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Abstract 16 

The Hope Fault is a major strike-slip plate boundary fault in the Marlborough Fault Zone 17 

of New Zealand’s South Island that transfers slip between the Alpine Fault and Hikurangi 18 

subduction zone. We use lidar-based geomorphic and fault mapping, and optically stimulated 19 

luminescence (OSL; quartz) and infrared stimulated luminescence (IRSL; feldspar) dating of fault-20 

proximal sedimentary deposits to constrain post-last glacial slip-rates for the Taramakau section 21 

of the Hope Fault and the Kelly Fault. Dextral slip-rates on the central Hope Fault (12-15 mm/yr) 22 

decrease westward from 5.6 (+2.0/-0.8) mm/yr to 1.7 (+1.0/-0.5) mm/yr. Dextral slip-rates on the 23 

Kelly Fault range from 6.2 (+7.6/-1.4) mm/yr to 1.7 (+2.1/-0.4) mm/yr. Linking, incipient 24 

subsidiary faults have minimum slip-rates of 1.3 (+0.1/-0.4) mm/yr. Proposed causes of spatial 25 

variations in slip-rates include (i) complexities in diffusive slip localization and transfer across the 26 

deformation zone, (ii) undocumented slip on faults including buried or otherwise unrecognized 27 

traces, and (iii) possible transience in slip behaviours. Paleoseismic trenching and radiocarbon 28 

(14C) ages are used to constrain the timing of most recent surface rupture on the western Hope 29 

Fault (Taramakau section) to ca. 1680 and 1840 CE, with a preferred age of ca. 1800-1840 CE. 30 

Coulomb stress modelling of scenario earthquakes on individual faults in the Alpine-Hope-Kelly 31 

Fault network is used to explore physical drivers for understanding slip-rate variations across the 32 

network. Source fault ruptures on the central Alpine Fault impart positive stress changes on the 33 

Hope-Kelly receiver faults in excess of 5-10 bars, and vice versa. Northern Alpine Fault 34 

earthquakes reduce Coulomb stresses on the Hope-Kelly receiver faults, and vice versa. 35 

Earthquake spatio-temporal clustering is an important consideration in evaluating earthquake 36 

hazards in this region.  37 
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1. Introduction 41 

Fault slip-rates are important parameters in evaluating earthquake spatio-temporal patterns 42 

(e.g., Langridge et al., 2017; Elliot et al., 2018; Zinke et al., 2019; Zinke et al., 2021; Hatem et al., 43 

2020) and undertaking probabilistic seismic hazard and fault displacement hazard analyses (e.g., 44 

Stirling et al., 2012; Moss and Ross, 2011). Continental plate boundaries commonly include 45 

hierarchical networks of large, fast-slipping (>10 mm yr-1) faults and secondary, slower-slipping 46 

(ca. 1-10 mm yr-1) faults that interact to accommodate tectonic strain transfer. Faults may exhibit 47 

significant slip-rate variations in time (Gold and Cowgill, 2011) that reflect a variety of factors 48 

including stress shadowing (e.g., Nicol et al., 2006; Khajavi et al., 2018; Ninis et al., 2013, Gauriau 49 

and Dolan, 2021), temporal changes in fault strength (e.g. Dolan et al., 2016), and temporal 50 

earthquake clustering (e.g. Rockwell et al., 2000; Dolan et al, 2007). Derivation of fault slip-rates, 51 

faulting kinematics, and earthquake chronologies across diverse time-scales provide opportunities 52 

to advance our understanding of the nature and mechanics of fault interactions in plate boundaries.  53 

The geometric connectivity of interacting faults within a fault network can impart 54 

important controls on how slip is transferred through the fault system in individual earthquakes 55 

(i.e., coseismic rupture propagation) and over geological time-scales incorporating many diverse 56 

earthquake scenarios (e.g., Parsons et al., 2012; Quigley et al., 2019). Although the timing of 57 

earthquakes on individual faults inferred from paleoseismic data may be used to investigate 58 

earthquake spatial-temporal clustering via fault interaction, for fast-slipping faults with short 59 
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recurrence intervals, it may often be difficult to discriminate between clustered events with a 60 

common underlying causal mechanism from random earthquake events, particularly if the timing 61 

of past earthquakes is not precisely constrained. This is important to resolve in seismic hazard 62 

analysis because (i) co-seismic rupture propagation across many faults can increase the moment 63 

magnitude (Mw) of the earthquake and (ii) stress transfer across diverse faults in a network may 64 

influence the subsequent hazard following a major earthquake, and the longer-term hazard 65 

associated with fault slip-rate variability. Modelling of Coulomb stress changes imparted by 66 

earthquake source faults on receiver faults within a fault network can provide important insights 67 

into how the structure of a fault network may promote or inhibit various rupture scenarios amongst 68 

proximate faults (e.g., Parsons et al., 2012; Quigley et al., 2019; Mohammadi et al., 2019). 69 

The Marlborough Fault System (MFS) in the northern South Island (Figure 1) consists of 70 

a series of large dextral strike-slip faults and interspersed secondary faults that transfer plate 71 

boundary strain from the Hikurangi subduction zone through to the Alpine Fault (Van Dissen and 72 

Yeats, 1991; Barnes and Audru, 1999; Norris and Cooper, 2001; Langridge et al., 2010; Langridge 73 

et al., 2003; Yang, 1991; Khajavi et al., 2016; Cowan and McGlone, 1991; Cowan, 1990; Khajavi 74 

et al., 2018; Langridge and Berryman, 2005). This study focuses on a particularly structurally 75 

complex region of the MFS, where the southernmost and fastest-slipping fault in the MFS (Hope 76 

Fault, 12-23 mm/yr, see references in Figure 1) diverges from a principal fault trace into several 77 

interacting splay faults (Vermeer et al., 2021). The primary objective is to obtain new fault slip-78 

rate data from a sparsely-studied area of the MFS to compare with emerging datasets from other 79 

parts of the MFS (Khajavi et al., 2018; Hatem et al., 2020; Zinke et al., 2021) and the Alpine Fault 80 

(Langridge et al., 2017; Howarth et al., 2018, 2021) to enhance our understanding of the rates and 81 

mechanics of Late Quaternary faulting in this region. Using a combined approach of structural-82 
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geomorphic mapping, dating of fault-associated sediments and landforms, and Coulomb stress 83 

modelling scenarios, we characterise earthquake behaviours and fault interactions in this incipient 84 

plate boundary fault interaction zone. The results are relevant to understanding seismic hazard 85 

(Stirling et al., 2012) and faulting in this region (e.g., Litchfield et al., 2014; Langridge et al., 2016) 86 

and analogous regions globally. 87 

2. Geologic Setting 88 

The northern South Island of New Zealand straddles a section of the Australian-Pacific 89 

plate boundary where the main structures are the Alpine Fault and the Marlborough Fault System 90 

(MFS). These dextral strike-slip fault zones host approximately 80% of the total AUS-PAC 91 

relative plate velocity (Figure 1; Norris and Cooper, 2001; Sutherland et al., 2007; Wallace et al., 92 

2007; Barth et al., 2013; Howarth et al., 2018). The NE-striking Alpine Fault extends along the 93 

west side of the South Island and is a dextral-reverse fault with a straight surface trace and 94 

moderate to shallow south-eastward dip (Berryman et al., 1992; Norris and Cooper, 2001; Barth 95 

et al., 2013; Howarth et al., 2018). Slip-rates vary along its length. The central section has a 96 

maximum of 28 ±4 mm/yr dextral and up to >12 mm/yr of reverse slip and northern section has a 97 

slip rate that decreases from 14 ±2 mm/yr at the southern end to 10 ±2 mm/yr at the northern end 98 

(Norris and Cooper, 2001; Langridge et al., 2010; Langridge et al., 2017; Howarth et al., 2018). 99 

The Hope Fault is the southernmost fault in the MFS. It extends from the central-northern section 100 

boundary of the Alpine Fault to the NE coast of the South Island where it interacts with the 101 

Hikurangi subduction zone (Nicol and Van Dissen, 2002; Langridge and Berryman, 2005; Barth 102 

et al., 2013). The ENE-striking Hope Fault is primarily dextral slip and is divided into five 103 

geometric segments with two branching faults (the Kakapo and the Kelly) and one large stepover 104 

(Hanmer Basin) (Figure 1) (Freund, 1971; Langridge and Berryman, 2005). The slip-rate varies 105 
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along the fault (Figure 1 and references therein). Balancing the horizontal slip vector shows that 106 

the central Hope Fault (Hurunui segment plus Kakapo fault) accommodates the same amount and 107 

direction of slip as the decrease on Alpine Fault at the central-northern transition (Langridge et al., 108 

2010). The slip transfers between the Alpine and Hope Faults via the Hope-Kelly Fault system, 109 

made of the Taramakau section of the Hope Fault, the branching Kelly Fault, and all intervening 110 

faults. The Hope-Kelly Fault system is a horsetail like structure of north dipping dextral-normal 111 

oblique faults and south dipping normal faults that abut the Alpine Fault on the west side and 112 

converge eastward into the narrow dextral fault zone of the central Hope Fault (Vermeer et al., 113 

2021).  114 

The rupture record of the Alpine Fault is well known from on- and off-fault paleoseismic 115 

studies (De Pascale et al., 2014; Howarth et al., 2018 and studies therein), that define a recurrence 116 

interval of less than 300 years (Howarth et al., 2021; Cochran et al., 2017). Nevertheless, the 117 

Alpine Fault has not had a historic surface rupture (i.e., since c. 1840 CE). Paleoseismic studies 118 

indicate that in about 1717 CE the Alpine Fault hosted a very large to great (M >8) earthquake that 119 

ruptured the southern, central, and part of the northern segment (Wells et al., 1999; Howarth et al., 120 

2018). At the central-northern section boundary a more recent faulting event has been identified 121 

as occurring in 1813-1840, shortly before the historic period (Langridge et al., 2021). This event 122 

is co-temporal with a turbidite in Lake Kaniere (Howarth et al., 2021), but not in Lake Brunner or 123 

lakes to the south , suggesting that this earthquake may have involved only a small length of the 124 

Alpine Fault.  125 

The Hope Fault has had one historic surface rupturing earthquake, the Mw ~7.1 Amuri 126 

earthquake in 1888 CE, the extent of which is shown in Figure 1 (McKay, 1890; Khajavi et al., 127 

2016). The eastern sections of the Hope Fault did not have surface rupture in the 2016 Kaikoura 128 
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earthquake (Litchfield et al., 2018). The dates of the most recent surface rupture and the 129 

penultimate surface rupture at paleoseismic sites on the Hope Fault to date are shown in Figure 1. 130 

There has been no previous paleoseismic data for the Taramakau section or the Kelly Fault.  131 

Vermeer et al. (2021) recently studied the Hope and Kelly Faults west of the Main Divide 132 

using lidar and field mapping of surrounding landforms. They identified sections of principal slip 133 

zones along the faults, where individual fault traces have accumulated displacement from multiple 134 

surface ruptures. In this study, we examine some of these PSZ fault scarps in more detail, present 135 

OSL and radiocarbon ages for some landforms from hand-dug pits and outcrops, conduct 136 

paleoseismic investigations, and determine slip-rates.  137 

The most recent glaciation in New Zealand, the Otiran glaciation, occurred during MIS 138 

stages 2-4 with up to 8 glacial advances identified during that time (Shulmeister et al., 2019). The 139 

Taramakau glacier had three advances during the glacial interval 26-17 ka (Barrell et al., 2011; 140 

Barrows et al., 2013). The oldest MIS-2 advance of the Taramakau glacier is 24.9 ± 0.8 ka (Figure 141 

2 Kumara-21 advance, Loopline Formation moraine, Barrell et al., 2011; Barrows et al., 2013). 142 

East of the Main Divide, downvalley glacial deposits in the Waimakariri River valley are as old as 143 

26 ka (Rother et al., 2015), indicating the upper parts of the Taramakau Valley were probably also 144 

glaciated by that time. The Kumara-21 advance was followed by a short recession with an unknown 145 

amount of glacial retreat, and a readvance at 20.8-20 ka (Figure 2 Kumara-22 advance, Larrikins 146 

Formation moraine, Barrell et al., 2011; Barrows et al., 2013). Glaciofluvial sediments in the 147 

Rangitata valley (20-26 ka, Shulmeister et al., 2018), fluvial sand in Otago (24.8 ±2.7 ka, Stahl et 148 

al., 2016), outwash sediments in the Grey River valley (21.3-23.9 ka, Hormes et al., 2003), and 149 

alluvial sediments in the Hope River valley (23.9 ±1.5 ka, Khajavi et al., 2016), indicating a 150 

regional pulse of outwash/alluvial sedimentation between the 26-24 ka advance and the ~20 ka 151 
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advance in catchments surrounding the Taramakau River. The latest ice deposited features on the 152 

coastal plain are Moana Formation moraines (Kumara-3, Barrell et al., 2011; Barrows et al., 2013), 153 

dated at 17.3 ±0.5 ka at Lake Brunner, indicating at that time the Taramakau River valley and 154 

tributary catchments (Otira and Otehake rivers) were fully glaciated. End moraines at Arthurs Pass 155 

are 15.2 ± 0.8 ka (Eaves et al., 2017). The sites of interest in this study are all well below the 156 

elevation of the Arthurs Pass end moraines, so by inference they were ice-free before 15.2 ±0.8 157 

ka. Thus, the last deglaciation of the Taramakau River valley occurred no earlier than 17.3 ±0.5 158 

ka and was complete by 15.2 ±0.8 ka.  159 

3. Fault slip-rates and site investigations  160 

3.1. Methods 161 

3.1.1. Lidar and field based site mapping and interpretation 162 

The investigations and measurements presented in this paper are primarily based on 163 

analysis of lidar-derived bare-earth DEMs and field verification. This study expands on the work 164 

presented in Vermeer et al. (2021). The lidar was flown in September 2015 by AAM 165 

(http://www.aamgroup.com/) using a Riegl Q1560 at 390-400 kHz pulse rate. Vertical accuracy 166 

of the ground points is ±0.15 m and horizontal accuracy is ±0.50 m with laser footprint size 0.24-167 

0.39 m. The data was delivered as LAS datasets classified as ground and non-ground returns; 168 

classification was completed by AAM using algorithms appropriate for the vegetation type then 169 

manually checked. The DEMs were produced using nearest neighbour interpolation of the ground 170 

classified points. Suitable grid size was determined using the formula in Langridge et al. (2014): 171 

“s = sqrt(A/n) where s is the cell size, n is the number of sample points and A is the area containing 172 

the sample points.” For all sites presented here, the lidar data was of suitable point density to grid 173 

at 0.5 m with the exception of blank spots where large (1+ m diameter) trees were standing which 174 
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produce some artifacts in the DEMs. Terrain analysis of the bare earth DEMs was done using ESRI 175 

ArcMap by producing slope, aspect, hillshade and contour maps.  176 

Detailed geomorphic mapping reveals surfaces and features such as alluvial terraces, 177 

alluvial fans, landslides, and faults that cut and displace these features. The geomorphic mapping 178 

does not necessarily indicate the origin of the underlying substrate (i.e., a terrace may be underlain 179 

by accumulated alluvial sediment or bedrock if it is a strath terrace), which was determined in 180 

critical locations by field observation of local stratigraphy in natural exposures, pits and trenches. 181 

The mapping and stratigraphy, combined with absolute age control described below, was used to 182 

determine the sequence of events which produced the present morphology of each site. 183 

Geomorphic surfaces are numbered in the order of formation, so the oldest identified surface is 184 

“1” and the numbers increase with decreasing age. The sequence of erosional and depositional 185 

events interpreted from the surface morphology and stratigraphy is referred to as a geomorphic 186 

formation timeline. Timelines are used to understand the formation, significance, and uncertainty 187 

of features that are dated, and how they relate to features that are displaced by the faults. By 188 

combining the geomorphic development timelines, fault displacement, and absolute dating of 189 

surfaces we calculated slip-rates for the faults.  190 

3.1.2 Displacement measurements 191 

3.1.2.1 Horizontal displacement 192 

To measure lateral displacements, we identified correlative landscape features spanning 193 

fault traces (following Cowgill, 2007; Zielke et al., 2015; Khajavi et al., 2016; Mackenzie and 194 

Elliott, 2017; Zinke et al., 2017; Khajavi et al., 2018; Zielke 2018; Zinke et al., 2021) from DEMs 195 

and derivatives, 2D topographic profiles, and 3D inspection of the ground classified point clouds. 196 
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Features that do not directly intersect the fault scarp were projected to the edge of the scarp 197 

accounting for a range of possible geometries, based on the geometry of the observed feature. 198 

Displacement measurements were made parallel to the strike of the fault. Preferred displacements 199 

are based on offsets from preferred projections on each side, minimum displacements are the 200 

distance between the most proximate projections on each side of the fault, and maximums are the 201 

furthest projections. If the local trace of the fault crosses moderate to steep topography, the strike 202 

of the fault is determined using either 3-point problem or by fitting a 3D plane to the fault trace in 203 

Leapfrog Geo.  204 

3.1.2.2 Vertical displacement 205 

Vertical displacements are measured using scarp parallel topographic profiles to match 206 

geomorphic surfaces and features across the fault (e.g., Khajavi et al., 2016). In many cases, the 207 

fault parallel profiles are set back from the fault trace to avoid scarp degradation and scarp-208 

proximate deposition and to capture the shape of pre-faulting landforms. On sloped landscapes, 209 

the horizontal distance between fault parallel profiles means there is an expected amount of 210 

elevation difference between the profiles; this is the expected vertical offset of the profiles. Fault-211 

perpendicular topographic profiles are used to determine the pre-faulting landform slope and 212 

calculate the expected pre-faulting vertical offset of the scarp parallel profiles. Graphical shifting 213 

(i.e., restoration) of the fault parallel profiles is undertaken to evaluate how they match and to 214 

determine the present elevations of correlative features on each profile to find the actual vertical 215 

offset of the profiles. The difference between the expected vertical offset and the actual vertical 216 

offset of the profiles is the vertical displacement of the fault.  217 
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3.1.3 Trenching and outcrop investigations 218 

A hand dug trench (Figure 2 site 1) was excavated across the fault where a discrete fault 219 

scarp and local geomorphic environment was favourable for potential preservation of faulted 220 

stratigraphy. As opportunities presented, favourable natural outcrops that exposed faulting and 221 

stratigraphy were investigated and analysed.  222 

3.1.4 OSL/IRSL sediment sampling Methods  223 

OSL/IRSL samples were obtained from excavated and cleaned outcrops, trench walls, and 224 

pits to determine the depositional age of sediments in the study sites. Samples were obtained using 225 

opaque metal tubes (5cm diameter, 15cm long) hammered into cleaned sediment faces and capped 226 

with light-impermeable foil and black tape. Samples were analysed by the Nordic Laboratory for 227 

Luminescence Dating at Aarhus University and DTU Physics in Denmark, following the method 228 

of Sohbati et al. (2016) for OSL, IR50 and pIRIR. The quartz OSL age is used as the absolute age 229 

for the sediment deposition. IR50 and pIRIR ages are used to evaluate the bleaching characteristics 230 

of the sediment, as described in the next section.  231 

3.1.5 Background and theoretical framework for understanding uncertainty with OSL/IRSL 232 

luminescence ages 233 

Quartz from the New Zealand Southern Alps west of the Main Divide commonly exhibits 234 

dim luminescence signals that may be manifested as decreased precision in OSL measurements 235 

(Preusser et al., 2006). These authors suggested that Westland quartz may be unsuitable for 236 

luminescence dating; samples sourced from west of the Alpine Fault were from the schistose rocks 237 

exposed within ~10-15 km east of the Alpine Fault. However, the majority of the samples are 238 

located >10 km from the Alpine Fault and the provenance of the sediment is from greywacke rocks 239 

in the Rakaia terrane, part of the Torlesse composite terrane. Greywacke-sourced sediment has 240 
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been used successfully in other studies from alluvial settings on the eastern side of the Southern 241 

Alps, especially when the samples were chosen carefully from ice-distal, fluvial or aeolian 242 

depositional environments (e.g., Hormes et al., 2003; Sohbati et al., 2016; Khajavi et al., 2016; 243 

Shulmeister et al., 2018). Feldspar IRSL has also been used commonly in the South Island of New 244 

Zealand to date glacial and interglacial deposits, but the age determinations are generally less 245 

precise than quartz OSL (Rother et al., 2006; 2010; Rowan et al., 2012; Stahl et al., 2016; Zinke 246 

et al., 2017).  247 

In the study area, the depositional characteristics of the sediments sampled for OSL were 248 

difficult to assess due to extensive weathering and/or small exposure size. The likelihood that the 249 

quartz OSL age was well-bleached and the resulting age is representative of deposition is evaluated 250 

using the ratio of the OSL age to two components of feldspar IRSL age (Sohbati et al., 2016; 251 

Murray et al., 2012). Feldspar IR50 signals are more difficult to reset than OSL, and experiences 252 

loss of charge over time (anomalous fading), so if both quartz and IR50 were fully reset, IR50 will 253 

return a younger age than the quartz OSL (IR50/OSL ≤1) (Shobati et al., 2016; Murray et al., 254 

2012). Feldspar pIRIR signal is the most difficult to bleach, requiring the most time in the highest 255 

intensity sunlight to be fully reset. pIRIR is also resistant to fading but yields less precise ages than 256 

quartz OSL. If the quartz OSL age and the feldspar pIRIR age are similar (pIRIR/OSL ≈1) it 257 

provides confidence that the quartz is fully reset and giving an accurate age for sediment deposition 258 

(Shobati et al., 2016; Murray et al., 2012). Because quartz is the easier mineral to reset, if the 259 

quartz OSL age is less than both the feldspar IR50 and pIRIR, it may or may not have been fully 260 

bleached prior to the last depositional event, so the measured age may overestimate the age of the 261 

deposit. Incomplete bleaching will not cause underestimation of the deposit age.  262 
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3.1.6 Radiocarbon sediment ages 263 

Radiocarbon dating (14C) of organic material in sediments is used to constrain their 264 

depositional age using the Southern Hemisphere calibration model of Hogg et al. (2020). 265 

Radiocarbon analysis was undertaken at the GNS Science Rafter Radiocarbon Lab in New 266 

Zealand. The measurements were conducted using Accelerator Mass Spectrometry. We selected 267 

samples with a preference for material that is clearly detrital, such as seeds, leaves or charcoal. 268 

Charcoal may have significant inherited age, making it less desirable than seeds or leaves (Howarth 269 

et al., 2013). Twigs may be detrital but may not be readily distinguishable from rootlets that could 270 

be significantly younger than the age of the sediment. The precision of radiocarbon ages is largely 271 

dependent on the shape of the radiocarbon calibration curve; when the calibration curve is very 272 

flat, a radiocarbon measured age can have a wide range in calibrated age. Ages that fall in these 273 

ranges when the calibration curve is flat can have precision increased by modelling multiple ages 274 

in OxCal with a stratigraphic order which shaves the age ranges using bayesian statistics (Biasi et 275 

al., 2002; Ramsey, 2009). However, if there are no other ages with stratigraphic context or other 276 

constraints, there is no way to decrease the calibrated age range of a 14C sample.  277 

3.1.7 Slip-rate calculations 278 

Slip-rates were estimated using displacements, relative geomorphic ages, and absolute ages 279 

from OSL, IRSL, and 14C ages (see section 3.1). We used @RISK to conduct Monte Carlo 280 

simulations that take into account a defined probability distribution (PDF) for each source of 281 

identified uncertainty, including the age, displacement, and fault orientation (e.g., Zechar and 282 

Frankel, 2009). The probability distribution was chosen according to the characteristics of the 283 

value, for instance displacement measurements were often represented by a PERT (continuous 284 

probability distribution defined by a minimum, maximum and preferred value) or triangular 285 
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distribution with the minimum and maximum displacement values representing the 95% 286 

confidence interval of the distribution and the peak at the preferred measurement. OSL/IRSL ages 287 

were represented by a normal distribution with the mean and standard deviation defined by the age 288 

and standard error returned from the lab. The @RISK calculation sheet, variable PDFs and final 289 

slip-rate values and distributions are presented in Appendix A.  290 

3.1.8 Tree death ages 291 

Strong shaking in moderate to large earthquakes can cause large-scale landscape change 292 

such as landslides and rockfalls (Keefer, 1984; Rosser and Carey, 2017; Quigley et al., 2016).  293 

These sedimentation events may or may not be coseismic, but if multiple events occur in different 294 

catchments within a short period of time, it may be inferred that there was some forcing event, 295 

such as a nearby earthquake. We identified sites in the study area where large sedimentation events 296 

caused the death of trees. We then used radiocarbon dates of outer rings of trees with OxCal 297 

analysis (OxCal 4.4; Bronk Ramsey, 2009; Hogg et al., 2020) to model the time of death of the 298 

trees. Some species of trees can live for decades in unfavourable conditions, so death ages are 299 

inferred to indicate the timing of the sedimentation event within ±20 years (Langridge et al., 2012). 300 

If trees in multiple locations are killed by geographically unrelated sedimentation events within a 301 

short period of time it suggests that these sedimentation events may have been the result of a local 302 

earthquake, thus helping to identify the date of the earthquake.  303 

3.2 Results 304 

In this section, each slip-rate site is presented individually, with site-level interpretations 305 

included. The system-scale interpretations are presented in the Discussion. Appendix A shows all 306 

the displacement and age PDF’s imputed and outputted by @Risk in the slip-rate calculations. 307 

Appendix B includes 14C dating results that were completed but did not contribute to site 308 
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interpretations. Appendix C has an additional slip-rate measurement from the Locke Stream site. 309 

Appendix D includes an additional dead tree site where we completed 14C dating, but personal 310 

communications (included in the Appendix D) could not confirm if the trees were cut down before 311 

or after death and the 14C dating did not determine the timing of tree death with enough precision 312 

to contribute to the paleoseismic history.  313 

3.2.1 Site 1 Michael Creek fan 314 

3.2.1.1 Geomorphic mapping 315 

On the Hope Fault, we identified a suite of faulted and progressively displaced terraces at 316 

Michael Creek, a tributary that enters the Taramakau River from the north (Figure 3). This site is 317 

at a major bend in the Taramakau River valley (Figure 2 Site 1), east and upstream of this site, the 318 

Taramakau River valley trends ~070°, parallel to the Hope Fault, and west of this site the valley 319 

bends to ~090°. The Hope Fault is inferred to also bend and follow this trend, though no surface 320 

expression of the Hope Fault has been identified west of the Michael Creek fan (Vermeer et al., 321 

2021). The Hope Fault is proposed to become an oblique extensional fault to the west, while most 322 

of the strike-slip motion is transferred south onto the Kelly Fault via NNE-striking linking faults 323 

(Vermeer et al., 2021).  324 

On the west side of the active creek, one main fault trace has been identified, which splits 325 

into two traces on the west side of the fan (Figure 3A, location i). The fault here is south side up, 326 

with small pop-ups on the south side. On the west side of the fan where the fault has two traces 327 

(Figure 3A location i) the terrace risers are oblique to the fault and displacements are smaller on 328 

each fault splay. Secondary faults with NE strikes expected of Riedel shears extend from the main 329 

fault primarily to the north, but possibly also to the south, though these are less well defined (Figure 330 
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3A location ii). East of the active creek, the fault is only well defined on the highest surface 331 

(MC1e), where it has 4 splays in a horsetail formation. The fault likely also cuts the lower eastern 332 

terraces (MC8e, Figure 3 location iii), but the scarps are poorly defined.  333 

A suite of 8 alluvial surfaces are mapped at the Michael Creek fan (Figure 3). Surface MC1 334 

is the oldest and has remnants on both the east and west side of the creek. These remnants are 335 

interpreted to constitute part of the same, older and now mostly eroded, alluvial fan because the 336 

elevation and slope of both remnants can be matched by a single conical shape along smooth 337 

arcuate inferred pre-erosion contours, typical of alluvial fans (Figure 3A). The toe of this fan has 338 

been extensively cut back by the Taramakau River, so the eastern remnant only preserves the 339 

highest part of the fan. The western remnant preserves more of the distal fan, showing it graded to 340 

a local base level no more than 10 m above the current local base level (Figure 3A, location iv). 341 

Subsequently, Michael Creek has incised and deposited the younger terraces. Surfaces MC2, MC3, 342 

and MC4/6s all slope SW, following a roughly fan-like conical shape. Similar incisional, but 343 

conical, surfaces can be observed at other tributaries in the Taramakau River valley. The MC2 344 

surface has a small mid-tread riser, but it is not well defined enough to confidently separate the 345 

MC2 into two separate surfaces. North of the fault, the MC3n and MC4n surfaces are distinct with 346 

a well-defined riser, but they cannot be traced to the fault scarp due to the infilling of the bog 347 

against the fault scarp. MC4n is sloped south, not southwest, thus it has been mapped as being 348 

included morphologically with MC8-4. South of the fault, MC3 and MC4 are less distinct and the 349 

riser separating them is much smaller than north of the fault.  350 

Terraces MC4n and MC5n-MC8 are surfaces that slope south and are planar, suggesting a 351 

different formation process than the higher elevation, SW sloping, conical surfaces of MC4s, and 352 

MC1-3. The correlations of treads and risers across the fault are more confident in these terraces 353 
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than in the higher terraces. MC5 has a distinctive channel which is matched across the fault with 354 

high confidence. MC6 has correlative surfaces across the fault. MC7 is only present on the south 355 

(upthrown) side of the fault. MC8 is barely offset across the fault, there is a small (~10 cm) south-356 

side-up scarp, but the tread is not displaced enough to make a confident measurement of offset 357 

because it is a similar magnitude as the roughness of the surface. The west edge of MC8 has a left 358 

step across the fault because the surface on the north side of the fault was not abandoned after the 359 

displacement event(s) which uplifted MC7, so MC7 has no direct correlative surface across the 360 

fault. MC8 is the youngest inactive terrace on the west side of the creek, and the eastern riser 361 

defines the edge of the active stream channel. MC8 has multiple shallowly incised channels on the 362 

south side of the fault, and small risers on the north side of the fault. These features are 363 

discontinuous, small in height, and disrupted by small displacements on secondary Riedel faults. 364 

The channels on the south side of the fault which are not matched by channels on the north side 365 

indicate that the stream continued to occupy this surface through one or more surface ruptures and 366 

displacements, promoting some infilling north of the fault (resulting in surface with few coherent 367 

fluvial features) and incision south of the fault (forming the multiple, anastomosing channels). The 368 

south end of MC8 is cut off by a much lower terrace of the Taramakau River, but just west there 369 

is a higher Taramakau terrace remnant, MC8b. Although these terraces are not continuous because 370 

of erosion, accounting for the downstream slope of MC8 formed by Michael Creek, versus that of 371 

MC8b formed by the Taramakau River, MC8 and MC8b likely were continuous and formed 372 

around the same time, at the same river level.  373 

3.2.1.2 Trench on Michael Creek Fan 374 

We hand-dug a trench across the Hope Fault at site J134 (Figure 3B, Figure 4). On the 375 

upthrown (south) side, the lowest unit is matrix rich, poorly sorted, sandy gravel with clasts up to 376 
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boulder size, within a reddish-brown, lightly indurated matrix (RS) (Figure 4). RS has a sharp 377 

upper contact and is directly overlain by TC, which is a tan coloured, poorly sorted sandy gravel 378 

that is a slightly more orange in colour than RC and has a loose in-situ texture. TC is interpreted 379 

as re-worked RS, of likely colluvial origin. On the downthrown (north) side of the trench, the 380 

lowest exposed unit is GS, a light grey silty clay matrix-supported gravel with very angular clasts 381 

up to pebble size. GS is tightly packed with little pore space, but it is soft and malleable indicating 382 

high water content. GS has a sharp, nearly horizontal upper contact with unit P, a mass of organic 383 

material that may be a decaying root ball or decaying fibrous plant material that extends into the 384 

peat bog. P has an irregular, subvertical contact with TC. Unit FF is a ~40 cm wide subvertical 385 

zone of loose granular particles of matrix and clasts from both RS and GS in a limonite rich matrix. 386 

The quantities of RS and GS particles in FF are laterally gradational so each particle type 387 

dominates on the side nearest the source unit. we interpret FF as the fault zone. The south edge of 388 

the fault zone strikes 082° and dips 62° S. FF is overlain by TC with an irregular but nearly 389 

horizontal contact that has limonite staining where it is sharp. The triple contact between RS, TC 390 

and FF in the central/south part of the trench is a diffuse irregular contact (Figure 4 pic). Part of 391 

unit TC is beneath RS, which we interpret as TC infilling a pocket/irregularity in the surface 392 

topography formed by the most recent surface rupture. Because TC appears unfaulted and is not 393 

mixed into FF, we interpret it as a post-faulting unit. 394 

In the trench, we sampled unit GS for 14C and OSL, RS for OSL and TC for 14C. The TC 395 

14C material (sample J134D) comprised small twigs or roots, which yielded modern ages (Figure 396 

4). These as roots are inferred to have grown into (and subsequently been dismembered within) 397 

the sediment after deposition. The GS 14C material (sample J134A) of small charcoal fragments 398 

yields an 14C age of 242 ± 19 radiocarbon years (Figure 4 inset 14C calibrated age curve). Its 399 
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calibrated age range is 1653-1677 (22.5%) or 1735-1800 (73.0%) Cal AD. The charcoal is not 400 

interpreted as being burned in situ and therefore represents a depositional age. The GS OSL age 401 

(J134B) is 16.1 ±1.0 ka and the RG OSL age (J134C) is 9 ±2 ka (Figure 4 and Table 1).  402 

3.2.1.3 Stratigraphy and OSL/IRSL samples 403 

To understand the development of the terraces, we dug pits to observe the physical 404 

characteristics of the sediments and collect samples for dating. Stratigraphic logs of the sampling 405 

pits and photos are in Figure 5, and the locations of luminescence samples are in Figure 3. We 406 

observed some similarities in physical characteristics of the sediments across the pits and have 407 

identified clusters of luminescence ages that we used to estimate absolute ages of geomorphic and 408 

sedimentological features and events.  409 

J106 and J22, on MC1 and MC4, had similar stratigraphy of an organic rich soil, overlying 410 

a lilac-grey coloured clay rich gravel horizon, over pebble to cobble gravel, with red-orange clay 411 

rich matrix and cobbles with up to 1 cm weathering rinds. The OSL samples taken from within 412 

this deeply weathered cobble gravel at J22 and J106 are 24.9 ±1.5 ka and 28 ±2 ka respectively. 413 

The pIRIR/OSL ratio and IR50/OSL ratio indicate that J106 is well bleached and J22 is likely well 414 

bleached (see OSL dating background section). We observed similar sediment in the base of the 415 

pit at J36 on MC6, but this sample did not yield a luminescence signal.  416 

Samples J35, J36 and J134C are all from slightly weathered sediments (Figure 5). J35 is 417 

from a sandy lens near the base of a lightly weathered grey loose sandy cobble gravel underlying 418 

surface MC8 exposed in the cutbank on the west edge of Michael Creek (Figure 3). The sampled 419 

unit underlies a lightly weathered dark grey sandy cobble gravel with angular clasts and overlies a 420 

brown medium sand. Sample J36 is from a 20 cm thick bluish grey silt with no discernible 421 

sedimentary structure that overlies a deeply weathered orange cobble gravel with clay rich matrix 422 
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that is similar to the sediment sampled at J106 and J22 (Figure 5). J134C is from the downthrown 423 

side of the trench, in the light grey pebbly silt which underlies the bog. The OSL ages of these 424 

three samples are J35 (15.3 ±1.1 ka), J36 (11.5 ±1.0 ka) and J134B (16.1 ±1.0 ka) (Table 3.1). For 425 

J35 and J36, the IR50/OSL ratio is ~1, but the pIRIR/OSL ratio is greater than 1, meaning these 426 

samples likely have bleached quartz, but incomplete pIRIR bleaching. Sample J134B has IR50 427 

and pIRIR ages much older than the OSL age (IR50/OSL > 1 and pIRIR/OSL > 1), leaving 428 

uncertainty about whether this sample was fully bleached, so the OSL age may be older than the 429 

last deposition. We interpret these sediments as postglacial material, which may or may not have 430 

been reworked during incision of the terraces but was last bleached so that it retains the early post-431 

glacial depositional age.  432 

At J134C and J133 (Figure 3 and Figure 4 and Figure 5) the sediment is moderately 433 

weathered gravel (clast weathering rinds <10 mm and mostly <5 mm) with a moderate amount of 434 

clay in the matrix. Sample J134C was taken from unit RS on the upthrown south side of the fault 435 

in the trench and yielded an OSL age of 9 ±2 ka (Figure 4 and Table 1). J133 was taken from the 436 

root ball of a fallen tree on MC6, which would have placed the sample at 1-1.5 m depth until the 437 

tree fell. The tree had fallen recently, shown by the mix of dead and live leaves both on the tree 438 

and on the surrounding damaged vegetation. J133 yields an OSL age of 7.8 ± 0.5 ka (Table 1). 439 

Both J134C and J133 have IR50/OSL >1 and pIRIR/OSL >1, so we cannot be sure the OSL was 440 

completely bleached during deposition and may have inherited age.  441 

Sample J29 is from a light grey sandy silt unit overlying a medium brown cobble gravel, 442 

representing deposition of/on MC8b. The OSL age of J29 is 2.8 ±0.3 ka (Figure 5 and Table 1). 443 

The relative ages of the geomorphic surfaces and the absolute ages of the underlying 444 

sediments do not directly correlate in most instances at Michael Creek fan (Figure 6). The oldest 445 
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sediments (J106 and J22) were collected from the oldest surfaces, but they are both pre-last glacial 446 

advance, which is constrained by the age of moraines on the coastal plain at Lake Brunner (Figure 447 

2 Moana formation, Kumara-3 glacial advance, 17.3 ±0.5 ka, Barrows et al., 2013). It is unlikely 448 

that geomorphic surfaces near the valley floor would have survived beneath the ice, so these 449 

sediment ages are unrelated to the formation ages of the MC1 and MC4 surfaces from which they 450 

were collected. We interpret samples J106 and J22 to be from sediment which was not scoured out 451 

of the valley during the last glacial advance and was deposited sometime prior to that. Taken at 452 

face value, the sediments in sample J106 are 28 ±2 ka, which would correlate with deposition 453 

during the pre-Kumara-1 interglacial time. The OSL age for J22 is 24.9 ±1.5 ka, potentially 454 

between the Kumara-22 (~24.5-21.5 ka, Suggate and Almond, 2005) and Kumara-21 (~34 – 28 455 

ka)). Although the Taramakau glacier recession between Kumara-22 and Kumara-21 is only 4kyr 456 

long, the recession of the ice from the Moana moraines on the coastal plain (17.3 ±0.5 ka, Barrows 457 

et al., 2013) to Arthurs Pass (15.2 ±0.8 ka, Eaves et al., 2017) took only 1-2 kyr, leaving the 458 

possibility that the Michael Creek site could have been deglaciated and re-glaciated during the 459 

time between the Kumara-22 and Kumara-21.   460 

The 11-16 ka sediments (Samples J35, J36 and J134C) are interpreted as early post-glacial 461 

sediment that was deposited as the last ice retreated and formed the MC1 fan (Figure 6). These 462 

sediments were deposited on top of the ~24-28 ka pre-last glacial sediment, which was then 463 

exposed on the upthrown side of the fault (J106, Figure 3 and Figure 5) and by incision of the 464 

MC2-8 surfaces (Figure 6). Early post-glacial sediments are only observed on the north 465 

(downthrown) side of the fault, while pits on the south (upthrown) side of the fault expose the 466 

older, more heavily weathered sediments. This may result from removal of the early post-glacial 467 
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sediments from the upthrown side of the fault and preservation of small amounts on the 468 

downthrown, upstream side of the fault (Figure 3 and Figure 5). 469 

The intermediate age samples, J134C 9 ± 2 ka and J133 7.8 ± 0.5 ka are interpreted to 470 

represent the ages of MC4 and MC6, respectively (Figure 6). These sediments are both younger 471 

than the early post-glacial sediment, however they are more weathered (weathering rinds on the 472 

clasts, red-orange clay in the matrix, Figure 5), which we attribute to the incorporation of the highly 473 

weathered pre-last-glacial sediments into the early Holocene terrace sediments as they were 474 

incised.  475 

 As presented earlier, geomorphically the MC8b and MC8 terrace surfaces are likely the 476 

same age (Figure 3). Although the sample at J35 underlying MC8 was 15.3 ± 1.1 ka, we consider 477 

it unlikely that the surface with the youngest relative age could be realistically represented by this 478 

sample for two reasons. First, this terrace is geomorphically younger than the surfaces where early 479 

Holocene OSL ages were sampled (J134C and J133 on MC4 and MC6). Second, MC8 and MC8b 480 

are likely of similar age and deposited during the same local base level, and MC8b is dated by 481 

OSL sample J29, which is only 2.8 ± 0.3 ka. For these two reasons, we consider the OSL age of 482 

J35 to be inherited from early-post glacial deposition, and the formation age of the MC8 surface 483 

to be more accurately represented by the late Holocene age at J29.  484 

  It is unlikely that a terrace surface like MC8, this low in the valley and geomorphically 485 

younger than surfaces dated at a maximum of 9 ± 2 ka, could have depositional ages separated by 486 

>10 kyr. We propose that this discrepancy between J29 and J35 could be because the quartz grains 487 

did not have enough sunlight time during mid-late Holocene re-working of early postglacial 488 

sediment within a tributary stream to re-bleach the quartz. However, in the Taramakau River, the 489 

travel distance of any particular grain is likely much longer and less dependent on short duration, 490 
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high energy transport events, giving it more potential sunlight time to be re-bleached and attain an 491 

accurate age for the deposition and terrace formation. Thus, 15.3 ±1.1 ka is a maximum, but 492 

inaccurate age for formation of the MC8 terrace tread, which is closer to the minimum age of 2.8 493 

±0.3ka. It is possible that J133 and J134B may also not have been fully bleached upon re-working, 494 

making the age of 9 ± 2 ka a maximum age for the MC5 terrace tread.  495 

3.2.1.4 Slip-rate 496 

On the Michael Creek fan (Figure 3), there are three terrace risers (R4/5, R5/6, R6/7) and 497 

one terrace tread channel (MC5t) that can be correlated across the fault. R4/5 has a minimum right-498 

lateral displacement of 9.4 m and a maximum of 12.1 m, the preferred displacement is equal to the 499 

maximum displacement. The south-side-up vertical displacement is 2.0-2.3, with the preferred 500 

vertical displacement being 2.3 m. R5/6 has minimum right-lateral displacement of 5.2 m, 501 

maximum of 11.4 m and preferred displacement 8.5 m. The vertical displacement is south side up, 502 

minimum 1.3 m, which is also preferred, and maximum of 2.0 m. we have matched MC5t, the 503 

channel on terrace MC5, across the fault based on the thalweg of the channel. The minimum lateral 504 

displacement is 3.1 m, the preferred is 6.7 m and the maximum is 10.5 m. The vertical displacement 505 

is 2.0 m south side up. Riser R6/8 north of the fault correlated with R6/7 south of the fault. The 506 

minimum displacement is 0.6 m, the preferred is 0.8 m and the maximum is 2.4 m. The south-side-507 

up vertical displacement is minimum 0 m, preferred 0.3 m and maximum 0.8 m.  508 

The OSL sample J134C constrains the formation age of MC4 by representing when the 509 

surface was active, and the sediment was deposited or reworked and re-bleached. Sample J133 510 

constrains the formation age of surface MC6 by representing when the surface was active, and the 511 

sediment was re-worked and re-bleached. As discussed earlier, these samples are of bleaching 512 

quality 3, so they may have some or much inherited age. The minimum age for the suite of terraces 513 
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is constrained by J29 which dates MC8. These three ages constrain the age of displaced features 514 

R4/5, MC5t, and R5/6 with a probability distribution defined by the probability distributions of 515 

the OSL samples in each Monte Carlo simulation. J134C represents the maximum age for any of 516 

these features, as it is a maximum age for the sediment on the highest relevant surface. Thus, the 517 

age PDF of J134C is used to define the maximum age for the features. J133 is used as the likely 518 

mean age for the features, and the mean of the feature age PDF is chosen from this sample’s PDF. 519 

J29 is used to select the minimum age for the samples in each simulation. Because the three 520 

displacement measurements are slightly different but evaluated with the same age constraint, they 521 

produce a range of slip-rates that decrease with decreasing relative age. R4/5 has the fastest slip-522 

rate at 1.7 (+1.1/-0.4) mm/yr, MC5t is 0.9 (+0.9/-0.4) mm/yr and R6/5 is 1.1 (+0.9/-0.5) mm/yr 523 

(Table 3.3). This is not indicative of a slip-rate that changes through time, rather an artifact of 524 

using the same age range (7.3 ± 1.4 ka) for three different features that likely have different ages 525 

that cannot be resolved with the current age control. We consider the R4/5 slip-rate of 1.7 (+1.1/-526 

0.4) mm/yr to be the most robust, because if the OSL ages do have some inherited age, the slip-527 

rate derived from the oldest displacement would be the least affected and closest to the true slip-528 

rate.  529 

3.2.1.5 Paleoseismic age control 530 

In the Michael Creek fan trench at J134, we collected two radiocarbon samples (Figure 4). 531 

Radiocarbon sample J134D from TC, the unfaulted colluvial deposit, was organic poor, and the 532 

sampled material of twigs (possible roots) returned a modern age (post-1950). This may represent 533 

the age of the deposit or that the sampled material is fragments of infiltrated roots that have no 534 

relation to the depositional age of the sediment. The material sampled for J134A from GS, the grey 535 

silt north of the fault was small delicate woody (possibly bark) fragments, considered to be detrital 536 
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and emplaced during deposition of the sediment because the sediment was coherent in-situ material 537 

with no observed root infiltration or bioturbation. Radiocarbon sample J134A yielded a CRA of 538 

242 ±19 yr BP, giving a calendar age at 2σ confidence of 1653-1677 CE (22.5%) or 1735-1800 539 

CE (73%). This is from the same deposit as J134B, the OSL sample which returned an age of 16.1 540 

±1 ka. Considering the order of magnitude difference between the 14C and OSL ages, and the 541 

grade 3 OSL bleaching certainty, we interpret this deposit as re-worked older sediment that was 542 

not OSL reset prior to re-deposition in unit GS. Thus, we consider the radiocarbon age of sample 543 

J134A to be representative of the depositional age of unit GS.  544 

Because GS is faulted, the radiocarbon age provides a maximum age for the last surface 545 

rupture at this site of 1653 CE, but it could potentially be as young as 1848 CE, when a historic 546 

surface rupturing earthquake would have been unlikely to go unnoticed (Langridge et al., 2020). 547 

The modern radiocarbon age of J134D in TC, the colluvial unit, does not constrain the age of the 548 

last surface rupture because 1) the dated material may not represent the depositional age of the 549 

sediment and 2) there has been no historically recorded (i.e.  ca. 1848 to present) surface rupture 550 

on this fault.   551 

3.2.2 Site 2: Yeo Creek fan 552 

3.2.2.1 Mapping 553 

In the upper Taramakau River valley, Yeo Creek and Joseph Creek flow from the north 554 

and form a complex suite of alluvial fans that are trimmed by the Taramakau River and inset 555 

alluvial terrace surfaces (Figure 2 and Figure 7). The Hope Fault cuts these landforms with a single 556 

main trace with some discontinuous Riedel shears extending off the north side of the main trace. 557 

The strike of the main trace turns from 85° between Yeo and Joseph creeks to 70° west of Joseph 558 
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Creek; the bend is within the active channel and young alluvial features of Joseph Creek (Figure 559 

7). Where the fault trace crosses topography, the deformation zone is too wide to determine the 560 

fault dip, so we assume the fault is vertical. The fault forms an uphill (north) facing scarp that is 561 

~1m high on the lowest terrace surface (YC2b)), the scarp is higher on the older fan between Yeo 562 

and Joseph creeks where it juxtaposes younger incised surfaces with high remnant fan surfaces. 563 

The remnants of the high fans south of the fault are small and discontinuous. The fan surfaces west 564 

of Joseph Creek have been deeply incised, revealing they are composed of coarse (up to 30 cm 565 

diameter), angular, poorly sorted, slightly stratified gravel.  566 

The geomorphic development of this site from oldest to youngest is determined using 567 

relations between preserved surfaces, erosional features, and local base level set by the Taramakau 568 

River. The highest and therefore likely oldest surfaces are YC1 (Yeo Creek surface 1), JC1 (Joseph 569 

Creek surface 1), and UC1 (unnamed creek surface 1), these surfaces have trimmed toes, and 570 

projection of the surfaces indicate they graded to a local base level 0-40 m higher than the current 571 

base level (Figure 7B). Lateral migration of the Taramakau River may impact on the apparent base 572 

level the fans have graded to; if the river was on the far side of the valley, it could have been at the 573 

same elevation it is now, and the fans would have formed the preserved high surfaces. However, 574 

similarly high fan surfaces could have formed if the main river was flowing on the north side of 575 

the valley and the valley bottom was up to 40 m higher than it is now. We favour the former 576 

interpretation but determining which is not critical to understanding the rest of the geomorphic 577 

development.  578 

After deposition of the highest, oldest fans, the Taramakau River meandered north and cut 579 

the toe of the fans between Yeo and Joseph creeks (Figure 7 marker i, YC1 and JC1). At this time 580 

it may have also trimmed the toes of the fans west of Joseph Creek (UC1), but lack of younger 581 
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surfaces does not constrain the timing for them. After the toe of JC1 and YC1 was trimmed, 582 

subsequent sedimentation emanating from Joseph Creek was deposited over the older fan surface, 583 

and JC2 was deposited on the trimmed toe of the old fan. This created a surface with the upper 584 

slope similar to the old fan, but that formed a steeper small fan cascading over and curving around 585 

the toe of JC1 (Figure 7 marker ii). The west side of JC2 is incised ~2m by surface JC3 (forming 586 

R2/3), and both are cut back by the main river (Figure 7, marker iii, iv). After the JC2 and JC3 587 

were cut back, Yeo Creek incised the old fan surface (YC1) and formed a younger terrace/fan 588 

surface (YC2) which also wraps around the old toe (Figure 7, marker i). There is not a sharp 589 

delineation between YC2 and YC2b, but YC2b slopes west and wraps around the cut toe of JC2 590 

(Figure 7 marker iii). Because the Yeo-sourced surface wraps around the cut toe of JC2, it indicates 591 

that the final formation of YC2 surface is younger than the deposition and toe trimming of JC2, 592 

although the incision of YC1 may have been occurring during formation of JC2 and JC3. After 593 

formation and during toe trimming of JC2 and JC3 (Figure 7 marker iii, iv), deeper incision of JC 594 

began which eventually formed JC4 and JC5 and around this time the fault started to displace the 595 

east side of the channel. As displacement accumulated, it is possible that the east side of the 596 

channel on the south side of the fault (Figure 7 marker vi) was eroded eastward, but there are 597 

insufficient landforms to determine the extent to which this happened.  598 

3.2.2.2. Displacement measurements 599 

The east edge of Joseph Creek on the south side of the fault can be matched to the riser 600 

between JC3 and JC4 (R3/4) (Figure 8A and B). This implies that the remnant surface south of the 601 

fault corresponds with JC3 north of the fault. The remnant surface south of the fault is too small 602 

to confidently match the morphology to any surface north of the fault. The maximum elevation of 603 

the knob is higher than expected for a downslope projection of JC3 or JC2, indicating there has 604 
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been some south side up displacement on the fault (Figure 8D). The arcuate shape of the trimmed 605 

toe (v) matches up with the toe of JC2 (iii) if the fault is back-slipped so the west edge of the 606 

southern remnant (vi) is aligned with the west edge of JC3 (R3/4), implying that the toe of JC3 607 

(iv) is actually formed by the fault cutting the fan surface. If the fault is back-slipped so the west 608 

edge of the southern remnant aligns with the west edge of JC2 (R2/3), then the arcuate cut of the 609 

toes does not line up. It is possible that that toe trimming happened after the fault had begun 610 

displacing the fan surfaces before the toe was cut, in which case the southern remnant could have 611 

originally been part of JC2.   612 

Because of the uncertainty whether the southern remnant was ever part of JC2, we have 613 

measured the displacement between the western edge of the southern remnant (vi) and the western 614 

edge of JC3 (R3/4), resulting in 65 (+3/-5) m displacement (Figure 8C). This is a minimum 615 

displacement, because the western edge of the southern remnant (iv) could be eroded eastward by 616 

the active stream.  617 

3.2.2.3 Age constraints 618 

At the Yeo Creek site, sample J82 was taken from sediments underlying the YC2b surface, 619 

accessed from the southern riser down to the T1 surface (Figure 5 and Figure 7 A and C). The OSL 620 

age of J82 is 14.2 ± 1.0 ka (Table 3.1). The YC2b surface is 2 ± 0.2 m above the local Taramakau 621 

River main channel, while the MC8b surface at Michael Creek overlying sample J29 is 4 ± 0.3 m 622 

above the main Taramakau River channel, and J29 is only 2.8 ± 0.3 ka (Figure 7 Table 1). Although 623 

possible, it is unlikely that the Yeo Creek T1 surface is truly 10 kyr older than the geomorphically 624 

slightly higher terrace at Michael Creek. If we reject that the luminescence age of J82 could truly 625 

represent the formation age for the overlying surface (YC2b), then the luminescence age must be 626 

fully or partially inherited through re-working of older sediments without bleaching and re-setting 627 
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the age (Figure 7C). Because the sediment source is likely the sediments underlying the upstream 628 

surfaces (YC2, YC1, JC2), the sediment depositional age must be older than those surfaces. If 629 

there has not been any partial resetting of the luminescence age, then the J82 age of 14.2 ± 1.0 ka 630 

is a maximum age for YC2, YC1 and JC2, and all incised surfaces.  631 

3.2.2.4 Derived slip-rate 632 

The displacement was calculated using a triangular distribution where the 5% and 95% 633 

confidence intervals are 60 m and 68 m respectively and the peak is at 65 m. For the age of this 634 

displacement, we use a PERT distribution where the minimum is 9 ± 2 ka based on the oldest 635 

incised post-glacial sediment at Michael Creek. We chose this minimum age because before this 636 

time the valley went from early postglacial sedimentation to stabilization and fluvial incision on 637 

the tributaries. For the maximum age, we use the sample J82 (14.2 ± 1 ka) because it represents 638 

the age of the early postglacial Yeo/Joseph Creek sediments and thus any incisional surfaces must 639 

be younger. We set the peak for the distribution using J36 (11.5 ± 1 ka) because it is the youngest 640 

un-reset post-glacial sediment in the valley, so around this time was likely when incision began. 641 

These constraints yield a slip-rate of 5.6 (+2.1/-0.7) mm/yr (Table 3).  642 

3.2.3 Site 3: Locke Stream fan 643 

3.2.3.1 Mapping 644 

On the east side of Locke Stream are two large fans (LS1 and LS2) and three alluvial 645 

terraces (LS3, LS4, LS5) (Figure 9). The highest fan (LS1) is composed of coarse angular poorly 646 

sorted gravel with a silt rich bluish grey matrix. The fan surface is sloped ~13° N with arcuate 647 

contours, and it hosts small stream channel features. The fan surface is cut and displaced by the 648 

Kelly Fault, resulting in an uphill (south) facing scarp. The fault splays at the western side of the 649 
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fan, producing a series of fault scarps which fan out to the NW that terminate at the edge of the 650 

fan (Figure 9 location i). The east edge of the upper fan is delineated by a deeply incised, active 651 

stream channel which has a right bend where it crosses the fault (Figure 9 location ii). East of this 652 

stream, some remnant surfaces may correlate to the large fan. The north edge of the fan is cut by 653 

the Taramakau River, resulting in a 40 m high riser. The west and northwest side of the fan is 654 

defined by a riser which drops down to a lower fan (LS2) that emanates from Locke Stream and 655 

has a much lower slope than the high fan. LS2 extends nearly across the main river valley. There 656 

is no surface morphology that is indicative of a fault scarp on this surface. This fan is incised by 657 

the active Locke Stream, which has formed a series of terrace surfaces (LS3-5) at the distal end of 658 

the fan where the stream meets the Taramakau River.   659 

Fan LS1 emanates from a small catchment east of the Locke Stream catchment (Figure 9 660 

location iii). The top edges of this catchment are sharp and the valley morphology upstream of the 661 

fan is rough. The steep gradient of the fan surface and the nature of the sediment (coarse, angular, 662 

high sandy silt matrix content) suggest that this fan may be the result of a large slope failure and 663 

subsequent deposition of the material within the Taramakau River valley. If it is, then the fan 664 

surface was likely not active for very long, as the flow from Locke Stream probably quickly 665 

dominated and cut the west side of the fan. The local base level when this fan formed was between 666 

10-40 m above the current river level, based on a linear projection of the fan surface across the 667 

Taramakau valley.  668 

After formation of LS1, Locke Stream cut back the western edge of the high fan and 669 

deposited LS2. This fan has a slightly lower gradient than the high fan, and a smooth almost 670 

featureless surface. The contour arcs of LS2 east of Locke Stream do not match with LS3 west of 671 

Locke Stream, which is slightly lower, indicating that LS3 is younger than LS2. The relative age 672 
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of LS3 is likely related to the incisional terraces east of the stream (LS4-5). These younger fan and 673 

terrace surfaces are located north of the projection of the LS1 fault trace, and none show any 674 

morphologic evidence of being faulted. 675 

3.2.3.2 Displacement measurements 676 

Displacements on the Kelly Fault at Locke Stream were estimated by correlating small 677 

channel and ridge features on the high fan surface (LS1) (Figure 9 and Figure 10). The channels 678 

and ridges formed while the fan surface was active and they were preserved when the fan surface 679 

was abandoned, then the measured offsets occurred after abandonment. We identified two possible 680 

reconstructions of the LS1 surface. The preferred reconstruction (KF1a) results in 91 ± 13 m 681 

dextral displacement and 6 ± 0.5 m vertical, south side up (Figure 10). The second possible 682 

reconstruction (KF1b) results in 51 ± 11 m of dextral displacement and 8.5 ± 0.5 m vertical, south 683 

side up displacement (Appendix C).  684 

Displacements were not estimated using the incised stream channel at the east side of the 685 

fan (Figure 9 location ii) because it is still active, the deep incision indicates it is highly erosive, 686 

the original geometry is unknown, and the channel has a different trend on either side of the fault.  687 

The western edge of the fan is not measured because if the entire right step was formed by 688 

displacement on the fault, at least some of that displacement would have occurred after the 689 

formation of LS2, but no evidence of fault related deformation extended from any trace of the fault 690 

on LS1. This doesn’t preclude any faulting of LS2, but there hasn't been enough displacement to 691 

form identifiable scarps in the time since the fan surface has been inactive. The main trace of the 692 

fault here has nearly pure strike-slip displacement, so it may not form a vertical scarp, however 693 

the splays (Figure 9 location i) have oblique displacement on LS1, so they should have also formed 694 

scarps on LS2. Instead, we interpret the right step in the western edge of LS1 (Figure 9 location i) 695 
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to primarily reflect slope collapse in the area weakened by the fanning fault splays. This slope 696 

collapse is proposed to have occurred prior to the last activity of LS2 because the amount of 697 

colluvial material presently on LS2 is significantly less than the volume of material missing from 698 

the slope collapse scar, so it was likely washed out while the surface was still active. This sequence 699 

of events can explain how the magnitude of the right step is similar to displacement LS1, without 700 

having all the observed fault displacement occur in the time between the abandonment of LS1 and 701 

abandonment of LS2. If some of the apparent displacement of the western edge is due to slope 702 

collapse, the accumulated slip on LS2 can be less than on LS1, explaining the absence of scarps 703 

on LS2 without necessarily requiring a temporally variable slip-rate. 704 

3.2.3.3 Age constraints 705 

Because the sediments in the LS1 fan (Figure 9) are very poorly sorted with an abundance 706 

of large angular cobbles, we were unable to retrieve an OSL sample from this fan. Because we 707 

lack local age control for this fan, we infer its maximum age based on timing of glacial retreat 708 

determined in other nearby sites that opened the valley to sedimentation, and the timing of base 709 

level drop that initiated formation of the middle fan. Because LS1 is the oldest post-glacial deposit 710 

at the Locke Stream site, and slope instability is common during and after glacial retreat (e.g., 711 

Holm et al., 2004; Allen et al., 2011; Kos et al., 2016), we assume that LS1 is an early post-glacial 712 

feature. As discussed in section 2, the age of the moraines on the coastal plain (Figure 2 17.3 ± 0.5 713 

ka, Barrows et al., 2013), indicates the valley was still occupied by ice at that time so the fan must 714 

be younger than that. we also have OSL ages of alluvial sediments downstream in the Taramakau 715 

valley at Michael Creek that provide intermediate ages for the ice retreat, when ice was gone from 716 

Michael Creek area but may have been still occupying the valley further upstream (oldest is J134B 717 

16.1 ± 1 ka, but this sediment might not be alluvial; the oldest clearly alluvial sediment sampled 718 
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is J35 15.3 ± 1.1 ka). Finally, ages of end moraines in Arthurs Pass (15.2 ± 0.8 ka, Eaves et al., 719 

2017) indicate the time when ice was limited to the cirques and high elevations indicating the lower 720 

valleys (including the Locke Stream area) should have been completely free of ice. Thus, the 721 

maximum age limit for the fans at Locke Stream is 17.3 ±0.5 ka, and the preferred age is 15.2 ± 722 

0.8 ka.  723 

The minimum age for the Locke Stream fans is more difficult to constrain. Downstream, 724 

the Yeo/Joseph creek and Michael Creek sites indicate that there has been 0 to 20 m of local base 725 

level drop since those fans formed, while LS2 at Locke Stream indicates 10 to 20 m of local base 726 

level drop has occurred since it was formed. This may indicate that LS2 is older than the fans 727 

downstream, or it may indicate a different local geomorphic environment where the confined 728 

Taramakau River has down cut more than the wide braided river downstream. At Michael Creek, 729 

incision of the early post-glacial fan was well underway at 9 ±2 ka, so we use this for the minimum 730 

age of LS1.   731 

3.2.3.4 Derived slip-rates 732 

To derive slip-rates, we use the lateral and vertical displacements with a steeply north 733 

dipping fault. We set the maximum age for the fan as 17.3 ± 0.5 ka because at that time ice occupied 734 

the valley. The minimum age is 9 ± 2 ka, because by this time incision was underway at Michael 735 

Creek so the LS1 fan was likely also incised and abandoned. This yields a net slip-rate of 6.2 736 

(+2.4/-1.0) mm/yr for the preferred displacement of KF1 (Table 3.3). 737 
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3.2.4 Site 4: KF2 738 

3.2.4.1 Mapping 739 

East of the Otehake River, the Kelly Fault PSZ cuts and displaces a hill spur (Figure 11A 740 

location i). The fault trace cannot be precisely identified west of the spur where it crosses alluvial 741 

fans (Figure 11A location ii). Some secondary faults of the Kelly Fault DDZ have been mapped 742 

on the hillside south of this fault trace (Figure 11A location iii), but these faults do not cut and 743 

displace features that can be correlated across the fault trace.  744 

3.2.4.2 Displacement measurement 745 

To measure fault displacement here, we match the displaced ridge across one prominent 746 

trace of the Kelly Fault (Figure 11B and C). The fault strike here is 070 ±3°. The strike-slip 747 

displacement is 16 ± 6 m. The vertical fault displacement is measured by matching the fault parallel 748 

topographic profiles and finding the difference between the actual observed vertical offset and the 749 

expected vertical offset based on the slope of the ridge (Figure 11D). The vertical fault 750 

displacement is 16.5 ± 1.5m, north side up.  751 

3.2.4.3 Age control 752 

No direct age control is available at this site. The maximum age of the ridge is no older 753 

than when ice occupied the valley. There is no constraint on the minimum age of the landforms. 754 

The age distribution used to calculate the slip-rate has an absolute maximum of 17.3 ± 0.5 ka, peak 755 

probability at ~15 ka, when the valley was definitely ice-free (based on age of end-moraines in 756 

Arthurs Pass, Eaves et al., 2017), and extends to present with low probability, so the minimum age 757 

is 0 ka. We select the peak probability as 15 ka under the assumption that the features are likely 758 

formed during the early postglacial landscape settling.  759 
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3.2.4.3 Slip-rate 760 

Using the displacement and age as discussed, a net slip-rate of 1.8 (+2.3/-0.3) mm/yr with 761 

a SS:DS ratio of 1:1 is estimated (Table 3.3). This slip-rate is produced by giving preference to an 762 

early postglacial age to the displaced ridge. However, ridges are an erosional feature and may be 763 

continually refreshed. Where there is a fault scarp, the fault displacement is outpacing the erosional 764 

refreshing of the landform.  765 

3.2.5 Site 5: KF3 766 

3.2.5.1 Mapping 767 

West of Lake Kaurapataka, the Kelly Fault PSZ cuts a hill spur forming an uphill facing 768 

scarp (Figure 11E). The slope has a channel remnant which trends perpendicular to the fault scarp 769 

and can be identified on both sides of the fault (Figure 11F). This channel has similar cross-770 

sectional morphology, longitudinal slope, and planform trend on both sides of the fault (Figure 771 

11F and H). On the south side of the fault, the upstream side, the channel is obscured by deposition 772 

against the fault scarp (Figure 11F). North of the fault, the channel does not reach to the top of the 773 

scarp, likely due to scarp degradation. 774 

3.2.5.2 Displacement measurement 775 

Figure 11E shows the landscape around the displacement measurement laterally restored. 776 

Not only does the identified channel correlate across the fault, subtler features just west of the 777 

channel also correlate with the same amount of fault displacement. The lateral displacement of the 778 

channel is 80 m (+18 m/-17 m), with most of the uncertainty being from the projection of the 779 

channel to the fault scarp. Since both channel remnants have the same trend and slope and are 780 
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almost straight, we prefer the straight projection of the southern channel remnant to the fault. We 781 

measured the lateral displacement parallel to the apparent strike of the fault.  782 

The vertical fault displacement is estimated using a combination of fault parallel and fault 783 

perpendicular topographic profiles (Figure 11G and H). The landscape slope is used to calculate 784 

the slope of the landscape that is used to calculate the expected vertical offset of the fault parallel 785 

profiles, if there had been no faulting (Figure 11G). Next, we shift the downslope fault parallel 786 

profile to see how it matches with the upslope profile and to determine where correlative features 787 

are located (Figure 11H). Once the profiles are matched, we can measure the actual vertical offset 788 

of the two profiles by finding the difference in elevation between the same point on the original 789 

downslope profile and the shifted profile. We then subtract the expected vertical offset based on 790 

the landscape slope and horizontal distance between the profiles to find the amount of vertical 791 

offset that is the result of fault displacement, which is 17.5 ± 2.5 m (Figure 11H).  792 

3.2.5.3 Age control 793 

No direct age control exists for this site. The maximum age of the channel is no older than 794 

when ice occupied the valley. we have no constraint on the minimum age of the landforms. The 795 

age distribution used to calculate the slip-rate has an absolute maximum of 17.3 ± 0.5 ka, peak 796 

probability at ~15 ka, when the valley was definitely deglaciated, and extends to present with low 797 

probability, so the minimum age is 0 ka. We chose the peak probability as 15 ka under the 798 

assumption that the features are likely formed during the early postglacial landscape settling.  799 

3.2.5.4 slip-rate 800 

From the displacement and age assumptions the net slip-rate for the Kelly Fault at KF3 is 801 

6.2 (+7.8/-1.2) mm/yr (Table 3.3).  802 
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3.2.6 Site 6: Sackung Hill 803 

Vermeer et al. (2021) presented an overview of the structure and geometry of Sackung Hill 804 

and identified two sets of tectonic faults among the gravitational fault network (Figure 12). These 805 

faults are postulated to transfer tectonic slip from the Hope Fault near Michael Creek to the Kelly 806 

Fault south of Sackung Hill. Alternatively, the Sackung Hill tectonic faults may be part of a 807 

distributed deformation zone between the Hope and Kelly Faults. The significance of each 808 

interpretation is presented in the Discussion below. One site on each tectonic fault set is selected 809 

to determine a minimum tectonic slip-rate based on displacement of glacial striations (Figure 12).  810 

3.2.6.1 Age control 811 

The glacial striations on Sackung Hill formed when there was ice filling the valley. 812 

Moraines at Lake Brunner indicate the whole valley was under ice at 17.3 ± 0.5 ka when they were 813 

formed. At 15.2 ±0.8 ka the end moraines at Arthurs Pass formed, indicating that the ice had 814 

retreated from the valleys by this time. Thus, the striations were formed between ~17 ka and ~15 815 

ka. This glacial retreat age is supported by the OSL ages from fluvial or alluvial deposits upstream, 816 

which indicate that by 14-15 ka the upper Taramakau valley was free of ice. Based on these 817 

constraints on the timing of glacial retreat, we set the age of the glacial striations as 16 ± 1 ka with 818 

a normal distribution.  819 

3.2.6.2 Site 6a 820 

This glacial striation is low on the NW corner of Sackung Hill (Figure 12). It is cut by a 821 

NNE striking, steeply west dipping fault interpreted by Vermeer et al. (2021) as a tectonic fault. 822 

We use the crest of one striation as a linear piercing point to measure lateral and vertical 823 

displacement (Figure 12a). We measure 22 (+1/-5) m of lateral displacement. Fault-parallel 824 

profiles are used to match the striations, and fault-perpendicular profiles to determine the expected 825 
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vertical offset of the fault parallel profiles before faulting (Figure 12 profiles), yielding 1.2 ± 0.2 826 

m west side up vertical fault displacement (Figure 12D). The net slip-rate is 1.3 (+0.1/-0.4) mm/yr, 827 

with primarily dextral displacement (Table 3).   828 

3.2.6.3 Site 6b 829 

This displacement site is located on an E-W striking sub-vertical fault between two NNE-830 

striking faults. The identified striation and trough match across the fault, and the slope change 831 

shown by the yellow line in Figure 12B is used as the piercing line. The feature is at about the 832 

same elevation on both sides of the fault, the height of the scarp is produced by laterally displaced 833 

topography. We measured 22 (+6/-3) m of dextral displacement and <0.5 m of vertical 834 

displacement. This yields a net slip-rate of 1.3 (+0.1/-0.4) mm/yr (Table 3.3). 835 

3.2.6.4 Discussion of Sackung Hill slip-rates 836 

The extensive fault network on Sackung Hill has been interpreted as a combination of 837 

gravitational and tectonic faults (Vermeer et al., 2021). These measured displacements show 838 

offsets that exceed plausible single event displacements for tectonic faults, indicating these faults 839 

have been active in multiple earthquakes. These sites and others on Sackung Hill have depocenters 840 

against the faults, giving them potential for yielding earthquake timing via paleoseismic 841 

investigations.  842 

There are many displacements of the glacial striations that could be measured, however 843 

untangling how the displacements relate to tectonic versus gravitational stresses is difficult. Both 844 

sites have primarily dextral displacements, and gravitational displacements are usually normal. 845 

Also, these faults do not strike parallel to the slope like gravitational faults. There are multiple 846 

NNE-striking faults that are similarly continuous to the fault we measured the displacement on, 847 
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but there are not similar displaced features that we can confidently match across the faults. The 848 

total tectonic slip transfer through these faults is greater than the slip-rate presented here, thus this 849 

is a minimum slip-rate for the Hope-Kelly transfer faults.  850 

3.2.7 Site 7: J6 851 

One Shot Hill (Figure 2 Site 7), west of Sackung Hill, was also identified as having 852 

extensive sackung faulting, but with less lidar coverage and heavy vegetation (Vermeer et al., 853 

2021). At the northern base of this hill the low elevation inactive terraces are deposited against the 854 

base of the hill (Figure 13). The NW corner of the hill appears to be faulted, with an uphill facing 855 

scarp on the north side that rises from the base of the hill and the curves around the west side of 856 

the hill before decreasing in apparent displacement to the point of being unidentifiable with 857 

topographic data. Extending east from the hillside scarp, the alluvial sediments abutting the hill 858 

are deformed within 100 m of the base of the hill. A small stream with abundant water flow runs 859 

along the base of the hill, incising the deformed terrace sediments. The trees growing on this bulged 860 

terrace surface are tilted uniformly ~10° to the N (Figure 13, pic 2 looking west). Assuming the 861 

trees grew vertically, their tilt suggests some ground deformation has occurred within their 862 

lifetimes.  863 

An OSL date from the sediments underlying the deformed alluvial surface is 3.1 ± 0.2 ka 864 

(Figure 5, Table 1). This Late Holocene age indicates that gravitational faulting is not limited to 865 

the early postglacial time but continues for thousands of years after ice retreat. The tilting of the 866 

trees, which are likely less than 200 years old, suggests they grew vertically and have been tilted 867 

within their lifetime, indicating that some of the deformation is recent. The extension related to 868 

the sackung process may be activated or increased by proximal shaking from earthquakes. The 869 
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data does not permit determination whether sackung slip occurs co-seismically or interseismically 870 

(i.e., creep), or to correlate deformation to an individual earthquake. 871 

3.2.8 Site 8: Styx River 872 

3.2.8.1 Mapping 873 

The Styx site is located between the Styx and Kokatahi rivers where they converge and at 874 

the base of the range front along the Alpine Fault (Figure 2, site 8). The range front has a small 875 

saddle (Figure 14, location i) south of the Styx River which has been previously mapped as the 876 

location of a splay of the Kelly Fault (Langridge et al., 2016). Between the two rivers there is a 877 

large smooth arcuate alluvial fan (Figure 14, surface S1). In the centre of the fan, a secondary 878 

overtopping fan surface emanates from the range front saddle (Figure 14, surface S2). The stream 879 

(Figure 14, location ii) which deposited this top fan flows west and has incised deeply to meet the 880 

Styx River. The western edge of S1 is uplifted and deformed by the Alpine Fault (Figure 14, AFs 881 

and AFn), which has a ~300m wide left step as inferred from the fault trace normal distance 882 

between adjacent strands of the Alpine Fault PSZ (AFn and AFs). The left step has formed a pop-883 

up structure (Figure 14, location iii), which deforms the western portion of the smooth S1 fan 884 

surface. West of the Alpine Fault, a fan surface remnant (Figure 14, surface S1b, location x), which 885 

is covered with ~N trending lineaments of unknown origin, may be correlative to the S1 surface 886 

east of the fault.  887 

East of the Alpine Fault, on the north side of the S1 and S2 surfaces, a splay of the Kelly 888 

Fault strikes ~E-W and creates a 2-3 m high north facing scarp (Figure 14, location iv). North of 889 

this Kelly Fault scarp, a river cut forms the ~35 m high riser (Figure 14, location v) between the 890 

upper fan surface and a low relief fluvial terrace of the Styx River (Figure 14, surface S3). Where 891 
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the Kelly Fault splay meets the pop-up (Figure 14, location vi) the interacting faults form a series 892 

of steps that are likely fault scarps but also modified by low flow stream channels. There is a 893 

second E-W striking splay of the Kelly Fault crossing S2 expressed as a very small scarp (Figure 894 

14, location vii). The south side of S1 is incised by a series of three fluvial terraces formed by the 895 

Kokatahi River which step down to the current river level (Figure 14, location viii).  896 

In three locations we documented faulting of this fan and took some OSL and radiocarbon 897 

age control samples. These sites are individually described below. 898 

3.2.8.2 1277 trench 899 

The trench at 1277 is 2 m long and 1.5 m deep and trends 010° to expose the Kelly Fault 900 

splay and faulted stratigraphy (Figure 14 and Figure 15A). The lowest unit (gg) exposed is a gravel 901 

with rounded lenticular schist clasts, grey sandy silt matrix with imbricated clasts (Figure 15A). 902 

The imbrication orientation varies along the trench in three distinct sections: the northern section 903 

on the downhill end of the trench (ggN) has the long axis of the cobbles oriented with trend 130° 904 

plunge ~25° to the south, the middle section (ggM) has clasts with no preferred orientation, and 905 

the southern section (ggS) on the uphill side of the trench has average clast long axis trend 040° 906 

plunge 20°N. The top of unit gg is higher on the south (uphill) end than on the north (downhill 907 

end) and the central section is lower than either end. We interpret the central section as a fault 908 

zone. The disorganized clasts and disrupted top contact are attributed to disturbance of the 909 

sedimentary structure and shearing by the fault. Against the step between ggM and ggS, there is a 910 

small triangular section of sediment with clasts similar to gg that are completely disorganized and 911 

more fine sediment than gg below it (Figure 15A, location i). Above gg is rg, a reddish coloured 912 

pebble to cobble gravel with well rounded, spherical clasts and sparse matrix. Rg is present along 913 

the entire trench length, but the thickness is variable, and the top is very irregular (Figure 15A, 914 
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location ii). Because the clasts are mostly well rounded and spherical (rather than lenticular like in 915 

unit gg), no imbrication or any sedimentary structure could be identified, so it is unclear if this unit 916 

has been faulted, though the undulating top contact suggests it may have been disturbed by post-917 

depositional faulting. Above the rg is tc, a tan clayey matrix rich unit with sparse clasts up to 5cm 918 

diameter. This unit drapes over the step in gg and rg, it pinches out at the south end of the trench 919 

and is thickest in the middle and thins again at the north end. The top unit in the trench is gs, a 920 

grey silt with ~20% clasts. It has a sharp lower contact with tc and rg where tc has pinched out at 921 

the south end. In the middle of the trench, the lower contact is obscured by slumping that occurred 922 

while digging the trench. This trench shows evidence of faulting, indicating that the scarp is formed 923 

by a fault and not a fluvially formed scarp feature.  924 

3.2.8.3 1370 exposure 925 

This natural exposure is in the north bank of the large stream channel at the base of the 926 

west edge of the fan (Figure 14 and Figure 15B). The east side of the exposure has highly sheared 927 

rock - unit b1 is hard and not easily scraped, while b2 is much softer and can be easily scraped, 928 

but they have similar grey colour and sheared texture. Gray clay gouge 1-3 cm wide (Figure 15B) 929 

separates the sheared rock from gravel on the west side of the exposure. The g1 gravel is coarse, 930 

poorly sorted, very angular, moderately weathered with reddish coloured matrix. The fault strikes 931 

032° and dips 67° SE, so the sheared bedrock is thrust over the g1 gravel. Above the g1 reddish 932 

gravel is a lilac grey coloured sandy silt (g2) that we sampled for OSL (sample 1370B, Table 1, 933 

6.4 ± 0.5 ka). This sediment is darker at the top, possibly indicating more organic material; we 934 

sampled the darker section for 14C (sample 1370C 1633-1805 CE, Figure 15C). Unit g2 is faulted, 935 

and between it and the bedrock there is a 10cm wide section of deformation where g1 and g2 936 

sediments are mixed (g1d). Above g1 and g2 is g3, a coarse, poorly sorted gravel with grey silty 937 
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sand matrix with some brown mottling. Unit g3 also overlies the bedrock on the east side of the 938 

fault and does not appear faulted (Figure 15B location i). Overlying g3 and the bedrock is g4, a 939 

coarse well sorted uncemented sand with stratification that is roughly horizontal. This unit is 940 

partially obscured by vegetation, but it does not appear faulted. The base of the unit extends lower 941 

down into b2 (Figure 15B location i), which we interpret as being fluvial sand deposited within 942 

pre-existing surface topography, because the sand layers in the swale are parallel with the layers 943 

that extend across the entire outcrop and there is no apparent difference between the sediments in 944 

the hole and above the hole. Unit g4 was sampled for OSL dating (sample 1370A, Table 1, 4.7 945 

±0.5 ka). 946 

3.2.8.4 1258 exposure 947 

This exposure is in the main creek about 200 m upstream of the road on the north side of 948 

the stream (Figure 14 and Figure 15D, E). The stream is deeply incised into the fan with steep 949 

walls ~30 m high. The base of a small slip exposes in-situ sediments low in the fan stratigraphy 950 

(Figure 15D, E). The sediments are poorly to moderately sorted gravels, subrounded to angular, 951 

lens shaped clasts of grey schist with a silty sandy matrix. There are four distinct layers in the 952 

exposure, the base is a grey gravel, then above that is a medium grained grey sand layer that varies 953 

in thickness from 0-10 cm and is not continuous across the outcrop. Above the thin grey sand is a 954 

tan sandy gravel, with rounded to angular lenticular clasts of schist up to ~0.5m thick and is 955 

continuous across the outcrop. Above the tan gravel is a grey gravel similar to the basal unit.  956 

The outcrop is faulted by multiple splays of NNE-striking and west-dipping faults (Figure 957 

15D, E). These faults project up to the east edge of the pop-up structure at the top of the fan. The 958 

sandy and tan marker beds show that these faults have some component of reverse slip. The 959 

discontinuity and variable thickness of the sandy bed suggests there is strike-slip displacement 960 
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perpendicular to the plane of the outcrop that juxtaposes lateral variations in the bed thickness. In 961 

the faults, the clasts are rotated from horizontal to vertical or completely disorganized, and the 962 

matrix contains more clay. Measured in the outcrop, the faults strike 212-216° and dip 40-60° NW.  963 

The apparent displacement on each fault varies, and the apparent thickness of the marker units also 964 

varies. The maximum measured apparent dip-slip displacement on a single fault is 30 cm, the total 965 

vertical displacement across the outcrop is 2 ± 0.1m measured on the base of the tan gravel. The 966 

vertical displacement across the scarp on the fan surface associated with the outcrop is 1.8 ±0.2m 967 

(Figure 14C), indicating that most or all of the dip-slip displacement on this particular splay 968 

occurred after the fan sediment had accumulated and the surface became inactive.    969 

3.2.8.5 Age control 970 

Sample 1370A is from unit g4 (unfaulted) in outcrop 1370 (Figure 15B) at the west edge 971 

of the fan and yields an OSL age of 4.7 ±0.5 ka. Sample 1370B from the faulted unit g2 yields an 972 

OSL age of 6.4 ± 0.5 ka (Figure 15B, Table 1). Sample 1258A from the upstream outcrop, yields 973 

an age of 6.1 ± 0.6 ka (Figure 15D, Table 1). 974 

The conventional radiocarbon age for sample J1370C (225 ±19 BP) yielded a 95% CI 975 

calibrated radiocarbon age of 1663-1805 CE with significant peaks at 1663-1686 CE (16.6%) and 976 

1731-1805 CE (78.9%) (Figure 15C) (Bronk and Ramsey, 2020; Hogg et al., 2020). The calibrated 977 

calendar age has a large range because it occurs at a flat portion of the calibration curve. The 978 

material dated is a thin twig or possible root. If the sampled material was a detrital twig, its age 979 

represents the maximum depositional age of the sediment. If the sampled fragment is an ingrown 980 

root, it is a minimum age for the deposit because it indicates the deposit was in place before the 981 

age of the root, but it does not constrain the maximum age for the deposit.  982 



45 

At 1370, the OSL ages (1370A 4.7 ±0.5 ka, 1370B 6.4 ±0.5 ka) are an order of magnitude 983 

older than the radiocarbon, despite being from units both above and below the radiocarbon sample. 984 

The radiocarbon sample may be younger than either deposit if it is an ingrown root fragment. If 985 

the radiocarbon sample is of detrital origin it would represent the depositional age of the sediment, 986 

then the age discrepancy may be explained by the OSL samples being reworked, but not having 987 

the OSL reset. This is similar to the process we invoked to explain out of sequence luminescence 988 

ages in the upper Taramakau valley. If the sediments really were deposited within the last <1000 989 

years, then the environment was likely similar to how it is today, with deeply incised channels and 990 

dense vegetation. In these conditions, sediments with a short transport distance may not have had 991 

enough sunlight exposure to completely bleach before being redeposited, resulting in inherited 992 

OSL age. In the Hope River valley, Khajavi et al. (2016) suggested a similar reworked but not 993 

reset process to explain 23 ka and 16 ka OSL ages from sediments underlying an apparently young 994 

(mid-late Holocene) alluvial fan.  995 

Because unit g2 is faulted, but not unit g4, if the OSL ages accurately date deposition, then 996 

there would have been surface rupture on this fault splay >4,000 years ago then no surface ruptures 997 

since. The location of this site along the main Alpine Fault trace makes this interpretation unlikely.  998 

Dated organic materials from the trench at 1277 (Figure 15A) are from the grey silt (unit 999 

gs, sample J1277gs), tan clayey silt (unit tc, sample J1277tc) and the red rounded gravel (unit rg, 1000 

sample J1277rg), and they all returned modern ages (modern refers to post-1950). There have been 1001 

no recorded surface rupturing earthquakes in this area historically and especially since 1950, so if 1002 

the unit rg is faulted (see trench description for discussion of this uncertainty), the radiocarbon 1003 

sample material is likely ingrown roots, because to be faulted the sediments must be older than 1004 

1950. The modern sample age for units tc and gs may be accurate to their depositional age, but 1005 
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this does not offer additional constraints on the timing of the last surface rupture as it is already 1006 

known to be older than 1950 because there has been no historic surface rupture here. These modern 1007 

14C ages highlight the difficulty in differentiating between rootlets and detrital twigs in areas with 1008 

abundant vegetation.    1009 

3.2.8.6 Slip-rate 1010 

These three exposures and the morphologic mapping are consistent with the interpretation 1011 

that S1 is an alluvial deposit that has been uplifted by the hanging wall of the Alpine Fault (Figure 1012 

14A). Faulting is documented on morphologic scarps on both the east (exposure 1370, Figure 15B) 1013 

and west (exposure 1258, Figure 15D) sides of the pop-up on faults parallel to the Alpine Fault, 1014 

and also on an east-west striking splay of the Kelly Fault east of the pop-up (trench 1277, Figure 1015 

15A). The OSL sediment ages indicate that the fan sediment is 6.1 ±0.5 ka, so this fan is mid-1016 

Holocene in age. We were unable to identify any laterally displaced features that could be 1017 

correlated across the faults with an absolute age to get a lateral slip-rate measurement. The eastern 1018 

side of the S1 fan surface appears undeformed but is uplifted in the hanging wall of the Alpine 1019 

Fault. The surface remnant west of the Alpine Fault (Figure 14 A, S1b) may correlate with S1 east 1020 

of the fault, allowing measurement of a vertical slip-rate. We do not have observations on the 1021 

stratigraphy or age of the western surface remnant, only the surface morphology. Assuming S1 1022 

and S1b are correlative, projection of both surfaces to the main trace of the Alpine Fault yields 1023 

21.5 ±3.5 m of vertical displacement (Figure 14B). This measurement disregards the vertical 1024 

displacement within the pop-up, because this structure is formed primarily by the lateral slip on 1025 

the fault and is not representative of the vertical or dip-slip-rate below the surface complexities. 1026 

The resulting dip-slip-rate of the Alpine Fault, using J1258A as the maximum age, is 6.3 (+3.2/-1027 

1.9) mm/yr dip-slip assuming a 50 ±10° E fault dip (Table 3).  1028 
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3.2.8.7 Earthquake timing 1029 

The radiocarbon sample J1370C (1663 - 1805 CE, Figure 15 B and C) was taken from 1030 

sediments faulted by at least one surface rupture on the Alpine Fault main trace. If the dated twigs 1031 

are actually rootlets, their age is younger than the sediment deposition. However, if they are detrital 1032 

twigs, the sample age represents the depositional age of the sediment and is a maximum age for at 1033 

least one surface rupture. The sample has a large calibrated age range (Figure 15C), and we lack 1034 

additional stratigraphically related samples that can be used for OxCal modelling to constrain the 1035 

depositional age more precisely. The age range is such that the post-depositional surface rupture 1036 

could have been the 1717 Alpine Fault earthquake, or the more recent early 1800’s Alpine Fault 1037 

earthquake identified 3 km to the south (Langridge et al., 2020) and in Lake Kaniere (Howarth et 1038 

al., 2021).  1039 

3.2.9 Lake Kaurapataka tree 1040 

Lake Kaurapataka is an alluvial fan-dammed lake ≥23 m deep that sits in the valley south 1041 

of Sackung Hill (section 2.6) along the trend of the Kelly Fault zone. At the lake Kaurapataka, 1042 

multiple decaying tree stumps sit in shallow water (<0.5m deep in summer) along the shores, the 1043 

most easily accessed are along the southeast shore (Figure 16A and B). The stumps were mature, 1044 

>0.5 m diameter trees that are presumed to have grown in their current locations when the lake 1045 

level was lower, then died due to drowning when the lake level rose (Figure 16C). The lake drains 1046 

to the west into Pfeifer Creek. The geomorphic mapping and field investigations reveal at least 1047 

two generations of fans along the outlet stream of the lake. The oldest fan surface remnant extends 1048 

the furthest down the valley away from the lake (Figure 16A, alluvial fan 1). The younger fan 1049 

(Figure 16A, alluvial fan 2) has deposited on the east side of the old fan remnant (Figure 16A 1050 

alluvial fan 1) and presently dams the lake. The fans are incised by the source stream flowing from 1051 
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the south, and also by a stream originating at the lake. There is a unvegetated, lobate debris flow 1052 

deposit on top of the younger alluvial fan surface (alluvial fan 2, Figure 16A). The stream 1053 

emanating from the lake has a large knickpoint in the channel downstream of the lake outlet, and 1054 

during dry times the lake only drains via groundwater in the fan deposits and does not drain over 1055 

the surface of the fan. Incisional cut banks in the stream flowing from the south have revealed 1056 

weathered paleosol covered with younger (unweathered) coarse, angular alluvial sediment, these 1057 

are interpreted to be the sediments of the older fan topped by sediments of the younger fan.  1058 

OxCal modelling of the 14C ages of two outer rings indicate that the tree likely died in 1059 

1753-1848. The number of rings between the two dated rings could not be counted because of poor 1060 

wood quality. However, using the width of the rings from other nearby trees, we assume that there 1061 

were ~20 rings between the dated rings. The death of the drowned tree provides a robust minimum 1062 

age for the deposition of the younger lake-damming alluvial fan (Figure 16A, alluvial fan 2). Large 1063 

landslides often occur as a result of strong ground shaking, so the landslide, damming of the lake, 1064 

and subsequent tree death may be considered as a potential strong shaking proxy that can help 1065 

constrain the timing of a proximal earthquake. Similar methods have been used at Lake Poerua on 1066 

the coastal plain (Figure 2), where Langridge et al (2012) used death ages of drowned trees to date 1067 

two generations of alluvial fan deposition at the lake outlet. These periods of increased 1068 

sedimentation were coincident with previously determined Alpine Fault surface rupturing 1069 

earthquakes, indicating the increased sedimentation that formed the alluvial fans were driven by 1070 

coseismic shaking.  1071 
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4. Coulomb Stress Transfer Modelling 1072 

4.1 Theory and Methods 1073 

An earthquake reduces stress on the source fault (i.e., coseismic stress drop) and 1074 

redistributes stress in the lithosphere surrounding the source fault, with some areas increasing in 1075 

stress, and others decreasing (stress shadows, e.g., Harris and Simpson 1998). Areas with increased 1076 

Coulomb stress are areas where aftershocks and/or future earthquakes are hypothesized to be more 1077 

likely (King et al., 1994; Stein et al., 1997; Toda et al., 1998; Harris et al., 1995).  1078 

Coulomb stress change on a receiver fault (CFS) is calculated using the equation (King et 1079 

al., 1994):  1080 

ΔCFS = Δτ – μ (Δσ + ΔP) 1081 

where ΔCFS is the Coulomb failure stress, Δτ is the change in shear stress, μ is the 1082 

coefficient of friction, Δσ is the change in normal stress and ΔP is the change in pore fluid pressure. 1083 

The location, strike, dip, and rake of the receiver faults affect the CFS (e.g., Lin and Stein, 2004; 1084 

Steacy et al 2005), thus the geometry of the faults in the system are needed to robustly calculate 1085 

CFS. Coulomb stress change from a source fault (the one with the earthquake) onto a receiver fault 1086 

can increase or decrease the CFS, hence promoting or delaying failure. Modelling along-strike 1087 

variations in geometry along a single fault has been shown to be important (Mildon et al., 2016). 1088 

Rectangular discretization of a fault surface is used to create variable fault geometry, based on 1089 

surface observations, to model the CFS resulting from representative earthquakes in the fault 1090 

system. The main faults in the Alpine-Kelly-Hope Fault network have been discretised with 1091 

variations in strike, dip and rake, following the approaches of Mildon et al. (2016) and Hughes et 1092 

al. (2020). We conducted CFS modelling using Coulomb 3.4 (Toda et al., 2005). The current 1093 

version of the code is available at https://github.com/ZoeMildon/3D-faults.   1094 

https://github.com/ZoeMildon/3D-faults
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The magnitude of seismic hazard depends on how and whether earthquakes co-seismically 1095 

propagate onto other faults, or trigger temporally clustered rupture of other faults. Complex 1096 

earthquakes (Kaikōura, Darfield, Ridgecrest) have been observed to propagate along many faults 1097 

(Hamling et al., 2017; Quigley et al., 2019; Ross et al., 2019). Multi-fault earthquake scenarios are 1098 

being included in seismic hazards (e.g., Uniform California Earthquake Rupture Forecast; Field et 1099 

al. 2014). Earthquake occurrence depends not only on geometry but also pre-stress from 1100 

interseismic stress accumulation and prior coseismic stress changes (Mildon et al., 2017, 2019). 1101 

CFS can be used to model cascading ruptures in steps, looking at the absolute or relative CFS on 1102 

different faults in a network to determine which might be preferred by the rupture as it continues 1103 

(Parsons et al., 2012; Quigley et al., 2019). This is the approach utilized here by modelling 1104 

earthquake ruptures that terminate at the edge of the intersection zone or at geometrically 1105 

significant junctions within it. With these stepwise static CFS models, we can evaluate how stress 1106 

is distributed through the fault system as a rupture progresses through the system.  1107 

4.2 Fault model construction 1108 

We constructed a discretised version of the 3D fault model from Vermeer et al. (2021) with 1109 

1x1 km rectangular elements created using the process outlined in Mildon et al. (2016) and Hughes 1110 

et al (2020) (Figure 17), with updates to enable along-strike variations in rake to be modelled. This 1111 

fault model is a simplified generalization of the Hope-Kelly-Alpine intersection zone, especially 1112 

in the western Kelly Fault area, where the diffuse faulting has been generalized into four splays of 1113 

the Kelly Fault that follow the trends of mapped strike and approximate dip, located along some 1114 

of the most continuous mapped fault traces. In reality the fault system may be more discontinuous 1115 

and segmented into many smaller structures (Vermeer et al., 2021), but this approximation 1116 
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provides useful insights into the stresses acting on the numerous smaller faults with similar 1117 

orientations.  1118 

The rake values of Hope and Kelly Fault splays are taken from the model of Vermeer et al. 1119 

(2021), calculated using rigid block assumptions and relative neutral intersections with the Alpine 1120 

Fault (Figure 17). The Alpine Fault was assumed to be planar with a 50° SE dip down to the base 1121 

of the model at 15 km. East of the intersection with the Alpine Fault plane, fault rake is determined 1122 

from the displacement measurements determined in this study.  1123 

In the upper Taramakau Valley, the Hope and Kelly Fault traces are within 2 km of each 1124 

other, strike subparallel and dip steeply (>75°). Based on the higher slip-rate on the Kelly Fault 1125 

and because it is the along-strike projection of the Hurunui section, we decided to make the Kelly 1126 

Fault dominant over the Hope in the upper Taramakau River valley where they are sub-parallel. 1127 

At the 1 km element resolution, the Hope Fault could not be effectively modelled, so between 1128 

Michael Creek and Harper Pass, the Hope Fault is not modelled separately from the Kelly Fault. 1129 

Nevertheless, because of their similar orientation and dextral rake, the CFS results would likely be 1130 

similar for the two faults.  1131 

Outside the area of the Vermeer et al. (2021) fault model, we use the Alpine and Hope 1132 

Fault traces and dip from the New Zealand Active Fault Database (NZAFD; Langridge et al., 1133 

2016). Rake was calculated using slip-rate displacement measurements (Norris and Cooper, 2001; 1134 

Langridge et al., 2010; Khajavi et al., 2016).  1135 

4.3 Modelled earthquake scenarios 1136 

The six modelled earthquake scenarios are detailed in Table 4, three earthquakes are 1137 

modelled on the Alpine Fault, one on the Hope Fault and two on the Kelly Fault. Source ruptures 1138 
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are terminated at points where the earthquake meets a structural complexity such as a branching 1139 

node on a major fault. None of the models are specifically based on historic earthquakes but are 1140 

meant to be representative scenarios that may be characteristic of the faults. Displacement is scaled 1141 

with rupture length and Mw and slip distributions progressively reduce to zero at the rupture end 1142 

points. The proportion of slip at the surface relative to slip at depth was chosen based on Dolan 1143 

and Haravitch (2014), based on estimated cumulative slip of each fault (central Hope Fault up to 1144 

13 km, Langridge et al., 2013; Kelly Fault <2 km, Nathan et al., 2002). The full Kelly Fault 1145 

southern splay rupture has a high maximum displacement in order to reach the desired magnitude 1146 

on the westward, vertically decreasing fault area where the fault intersects the Alpine Fault. The 1147 

modelled Alpine Fault rupture through the intersection zone has a homogenous slip distribution so 1148 

specific earthquake parameters would not affect the resulting pattern of CFS. All the source 1149 

earthquakes modelled are finite fault slip solutions rather than reflecting the progressive dynamic 1150 

rupture of an earthquake. A propagation direction can be incorporated into the interpretation by 1151 

using the resulting CFS at a fault intersection to evaluate which splay might be preferred for 1152 

continued rupture (Parsons et al., 2012), but the models themselves have no assigned propagation 1153 

direction. 1154 

4.4 Results 1155 

4.4.1. Alpine Fault earthquakes 1156 

Figure 18 shows the resulting CFS from three representative Alpine Fault earthquakes. The 1157 

first (Figure 18, A1) is an earthquake on the central Alpine Fault with the north end of the rupture 1158 

at the surface intersection of the southern splay of the Kelly Fault and the Alpine Fault (essentially 1159 

stopping just south of the Styx site, Figure 18 A2). This earthquake positively stresses the Alpine 1160 

Fault north of the rupture termination, and the entire Hope-Kelly Fault system. The magnitude of 1161 
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positive stress broadly decreases with distance from the rupture termination, but also displays 1162 

variation among fault planes at similar distances due to variations in fault geometry. For example, 1163 

the Kelly Fault splay tips receive higher positive stress change than the immediately adjacent 1164 

Alpine Fault plane (Figure 18 A1). The magnitude of positive stress on the southernmost splay of 1165 

the Kelly Fault is variable along its length, being lowest where the fault is modelled as sub-parallel 1166 

to the Alpine Fault and primarily dextral slip, and higher on sections with strike more obliquely to 1167 

the Alpine Fault strike (Figure 18 A1).  1168 

The next simulated earthquake is a northern Alpine Fault rupture that reaches the Hope-1169 

Alpine surface intersection (Figure 18 B1). This earthquake results in primarily negative stress 1170 

change on the Hope-Kelly Fault system (Figure 18 B2). The Alpine Fault south of the source 1171 

receives positive stress change.  The western tips of the Kelly Fault splays receive a patchy pattern 1172 

of low positive and negative stress change (Figure 18 B2). The strongest negative stress change 1173 

occurs on the westernmost Hope Fault, where it has normal slip and E-W strike, and on the eastern 1174 

end of the Kelly Fault splays (especially K3 and K4) (Figure 18 B2). 1175 

We modelled the stress change for  an earthquake rupturing  completely through the 1176 

intersection; for this scenario we used a constant 5 m displacement on the entire Alpine Fault 1177 

including extending beyond the intersection zone (Figure 18 C1).  On the Alpine Fault in the centre 1178 

of the intersection zone, where the fault bends by ~3°, the model has artifacts of positive stress on 1179 

the Alpine Fault (Figure 18 C2). Overall, the Hope-Kelly Fault system receives negative stress 1180 

change from an Alpine Fault earthquake rupturing all the way through the intersection zone (Figure 1181 

18 C2), though there may be minor regions of positive stress at the base of the Kelly splay faults.   1182 

These models overall show that rupture of the central Alpine Fault positively stresses the 1183 

Hope-Kelly Fault system (Figure 18 A2). If there was an earthquake on the central Alpine Fault 1184 
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(south of the Hope-Kelly system), this broadly transfers positive CFS to the Hope-Kelly Fault 1185 

system. This implies that a subsequent earthquake may be triggered on the Hope-Kelly system. If 1186 

an earthquake rupture extends through the intersection zone or occurs on the northern Alpine Fault, 1187 

the Hope-Kelly Faults receive mainly negative stress (Figure 18 C2 and B2). This implies that 1188 

southward-propagating earthquakes originating on the northern Alpine Fault are expected to 1189 

inhibit rupture nucleation (i.e., bypass) on the Hope-Kelly system and preferentially continue on 1190 

to the central Alpine Fault. 1191 

4.4.2. Hope-Kelly Fault earthquakes 1192 

Three earthquake scenarios were modelled for the Hope-Kelly Fault system (Table 4). The 1193 

first is a central Hope Fault earthquake on the Hurunui section that ends at Harper Pass (Figure 19 1194 

A1). Because of the model resolution and the proximity of the faults, the Hope Fault is not 1195 

modelled between Michael Creek and Harper Pass (Figure 19 A1). The Kelly Fault is selected to 1196 

be the primary structure west of Harper Pass because slip-rates show it accommodates most of the 1197 

strain (Section 3.2.1 – 3.2.5). From this hypothetical earthquake scenario, west of Michael Creek 1198 

as the Hope and Kelly Faults diverge, the Kelly Fault receives greater positive stress than the Hope 1199 

Fault (Figure 19 A3). There is a small (<2 bars) positive stress change on the central Alpine Fault 1200 

and on the southern end of the northern Alpine Fault at depths greater than ~10 km (Figure 19 A3); 1201 

above 10 km depth the northern Alpine Fault receives negative CFS. 1202 

The next earthquake modelled is a Hope Fault (Hurunui section) to central Kelly Fault 1203 

earthquake (Table 4); this source rupture extends west to ~10 km east of the Alpine Fault where 1204 

the Kelly and Alpine Faults intersect near the base of the seismogenic zone (Figure 19 B1 and B3). 1205 

This earthquake scenario produces higher magnitude positive stress change on the K2 and K3 1206 

splays than the western extent of the southern splay (Figure 19 B3). This suggests that even though 1207 
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the southern splay is often considered the “main splay” of the fault system, the other Kelly Fault 1208 

splays, and likely the diffuse unmodeled faults, receive high positive stress that may initiate slip 1209 

on those faults (Figure 19 B2). The westernmost section of the Hope Fault receives positive stress, 1210 

but at a much lower magnitude relative to the Kelly splays (Figure 19 B3). The northern Alpine 1211 

Fault receives only negative stress, but the central Alpine Fault receives positive stress, especially 1212 

at depth where it is close to and directly interacting with the slipped fault (Figure 19 B4).  1213 

The final earthquake modelled in this sequence is a complete rupture of the southern splay 1214 

of the Kelly Fault from Harper Pass to the surface intersection with the Alpine Fault (Table 4, 1215 

Figure 19 C1). In the CFS results, the positive stress patches on the source fault are an artifact 1216 

(Figure 19 C2 and C3). This earthquake mostly reduces stress on the other Kelly splays and the 1217 

western Hope Fault, with the exception of a small patch of positive stress near the Hope-Kelly 1218 

divergence point (Figure 19 C2). This earthquake produces a large positive stress change on the 1219 

central Alpine Fault along the intersection (Figure 19 C3), while the northern Alpine Fault stress 1220 

is reduced (Figure 19 C2). This earthquake extends east to Harper Pass, and it produces a positive 1221 

stress change on the Hurunui segment of the Hope Fault (Figure 19 C2 and C3).  1222 

Combining insights from all three models on the Hope-Kelly Fault system, there is change 1223 

in the pattern of CFS associated with a change in the proportion of the fault system that ruptures. 1224 

If an earthquake ruptures the Hope/eastern Kelly Fault up to Michael Creek, the Kelly splays and 1225 

the central Alpine Fault all experience positive stress (Figure 19 A2-3 and B2-3). Therefore the 1226 

earthquake may propagate onto any of the splays. If an earthquake ruptures along the entire length 1227 

of the southernmost  Kelly Fault splay, the rest of the Hope-Kelly Fault system experiences mostly 1228 

negative stress, but the central Alpine Fault experiences positive stress (Figure 19 C2-3). Therefore 1229 
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a common feature of earthquake ruptures on the Hope-Kelly Fault system is that the central Alpine 1230 

Fault is positively stressed.  1231 

5. Discussion 1232 

5.1. Slip-rate variations through the Hope-Kelly Fault system: discrete and distributed 1233 

strain in an incipient fault interaction zone 1234 

The estimated slip-rates for the Hope and Kelly Faults are highly variable, between 1 and 1235 

>6 mm/yr over a distance spanning only ~15 km along strike, highlighting the complexity of the 1236 

fault system. Overall, the Kelly Fault has a faster late Quaternary slip-rate than the westernmost 1237 

Hope Fault. In the area studied here, the Hope and Kelly principal slip zones are close together 1238 

(within 1 - 5 km perpendicular to strike, across the valley) and both have a discontinuous mappable 1239 

surface trace, with many other low displacement, short faults mapped in the distributed 1240 

deformation zone. There could be un-measured slip on structures between and around the principal 1241 

slip zone segments where we have measured slip-rates; distributed deformation within complex 1242 

and young fault systems is anticipated (Dolan and Haravitch, 2014; Zinke et al., 2014).  1243 

To infer how much unrecognized slip may be within the Hope-Kelly Fault system, we use 1244 

horizontal slip vector balancing with the surrounding faults, according to the methods of Langridge 1245 

et al. (2010) and Vermeer et al. (2021). In this process only one slip vector measurement or an 1246 

average slip vector should be used from each fault in the system, and slip vectors from parallel 1247 

faults should be added to capture the slip across the whole width of the fault system. In this case 1248 

we use the Locke Stream slip-rate for the Kelly Fault (section 3.2.3 Site 3, 6.2 (+2.7/-1.4) mm/yr) 1249 

and the Yeo Creek measurement for the Hope Fault (section 3.2.2. Site 2, 5.6 (+2.1/-0.7) mm/yr) 1250 

(Figure 20A). Alternatively, the rate from Site 5: KF3 (west of Sackung Hill) could be used alone, 1251 

since at this point in the fault system much of the dextral slip from the Hope Fault has been 1252 
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transferred onto the Kelly Fault (see section 2.6.4 for discussion of Hope-Kelly linking faults 1253 

exposed on Sackung Hill). Compared to the average slip vector on the Hurunui segment (Khajavi 1254 

et al., 2018), the Hope and Kelly Faults have a combined horizontal slip vector that is within error 1255 

of the Hurunui average slip vector (Figure 20 B). However, the average Hurunui section slip vector 1256 

is determined at sites east of the Hurunui-Kakapo fault intersection, so it may be an underestimate 1257 

of the slip-rate on the western Hurunui section which turns into the Hope-Kelly Fault system 1258 

(Khajavi et al., 2018). Slip-rate estimates at Harper Pass are ~15 mm/yr (Hardy and Wellman, 1259 

1984; Langridge and Berryman, 2005). The slip-vector balancing in Langridge et al. (2010) used 1260 

McKenzie Fan on the Hurunui section (Figure 1, location 5), plus the Kakapo fault (Figure 1, 1261 

location 12) slip vectors to balance with the central to northern Alpine Fault slip vector change 1262 

(Figure 1, locations 1 and 3). We subsequently compare the slip vectors measured in the Hope-1263 

Kelly Fault system to the slip vector change on the Alpine Fault (Figure 20 C). We expect that all 1264 

the deformation in the Hope-Kelly Fault system on the combined vectors would fill the gap 1265 

between the central Alpine Fault and northern Alpine Fault slip vectors. However, the slip vectors 1266 

measured do not entirely fill the gap. There is 5-7 mm/yr at 090 ± 15° unaccounted for (Figure 1267 

20). The missing slip may be distributed among many low displacement structures, or 1268 

accommodated on structures without surface expression appropriate for making slip-rate 1269 

measurements. 1270 

Estimated slip-rates are based on displaced early post-glacial to early Holocene landforms, 1271 

with total slip accumulated over 7-16 kyr. Most of the slip-rate measurements on the central Hope 1272 

Fault and Alpine Fault are from displaced late Holocene landforms less than 5 kyr (see references 1273 

in Figure 1). Studies on the Hope Fault and other MFS faults have shown that slip-rates on single 1274 

fault segments or at single sites covering different time windows vary through time (Gold and 1275 
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Cowgill, 2011; Khajavi et al., 2018; Zinke et al., 2019; Hatem et al., 2020; Zinke et al., 2021). 1276 

This temporal variability in slip-rates may be an additional factor in why the measured Hope-Kelly 1277 

slip vectors are in deficit to the central-northern Alpine Fault slip-rate change, and do not balance 1278 

like the late Holocene Alpine-Hope-Kakapo slip circuit.  1279 

5.2. Timing of MRE on the Hope-Kelly Fault relative to adjacent fault segments and 1280 

Alpine Fault earthquakes 1281 

The paleoseismic trenching and dating of possible shaking proxies (damming of Lake 1282 

Kaurapataka and tree death) provide preliminary constraints on the timing of the most recent 1283 

surface rupturing earthquake on the Hope-Kelly Fault system. The 14C date in faulted sediment on 1284 

the Hope Fault at Site 1: Michael Creek (Section 2.1.5) constrains the age of surface rupture to 1285 

between ca. 1650-1840 CE, the latter bound being constrained by widespread European settlement 1286 

and the absence of a large earthquake being recorded. The trench and subsequent 14C sampling did 1287 

not provide sufficient stratigraphy and material to constrain this age further; the wide age range is 1288 

a consequence of the flat shape of the 14C calibration curve around the time interval in question. 1289 

However, assuming the large landslide which dammed Lake Kaurapataka was due to proximal 1290 

strong shaking, the death age of the tree indicates that the earthquake occurred in the early 1800’s. 1291 

Indicators of strong shaking have also been recognized in Lake Kaniere, east of the Alpine Fault, 1292 

near Site 8: Styx, which is dated at 1809-1880 CE (Howarth et al., 2021). This has been connected 1293 

to the proposed post-1717 surface rupture dated at 1813-1848 CE on the Alpine Fault in 1294 

paleoseismic trenches at Staples (Figure 1, location 2), just south of the Styx site (Langridge et al., 1295 

2020). Finally, there is no post-European colonization historic record of a strong earthquake in this 1296 

region, limiting the minimum age to before ~1840.  1297 
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Langridge et al. (2020) attributed the early 1800’s Alpine Fault surface rupture at Staples 1298 

(Figure 1 site 2) to either a short partial section rupture of the Alpine Fault, or triggered slip from 1299 

an earthquake primarily on the Hope-Kelly Faults. Preliminary data is consistent with the latter 1300 

interpretation, however it is not conclusive. The isoseismals for a M 7.4 northern Alpine Fault 1301 

earthquake presented by Langridge et al (2020) have strong shaking overlap with the Lake 1302 

Kaurapataka area, so the landsliding there may not be exclusively triggered by Hope-Kelly 1303 

earthquakes but also Alpine Fault earthquakes. To explain the shaking proxies and surface rupture 1304 

observations along the Alpine Fault, Langridge et al. (2020) preferred the interpretation that the 1305 

early 1800’s Alpine Fault surface rupture was from an earthquake primarily on the Kelly Fault 1306 

which triggered Alpine Fault slip with a limited spatial extent. This scenario is within the possible 1307 

interpretations of the Hope-Kelly Fault earthquake dating. However, considered without shaking 1308 

proxies, the depositional age of faulted sediments at Michael Creek does not constrain the age of 1309 

the surface rupture with enough certainty to determine whether it was coincident with ruptures on 1310 

other proximal faults in the Alpine-Hope-Kelly Fault region during the ~200 year interval between 1311 

1650-1840.  1312 

5.3. Stress modelling and fault interactions 1313 

As indicated from CFS modelling, earthquakes on the central Alpine Fault could exert up 1314 

to 10 bars of positive Coulomb stress on parts of the Hope-Kelly Fault system. However, ruptures 1315 

on the Alpine Fault which pass completely through the intersection zone and earthquakes limited 1316 

to the northern Alpine Fault both decrease Coulomb stress on most of the Hope-Kelly Fault system. 1317 

Earthquakes on the southern Kelly Fault splay substantially decrease Coulomb stress on the 1318 

northern Alpine Fault but could impart large (>20 bars) positive stress change on the central Alpine 1319 

Fault.  Earthquakes on the southern Kelly Fault splay also impart positive stress on the Hurunui 1320 
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section of the Hope Fault, and vice-versa. These patterns of stress interaction suggest that the 1321 

Hope-Kelly Fault system is a stress-efficient link between the central Alpine Fault and the Hope 1322 

Fault. The magnitude of positive stress changes modelled in many of the rupture scenarios 1323 

investigated herein exceed the estimates of threshold triggering Coulomb stress changes estimated 1324 

from other scenarios. A Coulomb stress increase of 0.01 MPa (0.1 bar) is commonly proposed to 1325 

be the threshold for potential earthquake triggering (Harris, 1998; Reasenberg and Simpson, 1992; 1326 

Freed, 2005; King et al., 1994; Stein, 1999), although Coulomb stress changes of > 0.1 MPa (Zhan 1327 

et al., 2011) and 1 to 1.5 MPa (Walters et al., 2018) were insufficient to generate spontaneous 1328 

rupture during the 2010–2011 Canterbury earthquake sequence and 2016 Central Italy seismic 1329 

sequence, respectively. Mohammadi et al. (2019) estimated a Coulomb stress change threshold 1330 

sufficient to trigger receiver fault rupture of ca. 1 to 4 bars based on an analysis of global events.  1331 

The location of the central-northern Alpine Fault section boundary was primarily 1332 

determined by the slip-rate change and the presence of the Hope-Kelly-Alpine intersection which 1333 

marks the southern extent of the MFS. Although there is a slight bend in the Alpine Fault within 1334 

the Hope-Kelly intersection zone, there is no recognized geometric feature in this region on the 1335 

Alpine Fault large enough to stop an earthquake rupture, according to global databases of strike-1336 

slip fault complexities (e.g. Wesnousky, 2006; Lozos et al., 2011; Elliott et al., 2015; Biasi and 1337 

Wesnousky, 2016; Biasi and Wesnousky, 2017; Elliot et al., 2018). However, this CFS modelling 1338 

shows the Hope-Kelly Fault system may impart a complex stress pattern on the Alpine Fault. If a 1339 

northward propagating rupture on the central Alpine Fault was sufficient to trigger slip on the 1340 

Kelly Fault splays at the same time as the continuation of the Alpine Fault rupture, the interaction 1341 

of static stresses would be complex. Slip on the central Alpine Fault positively stresses the 1342 

northward continuation of the Alpine Fault through the intersection zone but slip on the southern 1343 
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Kelly splay causes negative stress on the Alpine Fault plane north of the ruptured portion of the 1344 

Kelly Fault. Depending on the relative stresses, pre-stresses, and other dynamic factors not 1345 

captured by this modelling, it is conceivable that the Hope-Kelly-Alpine intersection could arrest 1346 

a northward propagating central Alpine Fault rupture by producing competing stresses on the 1347 

Alpine Fault plane within the intersection zone.  1348 

Ruptures on the Hope-Kelly Fault system cause negative CFS on the northern Alpine Fault. 1349 

The other MFS faults may exert a similar pattern of positive stress change south of the intersection 1350 

and negative stress change north of the intersection. This complex spatial and temporal patchwork 1351 

of stress change exerted on the northern Alpine Fault could make the behaviour of the fault 1352 

spatially and temporarily heterogeneous. Paleoseismic work on the northern Alpine Fault has not 1353 

resulted in well-accepted precise age distributions and rupture extents of Holocene earthquakes 1354 

(Yetton, 1998). At this stage, we can conclude that Coulomb stress changes associated with 1355 

northern and central Alpine Fault earthquakes generate distinct patterns on the Hope-Kelly 1356 

receiver faults that may be important in dictating rupture propagation onto adjacent parts of the 1357 

Alpine Fault and the Hope-Kelly Fault system.  1358 

The transfer of coseismic Coulomb stresses between the Alpine and Hope-Kelly Faults 1359 

could affect the millennial-scale pattern of earthquakes, slip-rates and recurrence intervals of all 1360 

the faults involved. Work on the central and southern sections of the Alpine Fault show it may 1361 

exhibit diverse rupture modes that could vary over 5-10 kyr timescales when it preferentially stops 1362 

at the central-southern section boundary vs propagates through it  (De Pascale et al., 2014; Howarth 1363 

et al., 2021). If this behaviour also holds true at the central-northern section boundary, when the 1364 

Alpine Fault is in central-northern dual-section mode it would repeatedly rupture through the 1365 

section boundary and decrease stress on the Hope-Kelly Fault system. Inversely, when the Alpine 1366 
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Fault is in single-section mode, central section earthquakes would repeatedly stop near the central-1367 

northern boundary and impart positive Coulomb stress on the Hope-Kelly Fault system. While less 1368 

frequent and/or lower displacement (due to lower slip-rate) northern section earthquakes may 1369 

alternately decrease the stress, overall, the Alpine Fault in single-section rupture mode would 1370 

likely produce a net increase in Coulomb stress and promote more frequent ruptures of the Hope-1371 

Kelly Faults. This could in turn promote more frequent rupture of the Hurunui section of the Hope 1372 

Fault. If this pattern persisted over multiple earthquake cycles, the 5-10 kyr slip-rate on the Hope-1373 

Kelly system and potentially the Hurunui segment during that time would be faster than the long-1374 

term average. Alternatively, when the Alpine Fault is in a dual-section rupture mode, each rupture 1375 

through the intersection zone and on the northern Alpine Fault would decrease the Coulomb stress 1376 

on the Hope-Kelly Fault system. The repeated negative CFS may impede rupture nucleation, 1377 

potentially increasing recurrence intervals and decreasing slip-rate on the Hope-Kelly Fault system 1378 

while the Alpine Fault is in dual-section mode. Future work understanding the tendency for single 1379 

vs dual-section ruptures of the central to northern Alpine Fault should include the effects of the 1380 

stress transfer interactions with the MFS faults. Also, partial section rupture of the northern Alpine 1381 

Fault may be promoted by stress interactions at each of the MFS intersections. 1382 

5.4. Implications for seismic hazard and plate boundary faulting mechanics  1383 

The slip-rates presented here are the first for the Hope-Kelly Fault system and the western 1384 

Hope Fault. In the eastern part of the fault system, the Hope and Kelly Faults are close together 1385 

and interact within the upper 5 km of crust. As they diverge, the Hope Fault slip-rate decreases to 1386 

<2 mm/yr of dextral slip, while the Kelly Fault maintains 6.2 (+7.8/-1.2) mm/yr. Up to 7 mm/yr 1387 

of slip (up to 50% of strain) is unaccounted for in HSV balancing with the Alpine Fault, indicating 1388 
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that slip distributed onto low displacement and/or unrecognized faults likely plays an important 1389 

role in this intersection zone.  1390 

Coulomb stress transfer modelling using the 3D fault geometry shows that the central 1391 

Alpine Fault, Kelly Fault, and Hurunui section of the Hope Fault form a kinematically efficient 1392 

stress-transfer zone. Central Alpine Fault earthquakes almost equivalently increase Coulomb stress 1393 

on the Kelly Fault splays and northern continuation of the Alpine Fault. If CFS is the main factor 1394 

in determining fault behaviour, central Alpine Fault ruptures could be expected to cascade either 1395 

onto the Hope-Kelly Faults and/or continue on the northern Alpine Fault with roughly equivalent 1396 

probability. This is congruent with the observation that approximately 50% of the central Alpine 1397 

Fault slip continues onto the northern Alpine Fault, and the other 50% is transferred through the 1398 

intersection onto the central Hope Fault, as inferred from slip rates (Langridge et al., 2010). 1399 

Meanwhile, the repeated negative CFS exerted on the northern Alpine Fault by Hope-Kelly 1400 

ruptures may repeatedly inhibit rupture nucleation on that section. This pattern of stress may be 1401 

similar at each MFS-Alpine Fault intersection, potentially causing spatial and temporal variations 1402 

in rupture behaviours of the northern Alpine Fault.  1403 

6. Conclusions 1404 

● The Hope Fault slip-rate decreases westward from 5.6 (+2.1/-0.7) mm/yr to 1.7 (+1.1/-0.4) 1405 

mm/yr. West of this point the Hope Fault strike bends to 090 ±10° and there is no 1406 

unambiguous surface expression of the fault.  1407 

● The Kelly Fault has variable slip-rate along its length, with a maximum measured slip-rate 1408 

of 6.2 (+7.8/-1.2) mm/yr. We consider the Kelly Fault to be the principal fault in the central 1409 

and eastern parts of the Hope-Kelly Fault system.  1410 
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● 14C dating of faulted sediments on the Hope Fault and shaking proxies constrain the most 1411 

recent surface rupture in the Hope-Kelly Fault system to between 1653 - 1848 CE. 1412 

● Horizontal slip vector balancing shows that the new slip-rates on the Hope and Kelly Faults 1413 

match the average slip-rate of the eastern Hurunui segment of the Hope Fault but fall short 1414 

of accounting for all the slip-rate transferred off the Alpine Fault across the intersection 1415 

zone. The missing 5-7 mm/yr of strain may be accommodated by distributed deformation 1416 

on small and/or unrecognized faults within this complex and diffuse fault system.  1417 

● CFS modelling shows that the Hope-Kelly Fault system is a stress-efficient link between 1418 

the central Alpine Fault and the central Hope Fault. Slip on each of these fault sections 1419 

causes positive CFS on the others and may cause rupture cascades or temporal clustering 1420 

of earthquakes through the intersection zone.  1421 

● CFS modelling suggests it is unlikely for a Hope-Kelly rupture to induce rupture of the 1422 

northern Alpine Fault and vice versa, because these sections of the fault system exert 1423 

primarily negative CFS on each other.  1424 
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 Figure 1. A) Tectonic setting of New Zealand. The white arrow shows the Australian-Pacific 

relative plate motion at the Hope-Kelly-Alpine fault intersection. B) Active faults of the northern 

South Island, including the Alpine fault and Marlborough fault system, with generalized slip rates 

of the Clarence, Awatere and Wairau faults (Mason et al., 2006; Zachariasen et al., 2006; Van 

Dissen and Nicol, 2009). The Hope fault system is shown in bold red, with segments labelled in 

black and historic surface rupture extents highlighted in blue and light blue (1888 Amuri 

earthquake, 2016 Kaikoura earthquake, respectively). Yellow diamonds and numbers indicate slip-

rate or paleoseismic study sites, and the numbers correlate to ID in the table which shows the 
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measured slip-rate and/or dates of most recent and penultimate surface rupture, with references 

(Cowan and McGlone, 1991; Yang, 1991; Norris and Cooper, 2001; Langridge and Berryman, 

2005; Langridge et al., 2010; Langridge et al., 2013; Khajavi et al., 2016; Khajavi et al., 2018; 

Hatem et al., 2019; Hatem et al., 2020; Langridge et al., 2021). 

 

 

Figure 2. Map of the study area, showing topography and active faults from Harper Pass and 

Arthurs Pass to the coastal plain (Vermeer et al., 2021). The extent of sites in this study are shown 

with yellow boxes. Significant rivers are labelled in blue. The maximum extent of recent 

glaciations are shown in shades of blue/white and labelled (Barrows et al., 2013). 
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Figure 3. Geomorphic map of Site 1: Michael Creek with sample locations and luminescence or 

14C ages. A) green lines show the inferred topographic contours of the earliest postglacial fan, of 
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which the MC1 surfaces are remnants. Contour interval is 5 m. B) Locations of OSL samples 

shown with green dots, trench is green rectangle. Surfaces are labelled (MCx), terrace risers (Rx/x), 

and the channel on MC5 (MC5t). Contour interval is 0.5 m.  

 

Figure 4. Log of the east side of the Michael Creek fan hand-dug trench. OSL samples are shown 

by yellow circles, radiocarbon samples are shown by blue ovals. The photo shows the complex 
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triple junction between RS, TC and the fault (FF) where TC has infilled post-rupture topographic 

irregularities. The south edge of the fault zone is oriented 082/62S. The 14C calibration curve and 

resulting calibrated age (1653-1800 CE) for sample J124A is also shown. 
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Figure 5. A) Luminescence sample pit and outcrop stratigraphic logs showing the stratigraphy of 

each sample site. The elevation and sample locations for Michael’s Creek fan (Site 1, Section 

3.2.1) are shown on vertically exaggerated fault parallel topographic profiles north and south of 

the fault. B) Photos of Luminescence sample sites. 

 

Figure 6. Sediment schematic of Michael Creek showing how the three generations of sediment 

(pre-last glacial, early post-last-glacial, and early Holocene) may be distributed. 
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Figure 7. Geomorphology of Site 2: Yeo Creek. A) Geomorphic map with geomorphic feature 

labels (black), markers of interest (yellow), and cross-section locations. B) Topographic profiles 

of two major fan surfaces (solid line), location of the main trace of the Hope fault (red), and surface 

projection lines to the current local river level (dashed), maximum relative base level drop noted 

(maximum 40 m for a-a’, maximum 15 m for b-b’). C) Schematic geologic cross-section (c-c’) 

showing the early post-glacial fan sediments (blue), the re-worked but not reset sediments of the 

faulted TC2 terrace (orange) from which sample J82 was collected, and the younger and surfaces 

of Yeo Creek (yellow).  
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Figure 8. Displacement measurement in the Yeo-Jacobs creeks area (J82). A) Back-slip 

reconstruction of the measured displacement. B) Original site map, showing the profile end points 

and location of sample J82.  C) Detailed view of the displacement measurement, with 1m contour 

interval. Minimum, maximum and preferred lateral displacements are shown. D) Topographic 



87 

 

profile reconstruction. Profile A-A’ shows morphology of the JC2 fan surface, with the dashed 

line showing the projected fan surface (now eroded). Red zones show the fault zone, which has 

been aligned on A-A’ and B-B’ to estimate the pre-faulting position of B-B’ relative to A-A’. The 

grey profile is B-B’ showing the southern fan remnant at its present elevation. The black profiles 

show B-B’ repositioned to match up with the projection of the JC3 surface, 8-9m lower than the 

present elevation.  

 

 

Figure 9. Geomorphic map of Site 3: Locke Stream area. Displacement measurement KF1 is 

shown in black on the LS1 surface. Source area for LS1 is shown by (iii). Part of the source area 

for the LS2 fan is shown with green, and also includes the Locke Stream watershed. Profiles show 

maximum relative base level drop interpolated from the preserved fan slopes and limited by the 

valley width. 



88 

 

 

 

 

Figure 10. Displacement measurement details for the preferred reconstruction (KF1a) at Locke 

Stream. A) Back-slipped map showing correlation of features across the fault. B) Current site map 

with correlated features shown and minimum, preferred and maximum lateral displacement 

measurements. D) Fault parallel topographic profiles, visually shifted to measure vertical 

displacement across the fault.  
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Figure 11. Map and displacement measurement for Site 4: KF2 (A-D) and Site 5: KF3 (E-H). A) 

hillshade and fault map of area surrounding KF2 displacement measurement. Roman numerals 

indicate locations mentioned in the text. B) Features and profiles at the KF2 displacement site. C) 

Cut and back-slipped map of the KF2 displacement. D) KF2 fault parallel topographic profiles, 

shifted to match. Vertical fault displacement calculated by differencing the observed and expected 

vertical offset of the profiles. Ridge slope and horizontal distance between the profiles was used 

to determine the expected vertical offset of the fault parallel profiles. E) Hillshade and mapped 

faults of area surrounding KF3 displacement measurement. F) Zoom of the displaced features at 

KF3. Lateral displacement correlation shown with minimum, preferred, and maximum 

measurements. Pre-faulting landscape slopes (37° and 34°) used to calculate the vertical 
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displacement in H. G) Cut and back-slipped map of the KF3 displaced features. H) Fault parallel 

profiles, original position and overlapping correlation (dashed). Short profile of the lateral 

displacement channel to show that the channel has similar shape as the channel south of the fault 

so it can be correlated across the fault.  

 

Figure 12. Map of Site 6: Sackung Hill, with faults from Vermeer et al., (2021), locations of 

displacement measurement maps are shown in green.  A) Displacement SHa, with profile lines in 

C and D marked. Distance between fault-parallel profiles is 27 m and lateral displacement of 

glacial striation is 22 (+1/-5) m right-lateral. B) Displacement SHb yellow line shows the location 

of the slope change used to measure the offset of 20-25 m. The highlighted contour shows that the 

feature is nearly horizontal on the south side and is at the same elevation on the north side, 
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indicating no vertical displacement. C) Topographic profiles along glacial striation in A, showing 

the east and west sides have the same slope, and expected vertical difference 27 m along the feature 

is 3.5 m. D) Fault parallel topographic profiles, dashed profiles is shifted to show how features 

match. Vertical fault displacement is 1.2 m west side up, the difference between expected and 

actual elevation difference between the two profiles.  
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Figure 13. Map and site information for Site 7: J6. A) Site map showing elevation and J6 sample 

location, and picture locations. This area is located on the south side of the Taramakau River valley 

at the base of One Shot Hill, the extent of this map is indicated on Figure 2. The contour interval 

is 10 cm below the elevation of 225 m, where the slope is low. Contour interval is 1 m above 225, 

to show the features on the steep hillside. The profile shows where the ~0.8-1 m high scarp deforms 
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the alluvial surface. The fault scarp is indicated by the red arrows. Pic 1 is looking WSW and 

shows the fault scarp on the hillside, where it displaces large boulders, forming a ~1.5 m trough, 

which is easily identified on the lidar as well. Pic 2 is looking west and shows a grove of trees on 

the fault scarp that are tilted 9-12° to the north. B) schematic showing how gravitational 

deformation of the mountain can cause the bedrock fault and bulldoze deformation of the fluvial 

sediments. Applied to this site, the schematic profile would be oriented N-S and extend from the 

top of One Shot Hill into the Taramakau River valley. Black lines represent the bedrock hillslope, 

and green represents the valley sediments. Pre-deformation topography is represented by the 

dashed lines and solid lines represent post-deformation. Arrows indicate the location and direction 

of different components of deformation. 

Styx 
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Figure 14. A) Geomorphic map of Site 8: Styx River, with trench and exposure sites and 

topographic profiles. Locations of interest referenced in the text are indicated with roman numerals 

in parentheses. The locations of trenches and outcrops are shown in green boxes. Fault mapping is 

from Vermeer et al. (2021). Geomorphic unit mapping has been refined for this study. B) Profile 

used for vertical slip-rate measurement. C) Profile of fault scarp of the fault exposed at site 1258.  

 



95 

 

 

Figure 15. A) Log of the east wall of the hand-dug trench 1277 with annotated photo. Photo was 

taken oblique to the trench wall, extent indicated on log with black box. 14C sample locations are 

shown in blue, parenthetical roman numerals reference positions mentioned in the text. Colours of 

unit contacts correspond to annotations in the photo. The central area between the dashed red lines 

of non-imbricated gravel is interpreted as the fault zone. Dashed question mark upper fault extent 

is because of uncertainty whether unit Rg is faulted. All three 14C samples returned modern ages. 

B) Exposure 1370, photo with annotations and sample locations. A) Solid lines are sharp contacts, 

dashed lines are gradational contacts. Fault is shown in red, fault strikes 032° and dips 67°E. OSL 

samples are shown with yellow circles, 14C  sample location with blue oval. Units are described 

in the text. C) Calibration curve for 14C sample 1370C, calibrated age is 1663-1805 CE. D) 
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Exposure 1258 annotated photo. E) Exposure 1258 gridded outcrop log. The yellow circle 

indicates the location of OSL sample 1258A. Distinctive tan gravel unit and underlying thin sand 

are shown in the annotated log. 

 

 

 

 

Figure 16. Lake Kaurapataka drowned tree.  A) Lake Kaurapataka (LK) and surrounding fault and 

geomorphic mapping. The location of the dead tree is shown by a green dot at the east end of the 

lake. B) Dead in-situ tree stump sampled in Lake Kaurapataka. C) Schematic of how a younger 
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alluvial fan (AF2) can raise the lake level by damming the outlet, resulting in drowning the trees 

along the formerly dry edge. D) Oxcal model for the death age of the Lake Kaurapataka samples 

tree.  
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Figure 17. Fault geometry of the CFS fault model. A) 3D fault model with each fault in a different 

colour. cH – central Hope fault (Hurunui segment), K1 – Kelly fault southern splay, K2 K3 K4 – 

Kelly splay faults, wH – westernmost Hope fault (Michaels Creek to Alpine fault). B) Notation 

used for fault rake following the convention of Aki and Richards (1980). C) Modelled fault dips. 

D) Modelled fault rakes.  
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Figure 18. Coulomb fault stress change modeling results for Alpine fault earthquakes. Source 

earthquake parameters are listed in Table 4. A1) Source slip for central Alpine fault earthquake. 

A2) Coulomb stress changes from the central Alpine fault earthquake. B1) Source slip for northern 
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Alpine fault earthquake. B2) Coulomb stress transfer resulting from the northern Alpine fault 

earthquake. C1) Uniform Alpine fault slip (5m) through the intersection zone. C2) Coulomb stress 

change resulting from the uniform slip. High positive stress patches on the Alpine fault and Kelly 

splays at the bend are likely an artifact due to the Alpine fault being split into two fault surfaces to 

create the source fault. Overall the whole Hope-Kelly fault system receives negative stress change.  

 

Figure 19. CFS model results for earthquakes on the Hope-Kelly faults. Source earthquake 

parameters are listed in Table 4. A1) Slip distribution for the source earthquake on the Hurunui 

segment of the Hope fault extending west to Harper Pass. A2-3) CFS results for a source 

earthquake with two different stretch values for the coloring. A4) fault model colored by fault 

name oriented similar to A3. B1)  Slip distribution for the Hope-Kelly source earthquake on the 
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Hurunui section of the Hope fault and extending west to ~10 km east of the Alpine fault surface 

trace, where the Kelly fault and Alpine fault intersect within the seismogenic zone. B2-3) CFS 

results with two different stretch colors and an oblique view to show the positive stress transfer on 

the central Alpine fault. B4) Fault model colored by fault name, at similar orientation as B3. C1)  

Source earthquake slip distribution for a full Kelly southern splay rupture. C2-3) CFS results. The 

patches of positive stress on the source fault are artifacts. C4) Fault model colored by fault name 

oriented similar to C3.  
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Figure 20. Slip circuits. A) Map showing the slip-rate measurements on the Alpine fault and Hope 

fault. B) The combined horizontal slip vectors from Locke Stream and Yeo Creek in the Hope-

Kelly fault system are within error of the average eastern Hurunui Section HSV. C) The Alpine 

fault HSV from the central and northern sections, taken from slip-rates at Kakapotahi and 

Inchbonnie and assuming fault dip of 50 degrees (Norris and Cooper, 2001; Langridge et al., 2010). 

The eastern Hurunui average HSV (Khajavi et al., 2018), and the combined Yeo and Lock slip 

vectors, all fall short of completing the Alpine fault slip decrease. The missing HSV is 5-7 mm/yr 

at 090 +- 15°. 
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Table 1. OSL dates table. Yellow shading indicates samples that are probably well bleached, based on the IR50/OSL age ratio being ≤1. 

Green shading indicates sample that is well bleached, based on IR50/OSL ratio being ≤1 and the pIRIR/OSL ratio being ~1.  
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Table 2. OSL dose rate table 
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Table 3. Slip-rates determined in this study. 

Slip-rate Results 

    
     

Site Latitude Longitude Net slip strike-slip dip-slip feature age 

KF1a -42.742 171.835 6.2 (+2.7/-1) 
6.2 (+2.4/-

1.3) 
0.4 (+0.1/-0.1) 14.5 ±1.6 ka 

KF2 -42.7774 171.72825 
1.7 (+2.2/-

0.3) 

1.2 (+1.5/-

0.5) 
1.2 (+1.4/-0.3) 13. ±2.9 ka 

KF3 -42.7897 171.67192 
6.2 (+7.8/-

1.2) 

6.1 (+6.8/-

2.1) 
1.3 (+1.4/-0.3) 13. ±2.9 ka 

Yeo 

R3/4 
-42.7485 171.79601 

5.6 (+2.1/-

0.7) 

5.6 (+1.7/-

1.1) 
0.7 (+0.2/-0.1) 11.7 ±1.4 ka 

SHa 

NNE 

fault 

-42.7656 171.7109 
1.3 (+0.1/-

0.4) 

1.3 (+0.2/-

0.3) 
0 (+0/-0) 16. ±.5 ka 

SHb EW 

fault 
-42.7718 171.70565 

1.3 (+0.1/-

0.4) 

1.3 (+0.2/-

0.3) 
0 (+0/-0) 16. ±.5 ka 

MC 

R4/5 
-42.7579 171.75781 

1.7 (+1.1/-

0.4) 

1.6 (+0.9/-

0.6) 
0.3 (+0.1/-0) 7.3 ±1.4 ka 

MC5t -42.7579 171.75819 
0.9 (+0.9/-

0.4) 

0.9 (+0.9/-

0.5) 
0.2 (+0.1/-0) 7.3 ±1.4 ka 

MC 

R5/6 
-42.7579 171.75841 

1.1 (+0.9/-

0.5) 

1.1 (+0.9/-

0.5) 
0.1 (+0.1/-0) 7.3 ±1.4 ka 

Styx -42.8909 171.14652   6.3 (+3.2/-1.9)  
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Table 4. CFS earthquake scenario source parameters 

Results 

figures 

Source 

fault 

Rupture 

termination point 

Rupture 

length 

(km) 

Magnitude Percent 

slip at 

surface* 

Maximum 

displacement 

(m) 

Rake

** 

Seismogenic 

depth (km) 

Figure 

18 A1-

2 

central 

Alpine 

fault 

North end at 

Alpine/Kelly 

southern splay 

intersection 

324 8.1 90 15 168 12 

Figure 

18 B1-

2 

northern 

Alpine 

fault 

South end at 

Alpine/westernmost 

Hope intersection 

120 7.4 90 4 

  

166 12 

Figure 

18 C1-

2 

Alpine 

fault 

through 

intersect

ion zone 

~20 km north and 

south of intersection 

zone 

97 - 100 5 168 

to 

166 

15 

Figure 

19 A1-

4 

central 

Hope 

fault 

Hurunui section to 

Hope/Kelly branch 

point at Harper Pass 

36 7 70 4 160 12 

Figure 

19 B1-

4 

eastern 

Kelly 

fault 

(souther

nmost 

splay) 

Hurunui section to 

~10 km east of the 

Alpine fault, where 

Kelly fault intersects 

the Alpine fault at 

~10-15 km depth 

65 7.3 60 4 160 

to 

180 

12 

Figure 

19 C1-

4 

whole 

Kelly 

fault 

(souther

nmost 

splay) 

Surface intersection 

of Alpine/Kelly 

faults to Harper Pass 

62 7.3 60 14 -150 

to 

180 

12 

* Dolan and Haravitch, 2014 

** Aki and Richards, 1980    
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Appendix A 

Slip-rate input values and PDFs and output PDFs 

@RISK Input Results 
Performed By: Jessie Vermeer 
Date: Sunday, 30 January 2022 2:15:58 PM 

slip_rate_calcs_at_risk_14-10-2021.xlsx   

 

Name Cell 
Graph 

 
Min  

 Mean   Max  5% 95% Errors 

                  

KF1a / age min B6 

 

0.1 9.0 17.7 5.7 12.3 0 

KF1a / age pref C6 

 

11.5 15.2 19.0 13.9 16.5 0 

KF1a / age 
max 

D6 

 

15.4 17.3 19.6 16.5 18.1 0 

KF1a / age 
distribution 

E6 

 

5.3 14.5 18.7 11.5 16.8 0 

KF1a / SS 
distribution 

I6 

 

70.4 91.0 111.6 78.0 104.0 0 

KF1a / VD 
distribution 

M6 

 

4.4 6.0 7.6 5.0 7.0 0 

KF1a / strike 
distribution 

Q6 

 

43.6 48.0 52.4 45.0 51.0 0 

KF1a / dip 
distribution 

U6 

 

60.0 70.0 80.0 63.2 76.8 0 

                  

KF1b / age min B7 

 

0.4 9.0 18.1 5.7 12.3 0 
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KF1b / age 
pref 

C7 

 

11.9 15.2 18.9 13.9 16.5 0 

KF1b / age 
max 

D7 

 

15.1 17.3 19.7 16.5 18.1 0 

KF1b / age 
distribution 

E7 

 

5.5 14.5 18.9 11.5 16.8 0 

KF1b / SS 
distribution 

I7 

 

35.6 53.0 70.5 42.0 64.0 0 

KF1b / VD 
distribution 

M7 

 

6.9 8.5 10.1 7.5 9.5 0 

KF1b / strike 
distribution 

Q7 

 

43.6 48.0 52.4 45.0 51.0 0 

KF1b / dip 
distribution 

U7 

 

60.0 70.0 80.0 63.2 76.8 0 

                  

KF2 / age pref C9 

 

10.4 15.3 20.1 13.5 17.1 0 

KF2 / age max D9 

 

15.1 17.3 19.5 16.5 18.1 0 

KF2 / age 
distribution 

E9 

 

1.0 13.0 18.8 7.4 16.8 4901 

KF2 / SS 
distribution 

I9 

 

7.2 16.2 28.1 10.0 23.0 0 

KF2 / VD 
distribution 

M9 

 

14.1 16.5 18.9 15.0 18.0 0 

KF2 / strike 
distribution 

Q9 

 

65.6 70.0 74.4 67.0 73.0 0 

KF2 / dip 
distribution 

U9 

 

70.0 80.0 90.0 73.2 86.8 0 
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KF3 / age pref C8 

 

10.2 15.3 20.0 13.5 17.1 0 

KF3 / age max D8 

 

15.1 17.3 19.4 16.5 18.1 0 

KF3 / age 
distribution 

E8 

 

1.0 13.0 18.8 7.5 16.8 4888 

KF3 / SS 
distribution 

I8 

 

53.8 80.2 109.5 63.0 98.0 0 

KF3/ VD 
distribution 

M8 

 

13.5 17.5 21.5 15.0 20.0 0 

KF3 / strike 
distribution 

Q8 

 

63.6 68.0 72.4 65.0 71.0 0 

KF3 / dip 
distribution 

U8 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

MC R3-1 / dip 
distribution 

U17 

 

40.0 50.0 60.0 43.2 56.8 0 

                  

MC R4/5 / min B13 

 

1.5 2.8 4.1 2.3 3.3 0 

MC R4/5 / age C13 

 

5.6 7.8 10.0 7.0 8.6 0 

MC R4/5 / max D13 

 

2.4 9.0 17.7 5.7 12.3 0 

MC R4/5 / 
distribution 

E13 

 

2.6 7.3 13.6 5.0 9.5 27873 

MC R4/5 / SS 
distribution 

I13 

 

5.7 11.8 13.3 9.4 13.2 0 

MC R4/5 / VD 
distribution 

M13 

 

1.6 2.3 2.4 2.0 2.4 0 
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MC R4/5 / 
strike 
distribution 

Q13 

 

83.1 86.0 88.9 84.0 88.0 0 

MC R4/5 / dip 
distribution 

U13 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

MC R5/6 / min B15 

 

1.4 2.8 4.1 2.3 3.3 0 

MC R5/6 / age C15 

 

5.4 7.8 10.3 7.0 8.6 0 

MC R5/6 / max D15 

 

2.5 9.0 17.7 5.7 12.3 0 

MC R5/6 / 
distribution 

E15 

 

2.7 7.3 14.1 4.9 9.5 27997 

MC R5/6 / SS 
distribution 

I15 

 

2.9 8.4 12.8 5.2 11.4 0 

MC R5/6 / VD 
distribution 

M15 

 

1.0 1.4 3.0 1.0 2.0 0 

MC R5/6 / 
strike 
distribution 

Q15 

 

83.1 86.0 88.9 84.0 88.0 0 

MC R5/6 / dip 
distribution 

U15 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

MC R6/8 / min B16 

 

1.5 2.8 4.1 2.3 3.3 0 

MC R6/8 / max D16 

 

5.7 7.8 10.0 7.0 8.6 0 

MC R6/8 / 
distribution 

E16 

 

2.1 5.3 8.9 3.7 7.0 0 

MC R6/8 / SS 
distribution 

I16 

 

0.6 1.3 2.4 0.7 2.0 0 
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MC R6/8 / VD 
distribution 

M16 

 

-0.1 0.3 1.0 0.0 0.8 0 

MC R6/8 / 
strike 
distribution 

Q16 

 

83.1 86.0 88.9 84.0 88.0 0 

MC R6/8 / dip 
distribution 

U16 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

MC5t / min B14 

 

1.4 2.8 4.5 2.3 3.3 0 

MC5t / age C14 

 

5.7 7.8 10.0 7.0 8.6 0 

MC5t / max D14 

 

2.4 9.0 17.6 5.7 12.3 0 

MC5t / 
distribution 

E14 

 

2.2 7.3 13.8 4.9 9.5 28022 

MC5t / SS 
distribution 

I14 

 

1.2 6.7 12.9 3.1 10.5 0 

MC5t / VD 
distribution 

M14 

 

1.1 2.0 2.9 1.7 2.3 0 

MC5t / strike 
distribution 

Q14 

 

83.1 86.0 88.9 84.0 88.0 0 

MC5t / dip 
distribution 

U14 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

SHa NNE fault 
/ min 

B11 

 

11.2 15.2 18.8 13.9 16.5 0 

SHa NNE fault 
/ max 

D11 

 

15.0 17.3 19.6 16.5 18.1 0 

SHa NNE fault 
/ distribution 

E11 

 

13.4 16.0 18.3 15.3 16.8 16257 
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SHa NNE fault 
/ SS 
distribution 

I11 

 

14.7 21.6 25.5 17.0 24.8 0 

SHa NNE fault 
/ VD 
distribution 

M11 

 

0.9 1.2 1.5 1.0 1.4 0 

SHa NNE fault 
/ strike 
distribution 

Q11 

 

39.7 47.0 54.3 42.0 52.0 0 

SHa NNE fault 
/ dip 
distribution 

U11 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

SHb EW fault / 
min 

B12 

 

11.8 15.2 18.6 13.9 16.5 0 

SHb EW fault / 
max 

D12 

 

15.0 17.3 19.7 16.5 18.1 0 

SHb EW fault / 
distribution 

E12 

 

13.4 16.0 18.3 15.2 16.8 16263 

SHb EW fault / 
SS distribution 

I12 

 

14.7 21.6 25.5 17.0 24.8 0 

SHb EW fault / 
VD 
distribution 

M12 

 

-0.1 0.2 0.8 0.0 0.5 0 

SHb EW fault / 
strike 
distribution 

Q12 

 

87.6 92.0 96.4 89.0 95.0 0 

                  

Styx / min B17 

 

1.4 2.8 4.1 2.3 3.3 0 

Styx / max D17 

 

3.5 6.1 8.8 5.1 7.1 0 

Styx / 
distribution 

E17 

 

2.2 4.4 8.1 3.3 5.7 0 

Styx / VD 
distribution 

M17 

 

16.4 21.5 26.6 18.0 25.0 0 
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Yeo R3/4 / age 
min 

B10 

 

0.4 9.0 17.5 5.7 12.3 0 

Yeo R3/4 / age 
pref 

C10 

 

7.3 11.8 17.8 10.1 13.5 0 

Yeo R3/4 / age 
max 

D10 

 

10.8 14.3 18.7 12.7 15.9 0 

Yeo R3/4 / age 
distribution 

E10 

 

4.6 11.7 17.9 9.3 13.8 0 

Yeo R3/4 / SS 
distribution 

I10 

 

57.7 64.6 68.5 60.0 67.8 0 

Yeo R3/4 / VD 
distribution 

M10 

 

7.7 8.5 9.3 8.0 9.0 0 

Yeo R3/4 / 
strike 
distribution 

Q10 

 

78.6 83.0 87.4 80.0 86.0 0 

Yeo R3/4 / dip 
distribution 

U10 

 

70.0 83.3 90.0 74.5 89.5 0 

              

                  

strike 
distribution 

Q18         n/a n/a 100000 

strike 
distribution 

Q19 

 

43.6 48.0 52.4 45.0 51.0 0 

strike 
distribution 

Q20 

 

78.6 83.0 87.4 80.0 86.0 0 

strike 
distribution 

Q21 

 

78.6 83.0 87.4 80.0 86.0 0 

                  

J82 / age min B20 

 

0.1 9.0 17.6 5.7 12.3 0 

J82 / age min B21 

 

0.5 9.0 18.0 5.7 12.3 0 
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J82 / age pref C20 

 

7.2 11.8 17.7 10.1 13.5 0 

J82 / age pref C21 

 

7.7 11.8 18.2 10.1 13.5 0 

J82 / age max D20 

 

10.1 14.3 18.5 12.7 15.9 0 

J82 / age max D21 

 

10.6 14.3 19.5 12.7 15.9 0 

J82 / age 
distribution 

E20 

 

4.0 11.7 17.7 9.4 13.8 0 

J82 / age 
distribution 

E21 

 

4.4 11.7 18.2 9.3 13.9 0 

J82 / dip 
distribution 

U20 

 

70.0 80.0 90.0 73.2 86.8 0 

J82 / dip 
distribution 

U21 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

J82 upper / SS 
distribution 

I20 

 

57.7 64.6 68.5 60.0 67.8 0 

J82 upper / SS 
distribution 

I21 

 

57.7 64.6 68.5 60.0 67.8 0 

                  

KF1 / SS 
distribution 

I19 

 

70.3 91.0 111.8 78.0 104.0 0 

                  

KF1a / age min B6 

 

0.3 9.0 18.2 5.7 12.3 0 

KF1a / age pref C6 

 

11.7 15.2 18.8 13.9 16.5 0 

KF1a / age 
max 

D6 

 

15.2 17.3 19.6 16.5 18.1 0 
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KF1a / age 
distribution 

E6 

 

4.9 14.5 18.7 11.5 16.8 0 

KF1a / SS 
distribution 

I6 

 

70.4 91.0 111.8 78.0 104.0 0 

KF1a / VD 
distribution 

M6 

 

4.4 6.0 7.6 5.0 7.0 0 

KF1a / strike 
distribution 

Q6 

 

43.6 48.0 52.4 45.0 51.0 0 

KF1a / dip 
distribution 

U6 

 

60.0 70.0 80.0 63.2 76.8 0 

                  

KF1a (old min 
age) / age min 

B19 

 

7.1 11.5 16.4 9.9 13.1 0 

KF1a (old min 
age) / age pref 

C19 

 

11.8 15.2 18.9 13.9 16.5 0 

KF1a (old min 
age) / age max 

D19 

 

15.3 17.3 19.6 16.5 18.1 0 

KF1a (old min 
age) / age 
distribution 

E19 

 

9.8 14.9 18.6 12.8 16.8 0 

KF1a (old min 
age) / dip 
distribution 

U19 

 

60.0 70.0 80.0 63.2 76.8 0 

                  

KF1b / age min B7 

 

7.1 11.5 15.9 9.9 13.1 0 

KF1b / age 
pref 

C7 

 

10.9 15.3 20.0 13.5 17.1 0 

KF1b / age 
max 

D7 

 

13.0 16.6 20.8 15.1 18.1 0 

KF1b / age 
distribution 

E7 

 

9.6 14.9 19.7 12.8 16.9 0 
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KF1b / SS 
distribution 

I7 

 

35.5 53.0 70.4 42.0 64.0 0 

KF1b / strike 
distribution 

Q7 

 

43.6 48.0 52.4 45.0 51.0 0 

                  

KF2 / age pref C9 

 

10.4 15.3 20.2 13.5 17.1 0 

KF2 / age max D9 

 

15.1 17.3 19.6 16.5 18.1 0 

KF2 / age 
distribution 

E9 

 

0.8 13.0 18.9 7.5 16.8 4965 

KF2 / SS 
distribution 

I9 

 

7.2 16.2 27.9 10.0 23.0 0 

KF2 / VD 
distribution 

M9 

 

14.1 16.5 18.9 15.0 18.0 0 

KF2 / VD 
distribution 

M20 

 

7.7 8.5 9.3 8.0 9.0 0 

KF2 / VD 
distribution 

M21 

 

7.7 8.5 9.3 8.0 9.0 0 

KF2 / strike 
distribution 

Q9 

 

65.6 70.0 74.4 67.0 73.0 0 

KF2 / dip 
distribution 

U9 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

KF3 / age pref C8 

 

10.6 15.3 20.1 13.5 17.1 0 

KF3 / age max D8 

 

15.1 17.3 19.5 16.5 18.1 0 

KF3 / age 
distribution 

E8 

 

1.0 13.0 18.6 7.5 16.8 4931 
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KF3 / SS 
distribution 

I8 

 

53.7 80.2 109.7 63.0 98.0 0 

KF3/ VD 
distribution 

M8 

 

13.5 17.5 21.5 15.0 20.0 0 

KF3 / strike 
distribution 

Q8 

 

63.6 68.0 72.4 65.0 71.0 0 

KF3 / dip 
distribution 

U8 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

Locke highest 
fan / VD 
distribution 

M7 

 

6.9 8.5 10.1 7.5 9.5 0 

Locke highest 
fan / VD 
distribution 

M19 

 

4.4 6.0 7.6 5.0 7.0 0 

Locke highest 
fan / dip 
distribution 

U7 

 

60.0 70.0 80.0 63.2 76.8 0 

                  

MC R3-1 / dip 
distribution 

U18 

 

40.0 50.0 60.0 43.2 56.8 0 

                  

MC R4/5 / SS 
distribution 

I13 

 

5.6 11.8 13.3 9.4 13.2 0 

MC R4/5 / VD 
distribution 

M13 

 

1.6 2.3 2.4 2.0 2.4 0 

MC R4/5 / 
strike 
distribution 

Q13 

 

83.1 86.0 88.9 84.0 88.0 0 

MC R4/5 / dip 
distribution 

U13 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

MC R4/5 / min B13 

 

1.5 2.8 4.1 2.3 3.3 0 
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MC R4/5 / age C13 

 

5.7 7.8 10.3 7.0 8.6 0 

MC R4/5 / max D13 

 

2.3 9.0 17.7 5.7 12.3 0 

MC R4/5 / 
distribution 

E13 

 

2.7 7.3 13.9 4.9 9.5 27874 

                  

MC R5/6 / SS 
distribution 

I15 

 

2.9 8.4 12.8 5.2 11.4 0 

MC R5/6 / VD 
distribution 

M15 

 

1.0 1.4 3.0 1.0 2.0 0 

MC R5/6 / 
strike 
distribution 

Q15 

 

83.1 86.0 88.9 84.0 88.0 0 

MC R5/6 / dip 
distribution 

U15 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

MC R5/6 / min B15 

 

1.5 2.8 4.2 2.3 3.3 0 

MC R5/6 / age C15 

 

5.7 7.8 10.0 7.0 8.6 0 

MC R5/6 / max D15 

 

2.5 9.0 17.7 5.7 12.3 0 

MC R5/6 / 
distribution 

E15 

 

2.7 7.3 14.5 5.0 9.5 27909 

                  

MC R6/8 / SS 
distribution 

I16 

 

0.6 1.3 2.4 0.7 2.0 0 

MC R6/8 / VD 
distribution 

M16 

 

-0.1 0.3 1.0 0.0 0.8 0 

MC R6/8 / 
strike 
distribution 

Q16 

 

83.1 86.0 88.9 84.0 88.0 0 
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MC R6/8 / dip 
distribution 

U16 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

MC R6/8 / min B16 

 

1.4 2.8 4.1 2.3 3.3 0 

MC R6/8 / max D16 

 

5.6 7.8 10.0 7.0 8.6 0 

MC R6/8 / 
distribution 

E16 

 

2.1 5.3 9.0 3.7 7.0 0 

                  

MC5t / min B14 

 

1.4 2.8 4.1 2.3 3.3 0 

MC5t / age C14 

 

5.6 7.8 10.2 7.0 8.6 0 

MC5t / max D14 

 

2.5 9.0 18.1 5.7 12.3 0 

MC5t / 
distribution 

E14 

 

2.7 7.3 13.7 5.0 9.5 27907 

MC5t / SS 
distribution 

I14 

 

1.1 6.7 12.9 3.1 10.5 0 

MC5t / VD 
distribution 

M14 

 

1.1 2.0 2.9 1.7 2.3 0 

MC5t / strike 
distribution 

Q14 

 

83.1 86.0 88.9 84.0 88.0 0 

MC5t / dip 
distribution 

U14 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

SHa NNE fault 
/ min 

B11 

 

11.8 15.2 19.0 13.9 16.5 0 

SHa NNE fault 
/ max 

D11 

 

15.1 17.3 19.5 16.5 18.1 0 
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SHa NNE fault 
/ distribution 

E11 

 

12.6 16.0 18.4 15.3 16.8 16259 

SHa NNE fault 
/ SS 
distribution 

I11 

 

14.7 21.6 25.5 17.0 24.8 0 

SHa NNE fault 
/ VD 
distribution 

M11 

 

0.9 1.2 1.5 1.0 1.4 0 

SHa NNE fault 
/ strike 
distribution 

Q11 

 

39.7 47.0 54.3 42.0 52.0 0 

SHa NNE fault 
/ dip 
distribution 

U11 

 

70.0 80.0 90.0 73.2 86.8 0 

                  

SHb EW fault / 
min 

B12 

 

11.7 15.2 18.9 13.9 16.5 0 

SHb EW fault / 
max 

D12 

 

15.1 17.3 19.4 16.5 18.1 0 

SHb EW fault / 
distribution 

E12 

 

13.6 16.0 18.6 15.2 16.8 16259 

SHb EW fault / 
SS distribution 

I12 

 

14.7 21.6 25.5 17.0 24.8 0 

SHb EW fault / 
VD 
distribution 

M12 

 

-0.1 0.2 0.8 0.0 0.5 0 

SHb EW fault / 
strike 
distribution 

Q12 

 

87.6 92.0 96.4 89.0 95.0 0 

                  

Styx / min B18 

 

1.5 2.8 4.2 2.3 3.3 0 

Styx / max D18 

 

3.5 6.1 8.7 5.1 7.1 0 

Styx / 
distribution 

E18 

 

2.2 4.4 7.5 3.3 5.7 0 
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Styx / VD 
distribution 

M18 

 

16.4 21.5 26.6 18.0 25.0 0 

                  

Yeo R3/4 / age 
min 

B10 

 

-1.0 9.0 17.7 5.7 12.3 0 

Yeo R3/4 / age 
pref 

C10 

 

7.5 11.8 17.8 10.1 13.5 0 

Yeo R3/4 / age 
max 

D10 

 

10.5 14.3 18.6 12.7 15.9 0 

Yeo R3/4 / age 
distribution 

E10 

 

4.2 11.7 17.8 9.4 13.8 0 

Yeo R3/4 / SS 
distribution 

I10 

 

57.7 64.6 68.5 60.0 67.8 0 

Yeo R3/4 / VD 
distribution 

M10 

 

7.7 8.5 9.3 8.0 9.0 0 

Yeo R3/4 / 
strike 
distribution 

Q10 

 

78.6 83.0 87.4 80.0 86.0 0 

Yeo R3/4 / dip 
distribution 

U10 

 

70.1 83.3 90.0 74.5 89.5 0 
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@RISK Output Results 
Performed By: Jessie Vermeer 

Date: Sunday, 30 January 2022 2:17:03 PM 

 

Name Cell Graph  Min   Mean   Max  5% 95% Errors 

KF1a / Strike-Slip 
Rate 

W6 

 

4.1 6.4 17.9 5.0 8.1 0 

KF1b / Strike-Slip 
Rate 

W7 

 

2.1 3.7 11.3 2.8 4.9 0 

KF3 / Strike-Slip Rate W8 

 

3.2 6.6 75.0 4.2 11.0 4888 

KF2 / Strike-Slip Rate W9 

 

0.4 1.3 14.7 0.7 2.3 4901 

Yeo R3/4 / Strike-Slip 
Rate 

W10 

 

3.4 5.6 14.7 4.6 7.0 0 

SHa NNE fault / 
Strike-Slip Rate 

W11 

 

0.9 1.3 1.8 1.1 1.6 16257 

SHb EW fault / Strike-
Slip Rate 

W12 

 

0.9 1.3 1.8 1.1 1.6 16263 

MC R4/5 / Strike-Slip 
Rate 

W13 

 

0.6 1.7 4.5 1.1 2.4 27873 

MC5t / Strike-Slip 
Rate 

W14 

 

0.1 1.0 3.8 0.4 1.7 28022 

MC R5/6 / Strike-Slip 
Rate 

W15 

 

0.3 1.2 4.0 0.7 1.9 27997 

MC R6/8 / Strike-Slip 
Rate 

W16 

 

0.1 0.2 1.0 0.1 0.4 0 

Styx / Strike-Slip Rate W17 

 

0.0 0.0 0.0 0.0 0.0 0 
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KF1a / dip-slip 
displacement 

AB6 

 

4.6 6.4 8.6 5.3 7.5 0 

KF1b / dip-slip 
displacement 

AB7 

 

7.1 9.1 11.4 8.0 10.2 0 

KF3 / dip-slip 
displacement 

AB8 

 

13.6 17.8 22.4 15.3 20.4 0 

KF2 / dip-slip 
displacement 

AB9 

 

14.2 16.8 19.8 15.2 18.4 0 

Yeo R3/4 / dip-slip 
displacement 

AB10 

 

7.7 8.6 9.7 8.1 9.1 0 

SHa NNE fault / dip-
slip displacement 

AB11 

 

0.9 1.2 1.6 1.0 1.4 0 

SHb EW fault / dip-
slip displacement 

AB12 

 

-0.1 0.2 0.8 0.0 0.5 0 

MC R4/5 / dip-slip 
displacement 

AB13 

 

1.6 2.3 2.6 2.0 2.5 0 

MC5t / dip-slip 
displacement 

AB14 

 

1.2 2.0 3.0 1.7 2.4 0 

MC R5/6 / dip-slip 
displacement 

AB15 

 

1.0 1.4 3.2 1.0 2.0 0 

MC R6/8 / dip-slip 
displacement 

AB16 

 

-0.1 0.3 1.1 0.0 0.8 0 

Styx / dip-slip 
displacement 

AB17 

 

19.3 28.2 40.8 23.1 33.8 0 

KF1a / Dip-Slip Rate AC6 

 

0.3 0.4 1.2 0.3 0.6 0 

KF1b / Dip-Slip Rate AC7 

 

0.4 0.6 1.8 0.5 0.8 0 

KF3 / Dip-Slip Rate AC8 

 

0.8 1.5 18.7 1.0 2.4 4888 
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KF2 / Dip-Slip Rate AC9 

 

0.8 1.4 15.8 1.0 2.3 4901 

Yeo R3/4 / Dip-Slip 
Rate 

AC10 

 

0.5 0.7 2.0 0.6 0.9 0 

SHa NNE fault / Dip-
Slip Rate 

AC11 

 

0.1 0.1 0.1 0.1 0.1 16257 

SHb EW fault / Dip-
Slip Rate 

AC12 

 

0.0 0.0 0.1 0.0 0.0 16263 

MC R4/5 / Dip-Slip 
Rate 

AC13 

 

0.1 0.3 0.9 0.2 0.5 27873 

MC5t / Dip-Slip Rate AC14 

 

0.1 0.3 1.0 0.2 0.4 28022 

MC R5/6 / Dip-Slip 
Rate 

AC15 

 

0.1 0.2 0.9 0.1 0.3 27997 

MC R6/8 / Dip-Slip 
Rate 

AC16 

 

0.0 0.1 0.4 0.0 0.2 0 

Styx / Dip-Slip Rate AC17 

 

2.9 6.5 14.8 4.6 8.9 0 

KF1a / horizontal 
shortening 

AH6 

 

0.9 2.2 4.2 1.4 3.1 0 

KF1b / horizontal 
shortening 

AH7 

 

1.3 3.1 5.6 2.0 4.4 0 

KF3 / horizontal 
shortening 

AH8 

 

0.0 3.1 7.5 1.0 5.4 0 

KF2 / horizontal 
shortening 

AH9 

 

0.0 2.9 6.6 0.9 5.0 0 

Yeo R3/4 / horizontal 
shortening 

AH10 

 

0.0 1.0 3.3 0.1 2.4 0 

SHa NNE fault / 
horizontal shortening 

AH11 

 

0.0 0.2 0.5 0.1 0.4 0 
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SHb EW fault / 
horizontal shortening 

AH12 

 

0.0 0.0 0.0 0.0 0.0 0 

MC R4/5 / horizontal 
shortening 

AH13 

 

0.0 0.4 0.9 0.1 0.7 0 

MC5t / horizontal 
shortening 

AH14 

 

0.0 0.4 1.0 0.1 0.6 0 

MC R5/6 / horizontal 
shortening 

AH15 

 

0.0 0.2 1.0 0.1 0.5 0 

MC R6/8 / horizontal 
shortening 

AH16 

 

0.0 0.1 0.4 0.0 0.2 0 

Styx / horizontal 
shortening 

AH17 

 

9.7 18.2 31.2 13.4 23.9 0 

KF1a / net slip AI6 

 

70.7 91.2 111.7 78.3 104.2 0 

KF1b / net slip AI7 

 

36.5 53.8 71.0 43.0 64.7 0 

KF3 / net slip AI8 

 

56.4 82.2 111.2 65.5 99.6 0 

KF2 / net slip AI9 

 

16.6 23.5 33.0 19.3 28.6 0 

Yeo R3/4 / net slip AI10 

 

58.3 65.2 69.1 60.6 68.3 0 

SHa NNE fault / net 
slip 

AI11 

 

14.8 21.6 25.5 17.0 24.8 0 

SHb EW fault / net 
slip 

AI12 

 

14.7 21.6 25.5 17.0 24.8 0 

MC R4/5 / net slip AI13 

 

6.0 12.0 13.6 9.7 13.4 0 

MC5t / net slip AI14 

 

2.1 7.1 13.0 3.7 10.7 0 
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MC R5/6 / net slip AI15 

 

3.2 8.6 12.9 5.4 11.5 0 

MC R6/8 / net slip AI16 

 

0.6 1.3 2.5 0.8 2.1 0 

Styx / net slip AI17 

 

19.3 28.2 40.8 23.1 33.8 0 

KF1a / slip rate 
(mean) 

AK6 

 

4.1 6.4 18.0 5.0 8.2 0 

KF1b / slip rate 
(mean) 

AK7 

 

2.2 3.8 11.4 2.8 4.9 0 

KF3 / slip rate (mean) AK8 

 

3.3 6.8 77.2 4.4 11.3 4888 

KF2 / slip rate (mean) AK9 

 

1.0 1.9 21.4 1.3 3.2 4901 

Yeo R3/4 / slip rate 
(mean) 

AK10 

 

3.5 5.6 14.8 4.6 7.0 0 

SHa NNE fault / slip 
rate (mean) 

AK11 

 

0.9 1.3 1.8 1.1 1.6 16257 

SHb EW fault / slip 
rate (mean) 

AK12 

 

0.9 1.3 1.8 1.1 1.6 16263 

MC R4/5 / slip rate 
(mean) 

AK13 

 

0.6 1.7 4.6 1.2 2.5 27873 

MC5t / slip rate 
(mean) 

AK14 

 

0.2 1.0 3.9 0.5 1.7 28022 

MC R5/6 / slip rate 
(mean) 

AK15 

 

0.3 1.2 4.0 0.7 1.9 27997 

MC R6/8 / slip rate 
(mean) 

AK16 

 

0.1 0.3 1.0 0.1 0.4 0 

Styx / slip rate 
(mean) 

AK17 

 

2.9 6.5 14.8 4.6 8.9 0 
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KF1a / HSV degree AQ6 

 

44.5 49.4 54.7 46.3 52.4 0 

KF1b / HSV degree AQ7 

 

45.0 51.4 58.7 48.1 54.7 0 

KF3 / HSV degree AQ8 

 

64.0 70.3 78.0 66.9 73.6 0 

KF2 / HSV degree AQ9 

 

66.3 80.8 109.6 72.6 90.9 0 

Yeo R3/4 / HSV 
degree 

AQ10 

 

78.7 83.9 89.6 80.7 87.0 0 

SHa NNE fault / HSV 
degree 

AQ11 

 

39.8 47.6 55.4 42.6 52.6 0 

SHb EW fault / HSV 
degree 

AQ12 

 

87.6 92.0 96.4 89.0 95.0 0 

MC R4/5 / HSV 
degree 

AQ13 

 

83.3 88.0 94.2 85.6 90.4 0 

MC5t / HSV degree AQ14 

 

83.3 89.5 114.3 86.1 94.0 0 

MC R5/6 / HSV 
degree 

AQ15 

 

83.2 87.8 98.5 85.3 90.4 0 

MC R6/8 / HSV 
degree 

AQ16 

 

82.2 89.0 112.8 85.0 95.1 0 

Styx / HSV degree AQ17         n/a n/a 100000 

KF1a / HSV length AT6 

 

4.4 6.8 18.1 5.5 8.5 0 

KF1b / HSV length AT7 

 

2.7 4.9 12.2 3.8 6.1 0 

KF3 / HSV length AT8 

 

3.5 7.6 77.2 5.1 11.8 4888 
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KF2 / HSV length AT9 

 

1.1 3.6 21.7 1.9 5.6 4901 

Yeo R3/4 / HSV 
length 

AT10 

 

3.6 5.8 14.8 4.8 7.1 0 

SHa NNE fault / HSV 
length 

AT11 

 

0.9 1.4 1.8 1.1 1.6 16257 

SHb EW fault / HSV 
length 

AT12 

 

0.9 1.3 1.8 1.1 1.6 16263 

MC R4/5 / HSV length AT13 

 

0.7 1.8 4.7 1.2 2.5 27873 

MC5t / HSV length AT14 

 

0.2 1.1 3.9 0.6 1.7 28022 

MC R5/6 / HSV length AT15 

 

0.4 1.3 4.0 0.7 1.9 27997 

MC R6/8 / HSV length AT16 

 

0.1 0.3 1.0 0.1 0.5 0 

Styx / HSV length AT17 

 

10.3 19.4 32.4 14.4 25.2 0 

                  

KF1a / Strike-Slip 
Rate 

W6 

 

4.0 6.4 19.3 5.0 8.2 0 

KF1b / Strike-Slip 
Rate 

W7 

 

2.0 3.6 6.3 2.7 4.5 0 

KF3 / Strike-Slip Rate W8 

 

3.0 6.6 68.2 4.2 11.0 4931 

KF2 / Strike-Slip Rate W9 

 

0.4 1.3 27.6 0.7 2.3 4965 

Yeo R3/4 / Strike-Slip 
Rate 

W10 

 

3.4 5.6 14.6 4.6 7.0 0 
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SHa NNE fault / 
Strike-Slip Rate 

W11 

 

0.9 1.3 1.9 1.1 1.6 16259 

SHb EW fault / Strike-
Slip Rate 

W12 

 

0.9 1.3 1.8 1.1 1.6 16259 

MC R4/5 / Strike-Slip 
Rate 

W13 

 

0.7 1.7 4.7 1.1 2.4 27874 

MC5t / Strike-Slip 
Rate 

W14 

 

0.1 1.0 3.4 0.4 1.7 27907 

MC R5/6 / Strike-Slip 
Rate 

W15 

 

0.3 1.2 4.2 0.7 1.9 27909 

MC R6/8 / Strike-Slip 
Rate 

W16 

 

0.1 0.2 1.0 0.1 0.4 0 

Styx / Strike-Slip Rate W18 

 

0.0 0.0 0.0 0.0 0.0 0 

KF1a (older min age) 
/ Strike-Slip Rate 

W19 

 

4.1 6.1 10.4 5.0 7.4 0 

J82 upper fan / 
Strike-Slip Rate 

W20 

 

3.5 5.6 16.0 4.6 7.0 0 

J82 upper fan / 
Strike-Slip Rate 

W21 

 

3.4 5.6 15.2 4.6 7.0 0 

KF1a / dip-slip 
displacement 

AB6 

 

4.5 6.4 8.5 5.3 7.5 0 

KF1b / dip-slip 
displacement 

AB7 

 

7.1 9.1 11.3 8.0 10.2 0 

KF3 / dip-slip 
displacement 

AB8 

 

13.6 17.8 22.3 15.2 20.4 0 

KF2 / dip-slip 
displacement 

AB9 

 

14.2 16.8 19.8 15.2 18.4 0 

Yeo R3/4 / dip-slip 
displacement 

AB10 

 

7.7 8.6 9.8 8.1 9.1 0 
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SHa NNE fault / dip-
slip displacement 

AB11 

 

0.9 1.2 1.6 1.0 1.4 0 

SHb EW fault / dip-
slip displacement 

AB12 

 

-0.1 0.2 0.8 0.0 0.5 0 

MC R4/5 / dip-slip 
displacement 

AB13 

 

1.6 2.3 2.6 2.0 2.5 0 

MC5t / dip-slip 
displacement 

AB14 

 

1.1 2.0 3.0 1.7 2.4 0 

MC R5/6 / dip-slip 
displacement 

AB15 

 

1.0 1.4 3.1 1.0 2.0 0 

MC R6/8 / dip-slip 
displacement 

AB16 

 

-0.1 0.3 1.1 0.0 0.8 0 

Styx / dip-slip 
displacement 

AB18 

 

19.2 28.2 40.2 23.1 33.8 0 

KF1a (older min age) 
/ dip-slip 
displacement 

AB19 

 

4.6 6.4 8.6 5.3 7.5 0 

J82 upper fan / dip-
slip displacement 

AB20 

 

7.7 8.7 9.8 8.1 9.2 0 

J82 upper fan / dip-
slip displacement 

AB21 

 

7.7 8.7 9.8 8.1 9.2 0 

KF1a / Dip-Slip Rate AC6 

 

0.3 0.4 1.4 0.3 0.6 0 

KF1b / Dip-Slip Rate AC7 

 

0.4 0.6 1.0 0.5 0.7 0 

KF3 / Dip-Slip Rate AC8 

 

0.8 1.5 19.1 1.0 2.4 4931 

KF2 / Dip-Slip Rate AC9 

 

0.8 1.4 21.6 1.0 2.3 4965 

Yeo R3/4 / Dip-Slip 
Rate 

AC10 

 

0.5 0.7 2.0 0.6 0.9 0 
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SHa NNE fault / Dip-
Slip Rate 

AC11 

 

0.1 0.1 0.1 0.1 0.1 16259 

SHb EW fault / Dip-
Slip Rate 

AC12 

 

0.0 0.0 0.1 0.0 0.0 16259 

MC R4/5 / Dip-Slip 
Rate 

AC13 

 

0.2 0.3 0.9 0.2 0.5 27874 

MC5t / Dip-Slip Rate AC14 

 

0.1 0.3 0.8 0.2 0.4 27907 

MC R5/6 / Dip-Slip 
Rate 

AC15 

 

0.1 0.2 0.7 0.1 0.3 27909 

MC R6/8 / Dip-Slip 
Rate 

AC16 

 

0.0 0.1 0.4 0.0 0.2 0 

Styx / Dip-Slip Rate AC18 

 

3.0 6.5 14.8 4.6 8.9 0 

KF1a (older min age) 
/ Dip-Slip Rate 

AC19 

 

0.3 0.4 0.7 0.3 0.5 0 

J82 upper fan / Dip-
Slip Rate 

AC20 

 

0.5 0.7 2.0 0.6 0.9 0 

J82 upper fan / Dip-
Slip Rate 

AC21 

 

0.5 0.7 2.0 0.6 0.9 0 

KF1a / horizontal 
shortening 

AH6 

 

0.8 2.2 4.2 1.4 3.1 0 

KF1b / horizontal 
shortening 

AH7 

 

1.3 3.1 5.6 2.0 4.4 0 

KF3 / horizontal 
shortening 

AH8 

 

0.0 3.1 7.5 1.0 5.4 0 

KF2 / horizontal 
shortening 

AH9 

 

0.0 2.9 6.6 0.9 5.0 0 

Yeo R3/4 / horizontal 
shortening 

AH10 

 

0.0 1.0 3.3 0.1 2.4 0 
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SHa NNE fault / 
horizontal shortening 

AH11 

 

0.0 0.2 0.5 0.1 0.4 0 

SHb EW fault / 
horizontal shortening 

AH12 

 

0.0 0.0 0.0 0.0 0.0 0 

MC R4/5 / horizontal 
shortening 

AH13 

 

0.0 0.4 0.9 0.1 0.7 0 

MC5t / horizontal 
shortening 

AH14 

 

0.0 0.4 0.9 0.1 0.6 0 

MC R5/6 / horizontal 
shortening 

AH15 

 

0.0 0.2 1.0 0.1 0.5 0 

MC R6/8 / horizontal 
shortening 

AH16 

 

0.0 0.1 0.3 0.0 0.2 0 

Styx / horizontal 
shortening 

AH18 

 

9.8 18.2 30.5 13.4 23.9 0 

KF1a (older min age) 
/ horizontal 
shortening 

AH19 

 

0.8 2.2 4.2 1.4 3.1 0 

J82 upper fan / 
horizontal shortening 

AH20 

 

0.0 1.5 3.3 0.5 2.6 0 

J82 upper fan / 
horizontal shortening 

AH21 

 

0.0 1.5 3.3 0.5 2.6 0 

KF1a / net slip AI6 

 

70.7 91.2 112.0 78.3 104.2 0 

KF1b / net slip AI7 

 

36.4 53.8 71.0 43.0 64.6 0 

KF3 / net slip AI8 

 

56.5 82.2 111.0 65.5 99.6 0 

KF2 / net slip AI9 

 

16.5 23.5 33.3 19.3 28.6 0 

Yeo R3/4 / net slip AI10 

 

58.3 65.2 69.1 60.6 68.3 0 
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SHa NNE fault / net 
slip 

AI11 

 

14.8 21.6 25.5 17.0 24.8 0 

SHb EW fault / net 
slip 

AI12 

 

14.7 21.6 25.5 17.0 24.8 0 

MC R4/5 / net slip AI13 

 

6.0 12.0 13.5 9.7 13.4 0 

MC5t / net slip AI14 

 

2.1 7.1 13.1 3.7 10.7 0 

MC R5/6 / net slip AI15 

 

3.1 8.6 13.0 5.4 11.5 0 

MC R6/8 / net slip AI16 

 

0.6 1.3 2.6 0.8 2.1 0 

Styx / net slip AI18 

 

19.2 28.2 40.2 23.1 33.8 0 

KF1a (older min age) 
/ net slip 

AI19 

 

70.7 91.2 112.0 78.3 104.2 0 

J82 upper fan / net 
slip 

AI20 

 

58.3 65.2 69.1 60.6 68.4 0 

J82 upper fan / net 
slip 

AI21 

 

58.3 65.2 69.1 60.6 68.3 0 

KF1a / slip rate 
(mean) 

AK6 

 

4.0 6.4 19.3 5.0 8.2 0 

KF1b / slip rate 
(mean) 

AK7 

 

2.0 3.6 6.4 2.8 4.6 0 

KF3 / slip rate (mean) AK8 

 

3.2 6.8 70.2 4.4 11.2 4931 

KF2 / slip rate (mean) AK9 

 

1.0 1.9 35.0 1.3 3.2 4965 

Yeo R3/4 / slip rate 
(mean) 

AK10 

 

3.5 5.6 14.7 4.6 7.0 0 



134 

 

SHa NNE fault / slip 
rate (mean) 

AK11 

 

0.9 1.3 1.9 1.1 1.6 16259 

SHb EW fault / slip 
rate (mean) 

AK12 

 

0.9 1.3 1.8 1.1 1.6 16259 

MC R4/5 / slip rate 
(mean) 

AK13 

 

0.7 1.7 4.8 1.2 2.5 27874 

MC5t / slip rate 
(mean) 

AK14 

 

0.2 1.0 3.4 0.5 1.7 27907 

MC R5/6 / slip rate 
(mean) 

AK15 

 

0.3 1.2 4.3 0.7 1.9 27909 

MC R6/8 / slip rate 
(mean) 

AK16 

 

0.1 0.3 1.0 0.1 0.4 0 

Styx / slip rate 
(mean) 

AK18 

 

3.0 6.5 14.8 4.6 8.9 0 

KF1a (older min age) 
/ slip rate (mean) 

AK19 

 

4.1 6.1 10.4 5.0 7.5 0 

J82 upper fan / slip 
rate (mean) 

AK20 

 

3.5 5.6 16.1 4.6 7.0 0 

J82 upper fan / slip 
rate (mean) 

AK21 

 

3.4 5.6 15.3 4.6 7.0 0 

KF1a / HSV degree AQ6 

 

44.4 49.4 54.7 46.3 52.4 0 

KF1b / HSV degree AQ7 

 

45.2 51.4 58.8 48.1 54.7 0 

KF3 / HSV degree AQ8 

 

63.9 70.3 77.9 66.9 73.7 0 

KF2 / HSV degree AQ9 

 

66.2 80.8 108.2 72.6 90.9 0 

Yeo R3/4 / HSV 
degree 

AQ10 

 

78.7 83.9 89.7 80.7 87.0 0 
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SHa NNE fault / HSV 
degree 

AQ11 

 

40.0 47.6 55.6 42.6 52.6 0 

SHb EW fault / HSV 
degree 

AQ12 

 

87.6 92.0 96.4 89.0 95.0 0 

MC R4/5 / HSV 
degree 

AQ13 

 

83.3 88.0 94.1 85.6 90.4 0 

MC5t / HSV degree AQ14 

 

83.5 89.5 114.2 86.1 94.0 0 

MC R5/6 / HSV 
degree 

AQ15 

 

83.3 87.8 98.2 85.3 90.4 0 

MC R6/8 / HSV 
degree 

AQ16 

 

81.9 89.0 110.6 85.1 95.1 0 

Styx / HSV degree AQ18         n/a n/a 100000 

KF1a (older min age) 
/ HSV degree 

AQ19 

 

44.3 49.4 54.9 46.3 52.4 0 

J82 upper fan / HSV 
degree 

AQ20 

 

78.9 84.3 89.9 81.2 87.5 0 

J82 upper fan / HSV 
degree 

AQ21 

 

76.1 81.7 87.1 78.5 84.8 0 

KF1a / HSV length AT6 

 

4.4 6.8 19.4 5.5 8.5 0 

KF1b / HSV length AT7 

 

2.8 4.8 7.8 3.8 5.9 0 

KF3 / HSV length AT8 

 

3.5 7.6 70.3 5.1 11.8 4931 

KF2 / HSV length AT9 

 

1.0 3.6 35.2 1.9 5.6 4965 

Yeo R3/4 / HSV 
length 

AT10 

 

3.5 5.8 14.7 4.8 7.1 0 
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SHa NNE fault / HSV 
length 

AT11 

 

0.9 1.4 2.0 1.1 1.6 16259 

SHb EW fault / HSV 
length 

AT12 

 

0.9 1.3 1.8 1.1 1.6 16259 

MC R4/5 / HSV length AT13 

 

0.7 1.8 4.8 1.2 2.5 27874 

MC5t / HSV length AT14 

 

0.2 1.1 3.4 0.6 1.7 27907 

MC R5/6 / HSV length AT15 

 

0.4 1.3 4.3 0.7 1.9 27909 

MC R6/8 / HSV length AT16 

 

0.1 0.3 1.0 0.1 0.5 0 

Styx / HSV length AT18 

 

10.6 19.4 32.2 14.4 25.1 0 

KF1a (older min age) 
/ HSV length 

AT19 

 

4.4 6.6 10.9 5.4 7.8 0 

J82 upper fan / HSV 
length 

AT20 

 

3.7 5.9 16.1 4.9 7.2 0 

J82 upper fan / HSV 
length 

AT21 

 

3.5 5.9 15.4 4.9 7.2 0 

 

 

Appendix B 

Radiocarbon sample information and additional reconnaissance samples: 

 

Table A3B.1. Sample location and notes: 
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waypoint sample 

type 

notes date lat long 

J23 C14 peat above likely colluvial wedge. sampled 80cm bgs 

in bog. 

24-011-17 -42.7579 171.758 

J75 C14 Peat sampled in bog 40cm bgs, immediately above 

basal gravels (at least 20cm thick gravels, assumed to 

be terrace top) 

04-012-17  -42.7485 171.796 

J78A C14 Peat samples from two pits (A and C). In pit A we 

sampled at 40, 38, and 20 cm bgs (peat base at 40cm, 

blue/gray clay underlies peat.) in pit B, sampled at 

20cm bgs, at the base of the peat/clay interface. 

05-012-17 -42.75 171.809 

J84 C14 Peat from the base of the scarp bounded bog. Two 

samples of the peat, J84A2 is the preferred sample. 

06-012-17 -42.7428 171.834 

J78C C14 Peat samples from two pits (A and C). In pit A we 

sampled at 40, 38, and 20 cm bgs (peat base at 40cm, 

blue/gray clay underlies peat.) in pit B, sampled at 

20cm bgs, at the base of the peat/clay interface. 

05-012-17  -42.75 171.809 

1370C C14 bulk material sample of possible paleosol 

development in faulted silty layer. Syndepositional 

organics will be a max age for the MRE. 

2019 -42.8879 171.148 

J134A C14 bulk material sample of grey silt for C14 picking. 

Organics would be older than the MRE, and possibly 

2019 -42.7579 171.758 
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previous events (number of ruptures "seen" by the silt 

in unknown) 

J134D C14 bulk material sample of the colluvium. Organics within 

this unit would be around the age of the MRE. 

2019 -42.7579 171.758 

Bgs = below ground surface 

 

Figure A3B.1. Sampling pit logs 
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Table A3B.2. 14C dating analysis results 

Date 
report
ed 

Client 
name 

TW 
Date 
analys
ed 

Samp
le ID 

Descriptio
n 

Fractio
n 
dated 

Rafter 
ID 

NZA CRA 

CR
A 
err
or 

13C 

13C 

err
or 

13C 

sourc
e 

F 
F 
error 

∆14C 

∆14

C 
erro
r 

                  [yBP]   
 
[‰
] 

    [ ]   
 
[‰] 

  

22-08-
2019 

Jessie 
Verme
er  

324
5 

3-08-
2019 

J134
A 

flakes of 
possible 
bark 

Plant 
Materi
al 

41336
/1 

6807
5 

242 19 
-
29.2
7 

0.2 IRMS 
0.97
028
4 

0.00
2395 

  

22-08-
2019 

Jessie 
Verme
er  

324
5 

3-08-
2019 

J134
D 

stem/twig 
or possible 
root with 
bark 

Plant 
Materi
al 

41336
/2 

6807
6 

Moder
n 

 
-
29.3
4 

0.2 IRMS 
1.19
129
3 

0.00
2804 

  

22-08-
2019 

Jessie 
Verme
er  

324
5 

3-08-
2019 

J137
0C 

thin twig, 
possible 
root 

Plant 
Materi
al 

41336
/3 

6807
7 

225 19 
-
28.6
3 

0.2 IRMS 
0.97
229
1 

0.00
2386 

  

22-08-
2019 

Jessie 
Verme
er  

324
7 

16-08-
2019 

J127
7 gs 

twig 
(possibly 
monocot) 
or root 

Plant 
Materi
al 

41336
/4 

6814
8 

Moder
n 

 
-
28.4
4 

0.2 IRMS 
1.16
240
7 

0.00
2907 

  

22-08-
2019 

Jessie 
Verme
er  

324
7 

16-08-
2019 

J127
7TC 

twig 
(reed?) or 
root 

Plant 
Materi
al 

41336
/5 

6814
9 

Moder
n 

 
-
26.6
8 

0.2 IRMS 
1.30
705
3 

0.00
3189 

  

22-08-
2019 

Jessie 
Verme
er  

324
7 

16-08-
2019 

J127
7RG 

4 twigs 
(reed?) or 
roots 

Plant 
Materi
al 

41336
/6 

6815
0 

12 20 
-
27.0
1 

0.2 IRMS 
0.99
848
4 

0.00
2573 

  

25-06-
2018 

Jessie 
Verme
er  

317
1 

21-06-
2018 

J23A-
L 

large leaf 
fragment 

Plant 
materi
al 

41177
/2 

6521
3 

Moder
n 

 
-
33.3
8 

0.2 IRMS 
1.02
899
1 

0.00
2667 

28.9
9 

2.6
7 

25-06-
2018 

Jessie 
Verme
er  

317
1 

21-06-
2018 

J75-L 
leaf 
skeletons 

Plant 
materi
al 

41177
/4 

6521
4 

209 21 
-
28.4
8 

0.2 IRMS 
0.97
432
9 

0.00
256 

-
25.6
7 

2.5
6 

25-06-
2018 

Jessie 
Verme
er  

317
1 

21-06-
2018 

J78A
65 

small 
organic 
fragments 

Plant 
materi
al 

41177
/6 

6521
5 

168 21 
-
29.6
4 

0.2 IRMS 
0.97
933
1 

0.00
2592 

-
20.6
7 

2.5
9 
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25-06-
2018 

Jessie 
Verme
er  

317
1 

21-06-
2018 

J84A
2  

small 
organic 
fragments 

Plant 
materi
al 

41177
/8 

6521
6 

472 21 
-
23.2
5 

0.2 IRMS 
0.94
289
6 

0.00
2521 

-
57.1 

2.5
2 

 

 

Table A3B.3. 14C sample pre-treatment notes, same samples as Table A3B.2. 

Rafter 

ID 

Sample 

ID 
Pretreatment description 

41336/1 J134A 

Description of sample when received: Multiple small flakes of likely bark (max 6mm long) were isolated.  Sample 
prepared by: Cut/Scrape and Picking. Pretreatment description: dry picked, then washed with water and lightly 

scrubbed. Dried overnight. Chemical pretreatment was by acid, alkali, acid. Weight obtained after chemical 
pretreatment was 6.1mg. Carbon dioxide was generated by elemental analyser combustion and 0.7mgC was 

obtained. Sample carbon dioxide was converted to graphite by reduction with hydrogen over iron catalyst. 

41336/2 J134D 

Description of sample when received: A 14mm long small, possible twig, was isolated. Sample had a pithy center 
and poorly attached bark and could possibly be a root. Sample prepared by: Cut/Scrape. Pretreatment 
description: scraped sediment from surface with tweezers Chemical pretreatment was by acid, alkali, acid. 
Weight obtained after chemical pretreatment was 2.2mg. Carbon dioxide was generated by elemental analyser 
combustion and 1mgC was obtained. Sample carbon dioxide was converted to graphite by reduction with 
hydrogen over iron catalyst. 

41336/3 J1370C 

Description of sample when received: Thin twig with small offshoots, possible root fragment, was isolated. 
Sample prepared by: Cut/Scrape. Pretreatment description: picked sample clean with tweezers and brush once 
dry. Chemical pretreatment was by acid, alkali, acid. Weight obtained after chemical pretreatment was 4.2mg. 

Carbon dioxide was generated by elemental analyser combustion and 0.9mgC was obtained. Sample carbon 
dioxide was converted to graphite by reduction with hydrogen over iron catalyst. 
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41336/4 J1277 gs 

Description of sample when received: sample was a small twig, 12mm long, with a monocot-like central structure 
and well attached bark. Sample prepared by: Cut/Scrape. Pretreatment description: scraped and brushed 
sediment off while dry. Chemical pretreatment was by acid, alkali, acid. Weight obtained after chemical 

pretreatment was 3.6mg. Carbon dioxide was generated by elemental analyser combustion and 1mgC was 
obtained. Sample carbon dioxide was converted to graphite by reduction with hydrogen over iron catalyst. 

41336/5 J1277TC 

Description of sample when received: sample was a small twig with offshoots. Possibly reed, with striated linear 
surface texture and wide tubes in the centre. Sample prepared by: Cut/Scrape. Pretreatment description: 

scraped and brushed sediment off while dry. Chemical pretreatment was by acid, alkali, acid. Weight obtained 
after chemical pretreatment was 4.1mg. Carbon dioxide was generated by elemental analyser combustion and 
1mgC was obtained. Sample carbon dioxide was converted to graphite by reduction with hydrogen over iron 
catalyst. 

41336/6 J1277RG 

Description of sample when received: Samples were small twigs with a reed-like appearance (lengthways linear 
striated surface with thick tubes in centre). Sample prepared by: Cut/Scrape. Pretreatment description: scraped 
and brushed sediment off while dry. Chemical pretreatment was by acid, alkali, acid. Weight obtained after 
chemical pretreatment was 8.1mg. Carbon dioxide was generated by elemental analyser combustion and 1mgC 
was obtained. Sample carbon dioxide was converted to graphite by reduction with hydrogen over iron catalyst. 

41177/2 J23A-L 

29.2mg of raw sample was received. Description of sample when received: Large (1/2cm) leaf, almost 
completely intact, with insect eggs on the leaf surface. The leaf is mostly dark brown, but with some patches 

where only the skeleton is left. Sample prepared by: Cut/Scrape/Picking. Pretreatment description: Used 
tweezers and a paint brush to remove dirt/sediment from the surface of the leaf. Chemical pretreatment was by 
acid, alkali, (which was repeated), acid. Weight obtained after chemical pretreatment was 6.1mg. Carbon dioxide 
was generated by elemental analyser combustion and 1.2mgC was obtained. Sample carbon dioxide was 
converted to graphite by reduction with hydrogen over iron catalyst. 
 

Photo supplied by submitter of sample. GNS Science has verified that the measured sample was taken from the 
photographed object. 



142 

 

41177/4 J75-L 

66.1 mg of raw sample was received. Description of sample when received: The sample consisted of 5+ small 
branching leaves on fine twigs. 10.9 mg was subsampled and prepared by: Cut/Scrape, Picking. Pre-treatment 
description: Sediment chunks were picked off of the leaves with tweezers. Chemical pre-treatment was by acid, 
alkali, acid. Weight obtained after chemical pre-treatment was 6.6 mg. Carbon dioxide was generated by 
elemental analyser combustion and 1 mgC was obtained. Sample carbon dioxide was converted to graphite by 
reduction with hydrogen over iron catalyst. 

 
Photo was supplied by the submitter of the sample. GNS Science has verified that the measured sample was 
taken from the photographed object. 

41177/6 J78A65 

81.2 mg of raw sample was received. Description of sample when received: The sample consisted of a small (1 
cm x 1 mm) twig with bark. 5.4 mg was subsampled and prepared by: Cut/Scrape, Picking. Pre-treatment 
description: Sediment was cleaned from the surface using tweezers and a scalpel. Chemical pre-treatment was 
by acid, alkali, acid. Weight obtained after chemical pre-treatment was 2.9 mg. Carbon dioxide was generated 
by elemental analyser combustion and 0.9 mgC was obtained. Sample carbon dioxide was converted to graphite 
by reduction with hydrogen over iron catalyst. 
 

Photo was supplied by the submitter of the sample. GNS Science has verified that the measured sample was 
taken from the photographed object. 

41177/8 J84A2  

54.2 mg of raw sample was received. Description of sample when received: The sample consisted of many small 

twigs, two of which were chosen for dating. Both subsampled twigs had bark, were not roots, and appeared 
uncontaminated by root hairs. 3.4 mg was subsampled and prepared by: Cut/Scrape, Picking. Pre-treatment 
description: Sediment was picked and scraped from the surface using tweezers and a scalpel. Chemical pre-
treatment was by acid, alkali, acid. Weight obtained after chemical pre-treatment was 1.6 mg. Carbon dioxide 

was generated by elemental analyser combustion and 0.7 mgC was obtained. Sample carbon dioxide was 
converted to graphite by reduction with hydrogen over iron catalyst. 
 
Photo was supplied by the submitter of the sample. GNS Science has verified that the measured sample was 
taken from the photographed object. 
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Appendix C 

 

Figure C.1. Alternate displacement measurement at Site 3: Locke Stream fan. 
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Appendix D 

Buried trees in the Deception River fan  

Where the Deception River enters the Otira River valley, it has formed a wide, low profile 

fan which is currently mostly cattle and sheep pasture (Figure D.1). There are some remnants 

of the old growth forest along the active stream. South of the active stream channel, in a 

grassy paddock, there are many tree stumps with medium diameter (0.3-0.8 m). One of these 

tree stumps is along the steep bank of a small active stream, which exposes the roots and 

sediment (Figure D.1). The tree is rooted into fine to medium grained sediments with a faint 

paleosol developed (Figure A3D.1). Above the paleosol and burying the lower part of the 

tree stump, is ~0.8 m of fine-grained stratified sediments. We interpret these sediments as a 

flood deposit which buried the tree.  

If the trees were killed by this burial, the outer rings of the tree would be equivalent in age to 

the flood deposit. This stump was too rotten to date the outer rings, but we chose another 

nearby stump with slightly better wood integrity, which was also buried by the flood deposit. 

However, the stumps have flat, apparently cut tops. We inquired with the owners and lessees 

of the land as to the history of the area. The fan is split in half by the Deception River, and 

the two halves have had different owners and lessees since the late 1800’s, the Evans family 

have owned or leased the true-right of the river since ~1880 (personal communication with 

Graeme Kates via e-mail, 10 May, 2011). Between ~1900-1920, the area was logged for 

railway timber (personal communication with Graeme Kates via e-mail, 10 May, 2011), 

which is likely when the trees of interest were sawn down. The health and burial status of the 

trees at that time is unknown to us. However in conversations with locals, including Ed Evans 
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Jr. who leases the whole fan, there has been no mention of anyone remembering the flood 

event which deposited the 0.8 m of silt. This lack of an oral record may indicate the deposition 

occurred prior to European occupation here, but this is not definitive.   

We dated two of the outer rings of the smaller stump located away from the stream bank, and 

counted 19 ± 2 rings between the dated rings. We made two separate Oxcal models to 

determine the death age of the tree (Figure D.2). The first OxCal model includes a constraint 

of tree death occuring prior to european colinization (1840); this model constrains the death 

age for this tree is 1762-1849 AD. This would be the minimum age for deposition of the flood 

deposit and likely within 0-20 years of the deposition, considering that trees can live for short 

times in adverse conditions (Langridge et al., 2012). However, because of the uncertainty 

brought by the stump being cut, we have to consider that the tree may not have been killed 

by the flood deposit. For this scenario the youngest limit on tree death is 1910 ± 10 years, the 

interval when the area was logged.  

The fine-grained nature of the deposit that buried the trees indicates it is a distal, water 

transported deposit. It could be due to a large influx of sediment into the catchment, a large 

storm event which mobilized sediment, or both. Considering the wet climate, it is likely large 

flood events occur frequently, making the creation of new sediment a limiting factor in 

creating this deposit. Upstream there is a relatively young appearing landslide scar with 

stored sediment in the river at the base. This may have been the sediment source for the flood 

deposit. Since earthquakes can promote landsliding and sediment delivery and the proximity 

of this site to many active faults, it is possible that the sediment is sourced from co-seismic 

landsliding. 



146 

 

 

Figure D.1. Deception River fan tree stump. A) Geomorphic and fault map of Deception 

River fan. Green dots are tree stumps sampled. B) Airphoto and fault map of the Deception 

River fan. Green dots are the sampled trees. C) Photo of tree stump and exposed roots in 
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stream cut bank. D) Annotated photo of sediments the tree in C is buried in. Flood deposits 

~80cm thick overlie paleosol which the tree in C is rooted into. E) Tree death OxCal model 

with 1840 CE minimum age constraint. F) Tree death OxCal model with 1920 CE minimum 

age constraint.  

 

 


