger, 2013). For this reason, we measured each displaced
marker three times using slightly different projections to quantify the
internal uncertainties (4/—) resulting from measurement error for
displacement measurements. We also estimated the quality of hor-
izontal displacements (McCalpin, 2009; Zielke et al., 2010; Zielke et al.,
2012; Scharer et al., 2014; Manighetti et al., 2015) by assigning quality
indices (QIs) from 1 to 5 to each measurement (see Table S1 for de-
scription of QIs).

More than 400 dextral (n = 160) and vertical (n = 317) displace-
ment measurements (see Tables S1-S3 from the Supplementary file)
were collected with only one third of the dextral displacements
(n = 59) from the MFT considered to be of sufficient quality for further
analysis (i.e., displacements with QIs from 1 to 3 and mean
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Fig. 3. Fault-trace map of the McKenzie Fan and
Parakeet Stream sites including a filed photo from
Parakeet site. Background image is a 1m LiDAR
hillshade model. Locations and ID numbers of mea-
sured displacements are shown on the map (filled
yellow circles). (A), McKenzie Fan site, mapping in-
dicates that some streams have been displaced by
multiple fault strands, which define the FDZ. Dextral
displacements of such streams (i.e., data points 19
and 27, and data points 16, 17, 20 and 25) have been
summed to calculate total slip rate across the FDZ
(See Table 3). The age of the fan is
2179-2464 cal. yr B.P. (Table 2 and Langridge and
Berryman, 2005). (B), Parakeet Stream site, mapping
indicates that Parakeet stream, toe of a debris flow
deposits, and channer risers have been displaced.
Unlike McKenzie Stream site, it is difficult to identify
a feature with multiple displacement along several
fault strands. (C), A field photo from Parakeet
Stream. Symbol: * on part B, shows the approximate
location of the field photo in part C. Arrows point to
the reverse fault mapped on part B.

uncertainties/displacement <25%, Table S2). Fig. 3A-B shows ex-
amples of geomorphic displaced markers and the locations of our
measurements at two different sites with small and large displacements.
The best estimates of seismic hazard parameters can be achieved when
cumulative slip across the entire FDZ is considered. We summed the
displacement data collected from the MFT and subsidiary fault traces
within the FDZ at the McKenzie Fan site (Fig. 3A) where an individual
geomorphic displacement marker was displaced by several fault strands
(see Table 3). Apart from McKenzie Fan site, only a few individual
geomorphic markers recorded displacements both along the MFT and
subsidiary fault strands within the FDZ (see Figs. S1-S4 and Table S3 in
the Supplementary file). Most of measurements from FDZ have QIs
above 3 because of the quality of the geomorphic markers and the fact
that the fault strands within the FDZ are poorly preserved/inferred with
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East

Fig. 4. Dextral displacements and scarp heights distributions
along the MFT of the Hurunui segment of the Hope Fault.
Dextral displacements are colour-coded according to the sites

names (see Fig. 1C for sites locations) and are presented with
their QIs. Data with QIs from 4 and 5, which were not used in
our analysis, are shown in grey. Note that the displacement
data with QIs from 4 to 5 fill a gap on the graph at the Park

and West McMillan site.
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respect to the MFT (Fig. 3B). Taking that into account, it appears that
up to ~50% of deformation might be missing at the sites with such
conditions (i.e., The Park and west of McMillan Stream, East of
McMillan Stream, Three Mile Stream, Parakeet Stream and Lodge
Stream). This does not affect our analysis because we do not have age
data for these sites required to examine their slip rates (Table 3).

The spatial distribution of scarp heights and dextral displacements
measured from the MFT with QIs of 1 to 5 is shown on Fig. 4, with
maximum dextral displacements rising towards the centre of the field
area. This distribution of displacements arises because the fault offsets
younger landforms towards the eastern and western (Fig. 3A) ends of
the mapped fault trace, and does not reflect along-strike changes in
fault slip or slip rates. In addition, the plot in Fig. 4 displays scarp
heights and supports the view that they are much lower than dextral
displacement. Given the high H:V ratios and along strike variations in
scarp heights, which may reflect sampling issues and local fault com-
plexities as described above, we focus on dextral slip in this paper.

3.2. Dating displaced landforms

This study utilizes previously published radiocarbon ages from
Langridge and Berryman (2005), Langridge et al. (2013) and Khajavi
et al. (2016) to constrain the ages of displaced landforms. Radiocarbon
samples were obtained from excavated paleoseismic fault trenches,
hand-dug pits, and outcrops of deposits younger than the Last Glacial
Maximum (LGM). The radiocarbon data used here are summarized in
Table 2 and shown on Figs. S1-S4 in the Supplementary file. The ex-
isting radiocarbon dates were sampled within ~1.5m of the ground
surface and constrain the ages of geomorphic displacement markers
from which slip rates have been estimated. The available ages are
presented in cal. yr B.P. and their interpretations are discussed in
Table 2. These interpretations have been adopted from the papers
which originally presented the radiocarbon dates (Langridge and
Berryman, 2005; Langridge et al., 2013; Khajavi et al., 2016).

4. Single event displacement (SED)

To constrain the slip history and characterize variations in SED for
the Hurunui segment of the Hope Fault, 21 dextral displacements (with
QIs from 1 to 3) of <15 m have been plotted in ascending order of size
(Fig. 5). For such a plot, steps in the graph are inferred to represent a
change in the number of surface rupturing events with more events
producing higher displacements (Van Dissen and Nicol, 2009; Nicol
et al., 2011). In this paper, we assume that each step represents a single
earthquake, although the likelihood that this assumption is correct
decreases with increasing age of displaced markers as the uncertainties
on the displacements and the time gap between measurements grow. As
some displacements have large uncertainties, the steps are displayed by
boxes and the line representing the mean displacement. The boxes and
mean line define steps in the cumulative displacement with the size of
the steps assumed to represent SEDs. To calculate the SED means and
their uncertainties, a Monte Carlo procedure was applied to account for
the observed displacements of landforms and their uncertainties. The
Monte Carlo procedure is similar to that previously employed for
quantifying parameters of active faults (e.g., Thompson et al., 2002;
Parsons, 2008; Nicol et al., 2016). One thousand displacement mea-
surements were randomly drawn from probability density functions
(PDFs) constructed for each of the 21 displacements (Fig. 5A). Each
displacement was assumed to be normally distributed about the mean
with 20 uncertainties. The histogram inset (Fig. 5A) displays one output
from the analysis and is characterised by five primary modes. The lo-
cations and amplitudes of the modes are stable between realisations and
define five SEDs. The five red boxes on Fig. 5B are centred on the mean
displacement (i.e., blue line) for each mode with the vertical dimension
of the rectangle equal to + 20. The Monte Carlo method was also used
to calculate the mean SED (i.e., 3 + 0.6) and its uncertainty using the
five individual SEDs as input data.

Based on our analysis, the SED ranges from 2.2m to 4.6 m (Fig. 5)
with a mean of 3 + 0.6m. In general, the uncertainties in the slip
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A summary of the published radiocarbon data by previous studies along the Hurunui segment of the Hope Fault. Ages with * symbol are used to calculate the slip
rates in this study. Other ages were estimated to be minimum or maximum according to the previous studies.

Location reference Sample ID Lab number Calibrated age 20 rage Description
(cal. yr B.P.)

Matagouri Flat MF1E NZA 18592 515-653* Plant fragment collected from paleoseismic trench (minimum
Langridge et al. (2013) surface age)

McKenzie Fan MKS NZA13360 2179-2467* Woody twigs collected from aggradation gravels in McKenzie
Langridge and Berryman (2005) Stream catchment, 2 km upstream of fault

The Park FP NZA13358 3476-3826 Fresh peat collected from open fissure on the Park (minimum
Langridge and Berryman (2005) surface age)

Macs Knob (Mc Millan Stream) MMS NZA13361 14,489-15,979 Compact postglacial peat collected from an outcrop including a
Langridge and Berryman (2005) section of silt and peat sequences northwest of Macs Knob
Macs Knob (Three Mile Stream) 3MS NZA13362 6738-7149* Compact faulted peat collected from a rift zone (fault trough)

Langridge and Berryman (2005) (minimum surface age)
Hope-Kiwi Lodge HKL NZA13357 12,634-13,060* Compact postglacial peat collected from an outcrop of
Langridge and Berryman (2005) postglacial deposit (minimum surface age)

Parakeet Stream T3W-1 NZA53427 327-490 All peat samples collected from 4 pits on the surfaces of the
Khajavi et al. (2016) T4WP-3 NZA53430 729-794 terrace risers produced by the Parakeet Stream (minimum
T4EP-4 NZA54174 1399-1525 surface ages)

OCWP-6 NZAS54154 1900-2105
Hope River (Hope Shelter) HS1-19 NZA40317 1418-1688* Peat sample collected from paleoseismic trench (minimum
Khajavi et al. (2016) surface age)
30 — Fig. 5. Frequency distribution and displacement plots for the
— 35 21 507 T 1018 e Hurunui segment. (A), The Monte Carlo statistical method
28 - 30| was used to derive frequency distributions of the individual
- 55 displacements with 20 uncertainties. (B), The stepped red
26 | 2 line shows the number of paleoearthquakes at the vertical
— §ZU’ segments of the line. Red boxes are drawn based on the
24 A 154 V\ /J frequency distributions of the SEDs. The blue line shows the
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measurements increase towards the older events. The SEDs estimated
for the four younger events are all in the same range (2.2-2.9 m);
however, the SED increases to 4.6 for the oldest event. The rise in SED
for the oldest event could be explained by: (1) epistemic error in slip
measurements, and/or (2) the oldest SED could represent more than
one displacement event. If the second explanation applies, ~6 earth-
quakes could be required to create ~15m of slip on the primary fault
surface.
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5. Slip rates and recurrence intervals

Slip rates are derived from a combination of dextral displacements
and dating of displaced landforms. The mean slip-rate of
12.2 + 2.4mm/yr has been calculated for all data on the Hurunui
segment of the Hope Fault averaged over time intervals of ~
500-13,000 kyr (Fig. 6). The mean slip rate has been calculated by
averaging estimates for sites at Matagouri Flat (13.3 * 3.2mm/yr),
McKenzie Fan (14.2 = 3.3mm/yr and 14.9 + 3 mm/yr), Macs Knob
(9.4 £ 1lmm/yr and 12 * 1.4mm/yr), and Hope River
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Fig. 6. Slip rate estimates for the Hurunui segment of the Hope Fault. Data from this study (Table 3) are compared to the data from previous studies for the Hurunui
and Hope River segments. Black arrows are used where surface ages are estimated to be maximum or minimum (see Table 2). Surface ages are presented in cal. yr B.P.

(9.3 £ 2.7 mm/yr). Consequently, the mean slip rate is not strongly
biased by individual displacement measurements or ages from one site.
Using these data, three conclusions can be drawn for slip rates on the
Hurunui segment of the fault (see Figs. 6-7). These are: (1) slip rates are
constant within error when averaged over time intervals of ~2300 to
13,000 yr and longer, (2) slip rate for a given time interval is constant
within error along the strike of the Hurunui segment, and (3) slip rates
are highly variable since ~1700 yr before present. Slip-rate estimates
used to support these results are primarily from the four sites with the
best quality cumulative dextral slip and surface ages (Figs. S1-S4 and
Tables 3-4). The first-order slip rates derived from these sites compare
favourably with the geodetic, paleoseismic and geomorphic slip rates
from the previous studies along the Hurunui segment of the Hope Fault
(Tables 1 and 3) (e.g., Langridge and Berryman, 2005), while temporal
variations in the rates are here explored in detail for the first time.

The mean slip rate from our study is higher than the 9.5 = 1.5 mm/
yr slip rate estimate from Langridge and Berryman (2005) for the
McKenzie Fan site. This difference in slip rate principally arises because
the LiDAR revealed more fault strands and greater cumulative slip
across McKenzie fan than was previously mapped (Figs. 3A and S1C
from the Supplementary file). The average slip rate of 14.5 + 3.2 mm/
yr from McKenzie Fan site is the only slip rate along the Hurunui seg-
ment that incorporates the entire width of the FDZ and is consistent
with the contemporary geodetic slip rate of 13.9 mm/yr (Wallace et al.,
2012). Slip rate estimates from paleoseismic trench data along the
Hurunui segment (Langridge et al., 2013; Khajavi et al., 2016) are also
consistent with our geomorphic slip rate estimates from the same sites
(i.e., Matagouri Flat and Hope River sites) (Tables 1 and 3).

The mean slip rate is within the error bounds of slip rates estimated
from previous studies on the Hurunui and Hope River segments (yellow
and green data points on Fig. 6) (Cowan, 1990; Cowan and McGlone,
1991; Langridge and Berryman, 2005). The slip rates of the McKenzie
Fan site (~14.5 = 3.2mm/yr) (Table 3 and Fig. 3A) and the Horseshoe

Lake site (10.5 = 0.5mm/yr) (Table 1) (Fig. 6) are considered to be
the best estimates for the Hope and Hurunui segments. Taking this into
account, we estimate a mean slip rate of 12.5 = 2.1 mm/yr for the
Hurunui and Hope River segments, which is nearly half of the
23 = 4mm/yr slip rate of the Conway segment (Langridge et al.,
2003). This change in slip rate may partly reflect the westward transfer
of 6.4 + 0.4mm/yr (Yang, 1991) from the Hope Fault to the Kakapo
Fault (Langridge and Berryman, 2005) (Fig. 1). No slip rate measure-
ments are presently available for the Hope Fault west of the study area
where it bifurcates into two main strands and intersects the Alpine
Fault. Slip rates on the Alpine Fault increase from 13.6 = 1.8 mm/yr to
~28 + 5mm/yr southwards across junction with the Hope Fault
(Norris and Cooper, 2001; Langridge et al., 2010; Nicol et al., 2017),
consistent with the Hope Fault system carrying ~10-15 mm/yr to its
western termination.

Globally and on the Hope Fault, slip rates vary temporally with
changes in the sample duration (Fig. 7) (e.g., Weldon et al., 2004;
Mouslopoulou et al., 2009; Nicol et al., 2009). On the Hurunui segment
of the Hope Fault, calculated slip rates averaged over time intervals of
~230-1700 yr range by an order of magnitude from 4 (+0.75, —0.55)
mm/yr to 46.4 (+23.8, —11.9) mm/yr (Fig. 7). The observed range of
slip rates will be partly influenced by errors on the measured dis-
placements and ages (particularly over short sample intervals, e.g., <
500 yr), which are quoted at the 20 level. The upper limit of the range,
which is greater than the plate rate, is defined by one time interval and
carries particularly large uncertainties. For these reasons we infer that
46.4 mm/yr is probably greater than the maximum possible slip rate on
the fault. If we exclude the displacement and age data used to calculate
the 46.4 mm/yr slip rate, a value of ~25 (+3.4, —3.2) mm/yr is re-
quired to accommodate the available displacement data between
~1500 and 2300 yr (see dashed line on Fig. 7). Such a rate (~25 mm/
yr) is about a factor of 6 higher than the lowest rates on the fault and is
consistent with the suggestion that slip rates are highly variable.
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Table 3
Slip rate estimates from different sites along the Hurunui segment of the Hope Fault. Sites with available age data are bolded.
Sites Cumulative dextral Uncertainty Min age Max age Min slip rate Max slip rate Average slip Uncertainty
displacement (m) (m) (cal.yrB.P.) (cal.yrB.P.) (mm/yr) (mm/yr) rate (mm/yr) (mm/yr)
Landslip Stream 9.5 1.5 No data No data No data No data No data No data
Matagouri Flat® 7.5 1 515 653 10 16.5 13.3 3.2
McKenzie Fan" 32.6 5.6 2179 2467 10.9 17.5 14.2 3.3
McKenzie Fan® 34 5 2179 2467 11.8 17.9 14.9 3
The Park and West of 28.5 2.5 No data No data No data No data No data No data
McMillan Stream
East of McMillan Stream 107 15 No data No data No data No data No data No data
Macs Knob! 121 11 12,634 13,060 8.4 10.4 9.4 1
Macs Knob® 83 7 6738 7149 10.6 13.4 12 1.4
Three Mile Stream 73 8 No data No data No data No data No data No data
Parakeet Stream 81 5 No data No data No data No data No data No data
Parakeet Stream 189 9 No data No data No data No data No data No data
Lodge Stream 27 3 No data No data No data No data No data No data
Hope River’ 14 3 1418 1688 6.5 12 9.3 2.7

@ Surface age from Langridge et al. (2013) was used. Slip value of data point 4 (from Fig. S1B) was used as the best estimate. This yields a maximum slip rate using
a minimum surface age. This slip rate incorporates slip along most of the entire fault deformation zone.

> Surface age from Langridge and Berryman (2005) was used. Slip values of data points 16, 17, 20 and 25 (see Fig. 4) were summed and used as cumulative slip.
This slip rate incorporates slip along the entire fault deformation zone.

¢ Surface age from Langridge and Berryman (2005) was used. Slip values of data points 19 and 27 (see Fig. 4) were summed and used as cumulative slip. This slip
rate incorporates slip along the entire fault deformation zone.

4 Surface age from Langridge and Berryman (2005) near the Hope-Kiwi confluence was used. They also used this age when estimated a slip rate for Macs Knob site.
However, this age seems to be old as the fans in Macs Knob area must be post LGM features. The mean slip value of data points 16, 36, and 37 from Fig. S3A which
show displacements along fan margins and apex was used. This probably yields a minimum slip rate.

¢ Surface age from Langridge and Berryman (2005) (the younger age presented at the Macs Knob) was used. The mean slip value of data points 25, 26 and 30 from
Fig. S3A which show displacements along the middle and margins of the fan was used. This yields a maximum slip rate.

f Surface age from Khajavi et al. (2016) was used. This yields a maximum slip rate.
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Estimates of recurrence intervals from different sites along the Hurunui segment of the Hope Fault. Abbreviation: NoE: number of events. The mean RI ranges are
estimated using the SEDs of 3 = 0.6 m and 2.4 + 0.2m; the latter SED is estimated assuming that the displacement of ~ 14.8 m (Fig. 5) includes six earthquakes.

No Site name Cumulative slip NoE (SED: 3 = 0.6) Age (cal. yrB.P.) Slip rate (mm/yr) RI (SED/slip rate) (yr) RI (age/NoE) (yr)
1 Matagouri Flat 75 =1 2-4 515-653 13.3 = 3.2 145-356 128-327
2 McKenzie Fan 32.6 + 5.6 8-16 2179-2467 14.2 = 3.3 137-330 136-308
3 McKenzie Fan 34 =5 8-16 2179-2467 149 = 3 134-303 136-308
4 Macs Knob 121 + 11 31-55 12,634-13,060 9.4 + 1 231-428 230-421
5 Macs Knob 83 =7 21-38 6738-7149 12 + 1.4 179-340 177-340
6 Hope River 14 + 3 3-7 1418-1688 9.3 + 2.7 200-545 203-563

Mean RI range using the mean slip rate of 12.2 *+ 2.4 and mean SED of 3 + 0.6: ~ 164-367 yr

No Site name Cumulative slip NoE (SED: 2.4 + 0.2) Age (cal. yrB.P.) Slip rate (mm/yr) RI (SED/slip rate) (yr) RI (age/NoE) (yr)
1 Matagouri Flat 75 1 3-4 515-653 13.3 = 3.2 133-257 129-218
2 McKenzie Fan 32.6 + 5.6 10-17 2179-2467 14.2 + 3.3 126-239 128-247
3 McKenzie Fan 34 =5 11-18 2179-2467 149 = 3 123-218 121-224
4 Macs Knob 121 = 11 42-60 12,634-13,060 9.4 =1 212-310 211-311
5 Macs Knob 83 £ 7 29-41 6738-7149 12 + 1.4 164-245 164-247
6 Hope River 14 + 3 4-8 1418-1688 9.3 £ 2.7 183-394 177-422

Mean RI range using the mean slip rate of 12.2 = 2.4 and mean SED of 2.4 * 0.2: ~151-265yr

Inspection of Fig. 7 supports the notion that not all of the variability can
be attributed to uncertainties, and we believe that the variable slip rates
are also due to temporal changes in earthquake SED and inter-event
times or recurrence intervals (RIs) at the ground surface.

RI is known to vary on New Zealand active faults (e.g., Nicol et al.,
2006, 2009, 2016) and these changes could have a significant influence
on slip rates. In this study, RI estimates for the Hurunui segment of the
Hope Fault over the last ~13,000 yr vary between 128 and 560 yr with
a mean of ~266 = 100 yr (Table 4). The estimated range of RI here is
comparable to the ~98-595yr (mean: 298 + 88yr) of Khajavi et al.
(2016), which was calculated for 1700 yr, but is larger than the range in
RI of 310-490yr (mean: 400 = 90yr) estimated by Langridge and
Berryman (2005) over the last ~2300 yr. One possible explanation for
these differences in RI is that the longer duration samples are in-
complete (i.e. it is missing an event or events). If sample incompleteness
influences RI and SED variations equally, then the available data sug-
gests that RI is about twice as variable as SED and, if there is no re-
lationship between SED and inter-event times, may have about double
the impact on slip rates. For example, RI and SED for the available data
(i.e. not corrected for sample incompleteness) vary by up to factors of 4
and 2, respectively, consistent with other faults in New Zealand (Nicol
et al., 2006, 2009, 2016) and overseas (Mouslopoulou et al., 2009).
Using the observed variability of RI and SED, slip rates of ~4 to
46.4 mm/yr (i.e., minimum rate 2.2m/0.5kyr and maximum 4.6 m/
0.1kyr) can be calculated which is similar to the observed range of
rates and supports the view that variations in earthquake parameters
are key for slip-rate variations. In comparison, if the SED of ~4.6 m
records two earthquake events (each ~2.3 m of slip) (Fig. 5), then slip
rates of ~4 to 23 mm/yr (i.e., minimum rate 2.2 m/0.5 kyr and max-
imum 2.3m/0.1kyr) and RI of 208 + 57yr (range 120 to 420 yr)
(Table 4) are calculated. RI and SED for the such data vary by up to
factors of 4 and 1.3, respectively. These slip-rate variations appear to be
restricted to time intervals of less than ~1700 to 2300 yr or ~5-8 times
the mean recurrence interval of ~300 yr. For longer sample intervals
the variability of earthquake parameters is averaged out by faulting
processes and do not impact the rates.

6. Discussion

The variations in inferred SED and RI that contribute to temporal
changes in slip rates for the Hope Fault could be associated with: (1)
variable rupture lengths with earthquakes arresting at and propagating
through geometry segment boundaries (Weldon et al., 2004; Khajavi
et al., 2016), and (2) stress interactions between segments or nearby

faults which promote or retard events on the Hurunui segment. The five
segments on the Hope Fault are inferred to accrue slip during separate
events. The segmentation model is consistent with paleoseismic studies
along the fault (Cowan and McGlone, 1991; Langridge et al., 2003,
2013; Khajavi, 2015; Khajavi et al., 2016), but appears to be incon-
sistent with surface rupture during the only historical event on the fault,
the 1888 M,,7.1 + 0.1 Amuri earthquake (McKay, 1890) and possibly
during an older earthquake event (i.e., 1479-1623 AD, Khajavi et al.,
2016). The 1888 earthquake ruptured most of the Hope River segment
and at least the eastern part of the Hurunui segment of the fault (Fig. 1),
producing coseismic slips from 1.5 m to 2.6 m and a total rupture length
of 44-70 km (Cowan, 1990; Langridge et al., 2013; Khajavi et al., 2016;
this study). The Amuri earthquake indicates that Hope River-Hurunui
segment boundary does not always coincide with rupture arrest. Based
on the empirical rupture length and SED scaling relations of Wells and
Coppersmith (1994), the range of SEDs estimated in this study could be
produced by rupture of the Hurunui segment alone (length ~ 44 km and
empirical SED 2m), Hurunui and Hope River co-rupture (total
length ~ 77 km and empirical SED 3.5m) and rupture of the Tar-
amakau, Hurunui and Hope River together (total length ~ 110 km and
empirical SED 5m). While these rupture scenarios have not been con-
firmed using paleoseismic data, the variations in SED suggest that
characteristic surface-rupturing earthquakes may not apply on the
Hurunui segment of the Hope Fault.

Variations in both SED and RI may be due to fault or segment in-
teractions as has been widely postulated in numerous studies of pa-
leoseismic data and numerical stress modelling (e.g., Weldon et al.,
2004; Nicol et al., 2006; Dolan et al., 2007; Robinson et al., 2009; Ninis
et al., 2013). Stress transfer and fault interactions involving the Hope
Fault have been previously inferred from paleoseismic data (Langridge
et al., 2013). Static stress modelling of fault systems shows that fault
interactions can produce variations in the rates of strain release (i.e.,
earthquake slip and/or recurrence intervals) even when the fault
strength, fault loading rates and stored stresses are approximately
uniform (Ben-Zion, 1996; Robinson, 2004; Robinson et al., 2009). In
these fault-interaction models, large-magnitude earthquakes stress and
destress nearby active faults and may significantly advance and retard
events. In this manner, SEDs and RIs can be expected to vary, parti-
cularly where faults are components of systems comprising many in-
teracting elements (e.g., Nicol et al., 2006). Although such interactions
have been widely inferred, in the case of the Hope Fault and neigh-
bouring faults further work is required to examine the control of these
interactions on the earthquake histories and slip rates.
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7. Conclusions

We have estimated slip rates for ~230 to 13,000 yr time intervals on
the Hurunui segment of the Hope Fault using geomorphic displace-
ments measurement from LiDAR and radiocarbon dates. When aver-
aged over time intervals of =2300yr, or 5-8 times the mean earth-
quake recurrence interval of 266 * 100yr, the slip rates are
approximately uniform (within the uncertainties) at 12.2 + 2.4 mm/
yr. At time intervals shorter than ~1700 yr, slip rates range by an order
of magnitude from ~4 to 46.4 mm/yr. While some of this variability
could be attributed to uncertainties in the displacement and age data, a
significant component (> 50%) is due to temporal changes in SED
(~2.2-4.6 m) and recurrence intervals (~128-560 yr) with the latter
appearing to vary most. These variations reflect non-characteristic
earthquake behaviour which may be due to changes in Hope fault
loading arising from stress interactions with nearby faults and/or with
different segments of the Hope Fault.
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