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Newly discovered active faults in the Wairarapa Valley: Implications 26 

for multi-fault rupture and kinematics in the southern North Island, 27 

Aotearoa New Zealand 28 

 29 

Abstract 30 

 Active fault locations and constraints on the timing and size of earthquakes are 31 

important for understanding and mitigating seismic hazard in Aotearoa New Zealand. 32 

However, historical and instrumental records are too short to provide these data on most 33 

earthquake-generating faults. Light detection and ranging (lidar) data provide us with the 34 

ability to locate and describe active faults and importantly, help us fill gaps in the 35 

paleoseismic record. A recent update to active fault mapping in the Wairarapa Valley has 36 

led to the discovery of seven new faults along with many new traces along previously 37 

identified faults. Four of these newly identified faults, (the Ruamahanga, Woodside, 38 

Carters Line, and Pāpāwai faults) are close to population centres and have slip rates and 39 

recurrence intervals of 0.1 - 1.1 mm/yr, and 770 - <15,000 years respectively. This work 40 

has revealed that active faults are distributed more widely across the Wairarapa Valley 41 

than previously thought, particularly in areas of geometric complexity. Fault-scarp 42 

gradients and paleoseismic constraints developed here suggest that faults in the Wairarapa 43 

Valley tend to rupture as part of multi-fault earthquakes with surface rupture during the 44 

1855 CE earthquake on the Wairarapa Fault being more widespread than previously 45 

thought. 46 

Introduction  47 

Straddling the boundary between the Pacific and Australian plates, Aotearoa New 48 

Zealand (A-NZ) (Figure 1A) is home to nearly 900 mapped active faults, which help to 49 



4 

 

accommodate oblique convergence across the plate boundary (Seebeck et al., 2024). 50 

Mitigating the hazard posed by earthquakes on these active faults requires knowledge of 51 

their location as well as constraints on the frequency and size of earthquakes that they 52 

may generate, particularly in and around urban centres and important infrastructure. 53 

Furthermore, it is becoming increasingly clear that multi-fault ruptures are more common 54 

in A-NZ than previously thought, with a number of historical earthquakes identified as 55 

multi-fault events (Beanland et al., 1989; Hamling et al., 2017; Holdgate & Grapes, 2014; 56 

Nicol et al., 2022; Schermer et al., 2004). Understanding the prevalence, or not, of such 57 

events has implications to how seismic hazard is assessed and modelled across the 58 

country. 59 

Active fault locations and their paleoseismic data provide geological constraints 60 

on the location, timing, and size of past (and future) large to great earthquakes when 61 

applied in seismic hazard models (Coffey et al., 2023; Gerstenberger, Bora, et al., 2024; 62 

Litchfield et al., 2023; Seebeck et al., 2023; Stirling et al., 2012). Additionally, these data 63 

inform databases that guide regional planning and policy decisions, for example the New 64 

Zealand Active Faults Database (NZAFD) and the Quarter Million Map (QMAP) of New 65 

Zealand (Heron, 2023; Langridge et al., 2016; Morgenstern et al., 2024). Consequently, 66 

our ability to understand earthquake behaviour across A-NZ and mitigate the hazard 67 

posed by future earthquakes depends on the quality and completeness of active fault 68 

databases that underpin regional and nationwide models.  69 

Typically, active faults are mapped based upon their expression in the landscape, 70 

as indicated by the presence of ground deformation such as a vertical offset or fault scarp. 71 

Desktop investigation of such ground deformation is achieved through interrogation of 72 

elevation and surface datasets of varying resolution. These commonly include aerial 73 

photography and satellite imagery, as well as other remote sensing datasets such as light 74 
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detection and ranging (lidar) digital elevation models and photogrammetry-derived 75 

digital surface models. Lidar can provide a high-resolution, bare-Earth model of the 76 

ground surface with finer than 1-m pixel resolution, which makes the detailed 77 

identification of even subtle ground-surface fault traces possible. With steadily increasing 78 

lidar coverage across A-NZ many previously undiscovered active faults have been 79 

identified and mapped, at an average rate of seven per year since 2010, and existing faults 80 

have been characterised in greater detail. It is worth noting though, that even with an 81 

increase in lidar acquisition, geomorphic evidence for past earthquakes is removed from 82 

the landscape over time through weathering and erosion. As a result, some mapped faults 83 

have only been discovered because they ruptured historically (e.g. Greendale, White 84 

Creek; Berryman 1980; Quigley et al. 2010) and many unmapped or unknown faults have 85 

been postulated across A-NZ (Nicol, Van Dissen, et al., 2016). Continuing to update  86 

active fault maps across the country will improve our understanding of the spatial 87 

distribution of active faults and how strain is accommodated (and released) across the A-88 

NZ plate boundary.  89 

The southern North Island of A-NZ is home to 10% of A-NZ’s population (Stats 90 

NZ accessed January 2025, https://tools.summaries.stats.govt.nz/) and is traversed by 91 

numerous north to northeast striking faults that accommodate both dextral strike-slip and 92 

reverse slip (Figure 1B). Lidar acquisition across the southern North Island coupled with 93 

the need to update active fault data for a revision of the Combined Wairarapa District 94 

Plan provided an opportunity to re-evaluate active fault mapping  across the Southern 95 

Wairarapa, Carterton, and Masterton districts at a scale of less than 1:10,000 (Litchfield 96 

et al., 2022). The Litchfield et al. (2022) study led to the identification of many new 97 

surface traces along previously mapped faults as well as the discovery of seven previously 98 

unidentified active faults. A follow-up study provided ground truthing and preliminary 99 

https://tools.summaries.stats.govt.nz/
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slip rate data for four of the newly identified active faults, the Pāpāwai, Ruamahanga, 100 

Carters Line, and Woodside faults (Figure 2) (Coffey & Litchfield, 2023). In this paper 101 

we summarise key results from Litchfield et al. (2022) and Coffey & Litchfield (2023) 102 

and build on these reports to use the new mapping and measurements of scarp gradient to 103 

explore the potential of multi-fault rupture in A-NZ. We also discuss fault kinematics 104 

across the Wairarapa Valley and potential changes to future versions of fault models such 105 

as the New Zealand Community Fault Model (CFM) (Seebeck et al., 2024). 106 

 107 

Figure 1 – Tectonic overview of A) the Aotearoa - New Zealand plate boundary and B) the southern North Island. AF 108 
is the Alpine Fault and HT is the Hikurangi Trough. Onshore active faults are shown in red and are from the 1:250,000 109 
scale New Zealand Active Faults Database (Langridge et al. 2016) and includes updated active fault mapping 110 
presented in this paper. Offshore faults are shown in dark grey (Barnes et al., 2010; Nodder et al., 2007). The 111 
Wairarapa Valley is shaded in yellow. The Wairarapa Region is indicated by the bold black outline and district 112 
boundaries (South Wairarapa, Carterton, Masterton) are indicated by the white lines.  113 
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Tectonic and geologic setting 114 

Across the southern North Island the Pacific Plate is obliquely converging with 115 

the Australian Plate at a rate of ~40 mm/yr (Beavan et al., 2002; Darby & Beavan, 2001; 116 

DeMets et al., 1990). Most of the contractional motion is accommodated by subduction 117 

of the Pacific Plate beneath the Australian Plate at the Hikurangi Trough (Figure 1A) 118 

(Nicol & Beavan, 2003; Wallace et al., 2004). However, a component of convergence has 119 

also been transferred to the overriding plate, where structural observations such as growth 120 

strata and unconformities indicate variable rates of shortening over time (Cape et al., 121 

1990; Lamb & Vella, 1987; Nicol & Beavan, 2003). A belt of predominantly dextral 122 

strike-slip faults extends onshore from the south coast of Wellington and along the Axial 123 

Range to form the North Island Fault System (NIFS). The NIFS, which includes the 124 

Wellington and Wairarapa faults, accommodates up to 22 mm/yr of plate-boundary 125 

parallel motion along with a minor component of convergence (Carne et al., 2011; Nicol 126 

& Wallace, 2007; Ninis et al., 2022). In the east, the Coastal Range is the surface 127 

expression of the inner, uplifted, part of the Hikurangi subduction wedge and hosts 128 

numerous reverse bedrock faults, which are mostly thought to be inactive (Bailleul et al., 129 

2007; Begg & Johnston, 2000; Lee & Begg, 2002; Neef, 1995). Sandwiched between the 130 

Axial and Coastal ranges is the low-lying Wairarapa Valley (Figure 1B), which is a 131 

remnant fore-arc basin that is crossed by several active faults branching off the Wairarapa 132 

Fault,  including the Masterton, Carterton, and Mokonui faults (Beanland et al., 1998; 133 

Townsend et al., 2002; Zachariesen et al., 2000) (Figure 1, Figure 2). 134 

The geology of the Wairarapa Region is mostly comprised of Pleistocene and 135 

younger sediments that blanket most of the Wairarapa Valley and older bedrock in the 136 

Axial and Coastal ranges (Figure 2). The surrounding bedrock predominantly comprises 137 

Torlesse Terrane sandstones, greywackes and argillites in the Axial Range, and Pliocene 138 
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– Miocene age limestone, mudstones, and sandstones in the Coastal Range (Figure 2) 139 

(Begg & Johnston, 2000; Lee & Begg, 2002). The Pleistocene-Holocene sediments are 140 

mainly alluvium from aggradation of large, braided rivers flowing from the Axial and 141 

Coastal ranges during the cold glacial or interstadials (Vella 1963; Palmer et al. 1989; 142 

Litchfield and Berryman 2005) with some lake deposits, primarily from the last 143 

interglacial and Holocene (Warnes 1992). The gravel dominated Pleistocene-Holocene 144 

sediments form broad terraces, summarised in Table 1, with the most widespread of these 145 

being the extensive Last Glacial Maximum Waiohine terrace (Q2al, 12 ± 2 ka) (Vella, 146 

1963; Warnes, 1992). These terraces can be distinguished from each other by their 147 

relative height above river level, morphology and loess cover; for example, older terraces 148 

are typically smoother and rounded.  149 

Numerous active faults have previously been identified across the Wairarapa 150 

Region. These include: the Wellington Fault in the Axial Range, the Carterton, Masterton, 151 

and Te Maire faults which crosscut the Wairarapa Valley, and the eastern part of the 152 

Carterton Fault in the Coastal Range, which here we refer to as the Eastern Carterton 153 

Fault (Langridge et al., 2016) (Figure 1B, Figure 2). The Wairarapa Fault bounds the 154 

southeastern side of the Axial Range and splits towards its northern end to form the 155 

Dreyers Rock and Alfredton faults (Figure 1B) (Schermer et al., 2004). It is the only fault 156 

in the southern North Island known to have ruptured the ground surface since European 157 

settlement of A-NZ in the 1855 CE Mw 8.2 Wairarapa Earthquake, where up to 18 m of 158 

horizontal displacement occurred on the Wairarapa Fault (Grapes & Downes, 1997; 159 

Rodgers & Little, 2006). Paleoseismic investigations have shown that the Wairarapa Fault 160 

has a recurrence interval of 1230 ± 190 years (Humphrey et al., 2025; Little et al., 2009) 161 

and a slip rate of 12.1 ± 3 mm/yr at its southern end (Carne et al., 2011), which decreases 162 

to 6 ± 1 mm/yr towards the north (Seebeck et al., 2023; Van Dissen & Berryman, 1996; 163 
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Villamor et al., 2008). Previous work has also proposed, that the 1855 CE Wairarapa 164 

earthquake was a multi-fault rupture, which included the onshore Wharekauhau Thrust, 165 

Dreyers Rock and Alfredton faults, and possibly the subduction thrust together with the 166 

offshore Vernon, Needles and Nicholson Bank faults (Holdgate & Grapes, 2014; 167 

Humphrey et al., 2025; Rodgers & Little, 2006; Schermer et al., 2004). While there are 168 

numerous other active faults in and around the Wairarapa Valley, these have received 169 

comparatively little attention. Offsets have been identified along the Huangarua Fault and 170 

lead to slip rates of 0.4 – 0.8 mm/yr  (Lamb & Vella, 1987; Nicol et al., 2002). 171 

Paleoseismic trenches have been excavated across the Carterton, Mokonui, and Masterton 172 

faults, which show that they rupture the ground surface with metre-scale displacements 173 

roughly every 2000 – 3500 years (Begg et al., 2001; Langridge et al., 2003; Litchfield et 174 

al., 2023; Townsend et al., 2002; Zachariesen et al., 2000).  175 

 176 
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 177 

Figure 2 - Geological and faulting overview of the northern Wairarapa Valley. Generalised geological units are from 178 
the 1:250,000 Quarter Million Map  (QMAP) (Begg & Johnston, 2000; Lee & Begg, 2002). Active fault mapping is 179 
coloured by dominant slip sense and includes the newly identified Woodside (WoF), Carters Line (CLF), Pāpāwai 180 
(PF), Ruamahanga (RF), Te Hau (THF), and Mangaterere (MGF) faults, as well as updates to the Wellington (WeF), 181 
Wairarapa (WaiF), Mokonui (MoF), Masterton (MaF), Carterton (CF) and Eastern Carterton (ECF) faults. 182 

 183 

Description of newly mapped active faults 184 

Prior to the Litchfield et al. (2022) study, the total cumulative length of active 185 

fault surface traces mapped across the Wairarapa Region was 720 km (Langridge et al., 186 

2016). With the acquisition of lidar data (± 10 – 15 cm one-sigma vertical uncertainty; 187 

Supplementary Materials S3) updated active fault mapping has increased the total length 188 

of fault traces in the region by ~50% resulting in a total cumulative active fault length of 189 

1100 km (Figure 3). All updates to active fault mapping are summarised in Litchfield et 190 

al. (2022) and the updated fault traces are viewable on the GNS Science high-resolution 191 



11 

 

dataset of the New Zealand Active Faults Database (Morgenstern et al., 2024), Wairarapa 192 

Maps Online, and Greater Wellington Maps Viewer (Hazards and Emergency 193 

Management). A shapefile of the updated mapping is available upon request. 194 

Most newly mapped traces are relatively short (< 1 km) and accommodate reverse 195 

and/or dextral slip (Figure 2). Due to the additional mapped fault traces, geometric 196 

complexity has been added to previously identified faults. This includes more distributed 197 

deformation along the Wellington, Wairarapa, and Mokonui faults, splaying of the 198 

Masterton Fault off the Carterton Fault instead of the Wairarapa Fault, and increased 199 

surface deformation associated with fault intersections and changes in fault strike (Figure 200 

3). Seven previously unrecognised faults were identified: the Ruamahanga, Carters Line, 201 

Pāpāwai, Woodside, Te Hau, Wharekauhau East, and Mangaterere faults (Figure 3). The 202 

Te Hau and Mangaterere faults are relatively short (both with lengths of ~12 km), north-203 

northeast-oriented faults that extend along the eastern foothills of the Axial Range. The 204 

Wharekauhau East Fault is in the southwestern corner of the Wairarapa Valley (Figure 205 

3). It is a short (~7 km-long), northeast-oriented reverse fault that is located south and 206 

along strike of the Battery Hill Fault (Figure 3) but with an opposite sense of throw of 207 

down-to-the-southeast. The four remaining faults: the Pāpāwai, Carters Line, 208 

Ruamahanga, and Woodside faults cut across the northern Wairarapa Valley and are 209 

described in more detail below. The Mokonui Fault is also described in detail here due to 210 

the discovery of many new traces along its length and consequently, a considerable 211 

increase in its complexity. In addition to the discovery of fault traces, re-evaluation of 212 

fault mapping has also led to the removal of the Ngāpotiki Fault (Figure 3A). The 213 

Ngāpotiki Fault previously was mapped to extend through the southeastern Coastal Range 214 

(Begg & Johnston, 2000), however very few scarps could be identified in the lidar data 215 

and we therefore consider this fault to be inactive. We emphasise that the mapping 216 



12 

 

summarised here was focused on areas within the Wairarapa Valley, particularly around 217 

townships, as well is in areas around previously identified major faults, for example the 218 

Wellington and Wairarapa faults. Consequently, mapping may be incomplete in parts of 219 

the Axial and Coastal ranges. However, evidence for surface faulting is much less 220 

common through these ranges, which may in part be due to steep slopes and rapid erosion 221 

of the Cenozoic mudstones here (Lee & Begg, 2002), and it is likely that only minor 222 

faulting that is absent.  223 

In addition to updating active fault mapping, terrace mapping was also revisited 224 

as alluvial terraces provide age control for the timing of offset. Updated terrace mapping 225 

was focused near faults in the northern Wairarapa Valley and incorporates results from 226 

previous studies as well as updates based on the interpretation of lidar data. The results 227 

of terrace mapping are presented in Table 1 and Figure 4.  Terrace mapping was 228 

undertaken in the immediate vicinity of faults in the northern Wairarapa Valley to refine 229 

terrace boundaries and account for any reinterpretations that result from updated fault 230 

mapping. The main consequences of this remapping were: (1) subdivision of the Q1al 231 

terraces (i.e the youngest terraces) in areas proximal to faults, (2) addition of a Q5al 232 

terrace at site A (Figure 4), (3) addition of a Q4al terrace at site B (Figure 4), (4) addition 233 

of a possible Q3al terrace at site C (Figure 4), and (5) refinements of the Q8al, Q6al and 234 

Q4al terraces at site D (Figure 4) based on reinterpretation of the surface morphology. 235 
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 236 

Figure 3 - Active faults mapped in the Wairarapa Region prior to (A) and after (B) the lidar mapping described in this 237 
work. Previous mapping shown in (A) is from the 1:250,000 scale New Zealand Active Faults Database (NZAFD; 238 
Langridge et al. 2016; Morgenstern et al. 2024). Faults shown in (B) includes the updated mapped active fault traces, 239 
which are coloured maroon if they had previously been identified and in red if they were newly identified as part of 240 
this work. Newly identified faults are as follows: Wharekauhau East (WEF), Woodside (WoF), Pāpāwai (PF), Carters 241 
Line (CLF), Mangaterere (MgF), Ruamahanga (RF), and Te Hau (THF) faults. One fault was removed upon re-242 
evaluation of fault mapping, the Ngāpotiki Fault (NF). The Battery Hill Fault (BHF) is also indicated. The blue shaded 243 
polygon in (B) encompasses the areas within the Coastal Range where mapping was not focused. All updated active 244 
fault mapping can be found on the NZAFD (https://data.gns.cri.nz/af/). 245 

Table 1 – summary of alluvial terraces mapped across the Wairarapa Valley and their ages 246 

Terrace 

Name 

Age of 

Formation (ka) 

Age of 

Abandonment (ka) 
References* 

Q1al <10 < 10 
Formento-Trigilio et al. (2002); Tompkins 

(1987) 
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Q2al 

(Waiohine 

terrace) 

18–10 12 ± 2 

Carne et al. (2011); Formento-Trigilio et al. 

(2002); Litchfield and Berryman (2005); 

Tompkins (1987); Wang and Grapes (2008) 

Q3al 50–31 35 ± 4 
Formento-Trigilio et al. (2002); Litchfield 

and Berryman (2005) 

Q4al 70–50 55 ± 5 
Formento-Trigilio et al. (2002); Litchfield 

and Berryman (2005) 

Q5al 130–90 90 ± 5 Palmer et al. (1989); Warnes (1992) 

Q6al 160–140 140 ± 5 Litchfield and Berryman (2005) 

 247 

 248 

Figure 4 - Revised terrace mapping in the northern Wairarapa Valley. The Ruamahanga, Carters Line, Woodside, 249 
and Pāpāwai faults are indicated by the coloured lines. All other faults are shown in dark grey. Circled letters 250 
indicate the main sites where terrace mapping changed and are discussed in the text.  251 

Ruamahanga Fault 252 

The most northern of the faults discovered, the Ruamahanga Fault, branches off 253 

the Masterton Fault at a high angle and extends north-northeast for a total length of ~6 254 

km (Figure 2, Figure 5B). It consists of a set of predominantly reverse, west side up, 255 

northeast-southwest striking traces and a set of < 1 km long east-west oriented dextral-256 

strike slip traces, most of which had previously been mapped but considered part of the 257 
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Masterton Fault. Traces broadly bound either side of an uplifted block of Q4al-Q8al 258 

terraces before extending across younger Q1al surfaces further north (Figure 4) (Lee & 259 

Begg, 2002). Where the fault crosses these younger surfaces towards the north, its surface 260 

expression becomes scalloped, possibly indicating a transition to shallower angle thrust 261 

faulting.  262 

Woodside Fault 263 

The Woodside Fault extends from the Wairarapa Fault about 10 km west of 264 

Greytown as a series of ~100 m- to 4 km-long east-southeast trending traces across Q1al 265 

and Q2al surfaces, into the outskirts of Greytown (Figure 2, Figure 5C). No scarps were 266 

identified in Greytown, however the possibility that the fault may be concealed beneath 267 

these young terraces and the active riverbed of the Waiohine River cannot be excluded. 268 

The Woodside Fault appears to be mainly dextral strike-slip with a minor component of 269 

vertical slip (down to the north-northeast and down to the south-southwest; Figure 5C). 270 

Close to the Wairarapa Fault the Woodside Fault has a sharper and higher scarp (up to 271 

1.9 m in height) and horizontally offset terrace risers have been identified along its length 272 

(Supplementary Figure S3). Elsewhere, the Woodside Fault crosses a younger surface, 273 

and its vertical expression is subtle, with scarp heights of only up to 40 cm.  274 
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 275 

Figure 5 – The four newly mapped active faults in the northern Wairarapa Valley that are described in the text. A) 276 
Location and overview of the four faults discussed in the text. The Ruamahanga Fault is shown in blue, the Woodside 277 
Fault in yellow, the Carters Line Fault in green and the Pāpāwai Fault in purple. B – E) Detailed mapping for each 278 
fault. (a) and (b) in panel D are grouped traces of the Carters Line Fault discussed in the text. Note the orientation of 279 
the north arrow and colour scale changes between panels.  280 

Carters Line Fault 281 

The Carters Line Fault has been mapped south and east of Carterton and consists 282 

of two distinct L-shaped groups of traces (Figure 2, Figure 5D). Here, we refer to these 283 
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as groups (a) and (b) for the western and eastern set, respectively. These groups each 284 

contain a subset of east-west striking traces, which host predominantly dextral strike-slip 285 

motion, as well as a subset of northeast-southwest striking traces that are predominantly 286 

reverse in sense. Several of the east-west traces are subparallel to the Woodside Fault and 287 

the western Carterton Fault and although the distance between the Woodside and Carters 288 

Line faults is ~7.5 km and considered a real gap, we discuss the implications of the 289 

potential linkage between these faults with respect to the New Zealand CFM in the 290 

Discussion section. The highest scarps occur along northeast-southwest-striking traces 291 

within group (a), which cross a high Q5al surface (Figure 4). These scarps are up to 18 m 292 

in height and are generally broad, with vertical deformation occurring over across-strike 293 

widths of ~50 m. Fault traces within group (b) are more subtle, predominantly dextral 294 

strike slip and have scarps up to 5 m in height across a Q5al surface (Figure 4). Traces of 295 

the Carters Line Fault, along with traces of the Carterton and Pāpāwai faults, all appear 296 

to converge eastwards towards the Eastern Carterton Fault where it traverses the Coastal 297 

Range (Figure 2, Figure 5A). 298 

Pāpāwai Fault 299 

Southeast of the Carters Line and Woodside faults is the Pāpāwai Fault, the 300 

longest of the newly identified faults, with an overall length of ~26 km (Figure 5E). It 301 

forms a mostly continuous fault trace which extends from south of Greytown to the 302 

Ruamahanga River along-strike from the eastern part of the Carterton Fault (Figure 2, 303 

Figure 5A). The overall strike is northeast, subparallel to the eastern Carterton Fault but 304 

more northerly than the western Carterton Fault, highlighting the possibility that the 305 

Pāpāwai Fault and the eastern part of the Carterton Fault are parts of the same structure. 306 

We examine this further in the Discussion section. Towards its centre it bounds the 307 

southeast side of a lozenge-shaped block of hills exposing Torlesse Terrane bedrock, 308 
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while a strand splaying off the main trace bounds the eastern side of this block, continuing 309 

for 3.5 km to the north-northeast (Figure 5E). Similar to the Carters Line Fault, the 310 

Pāpāwai Fault consists of a mix of east-west and northeast-southwest striking faults, 311 

which host predominantly dextral strike-slip and reverse slip motion (mostly up to the 312 

northwest), respectively. Along most of its length, the Pāpāwai Fault has one main trace, 313 

however there are pockets of more distributed faulting. Traces within these pockets are 314 

typically between 100 m and 1.4 km in length and occur mainly in areas where there is a 315 

change in fault strike. 316 
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 317 

Figure 6 – Examples of mapping of the Mokonui Fault from lidar data. A) Overview of the Mokonui Fault (red) and 318 
the northern Wairarapa Fault (dark grey). B, D, and F) Lidar maps demonstrate kinematic styles of the Mokonui Fault. 319 
C, E, G) Annotated versions of B, D, and F) with the Mokonui Fault shown in red.    320 
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Mokonui Fault 321 

The new lidar mapping of the Mokonui Fault confirmed some traces that were 322 

previously mapped as ‘possible’ faults (Townsend et al. 2002), showing that it connects 323 

to the Wairarapa Fault at both ends (Figure 6A). Along much of its length, it is defined 324 

by a single sharp, relatively continuous, down-to-the-southeast, northeast-southwest 325 

striking scarp (Figure 6B, C); however, there are some locations where its surface 326 

expression is more distributed. Distributed deformation is observed on the northeast side 327 

of the Waingawa River (Figure 2), where numerous short east-west striking traces link 328 

the Mokonui Fault to the Wairarapa Fault (Figure 6A). Distributed deformation is also 329 

observed on the southwest side of the Ruamahanga River (Figure 2) where the Mokonui 330 

Fault branches into multiple traces and swings in strike ~60° counterclockwise to become 331 

north-south striking and bound either side of a bedrock-cored block (Figure 2). The 332 

western of these traces are a series of remarkably sharp, straight, parallel, very closely 333 

spaced (20 – 200 m apart), north-south striking traces that range from 700 m to 2.5 km 334 

long(Figure 6D, E). These ‘train-track’-like scarps crosscut and vertically offset fluvial 335 

channels by up to ~4 m with no clear horizontal offset. It is possible that these are 336 

bedding-plane faults, exploiting pre-existing planes of weakness in the bedrock, however 337 

the lack of bedrock exposure here prevents validation of this hypothesis. North of the 338 

limestone block (Pliocene Mangamahoe limestone in Figure 2), the Mokonui Fault 339 

continues north across a Q3al surface and its expression changes once more. Here the 340 

Mokonui Fault scarp has a sinuous morphology (Figure 6F, G) which we interpret to be 341 

the result of a shallowing of fault dip, relief on the terrace surface (e.g. channelisation), 342 

and/or smaller-scale variations in its fault plane geometry.  343 
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Methods of paleoseismic characterisation of the Ruamahanga, Woodside, 344 

Carters Line, and Pāpāwai faults 345 

Desktop geomorphic analysis, described below, was used to provide some constraint on 346 

slip rate, (SED), magnitude and mean recurrence interval for the Ruamahanga, Woodside, 347 

Carters Line, and Pāpāwai faults. As estimates of these parameters come from lidar data 348 

and scaling relationships based upon simplified full-fault rupture, constraints are first 349 

order. Further work such as paleoseismic trenching should be undertaken to validate these 350 

paleoseismic constraints and reduce the uncertainties. Semi-automated analysis of fault 351 

scarp gradients across the northern Wairarapa Valley was also completed to provide a 352 

quantitative measure of fault sharpness across a broad area. Scarp slope has been shown 353 

to be inversely correlated to time elapsed since the last earthquake (Hodge et al., 2019; 354 

Middleton et al., 2016). We systematically measured scarp gradients at regular intervals 355 

along faults and take scarp gradient as a proxy for time since the last event to identify 356 

faults that may have experienced, for example, a historical surface-rupturing earthquake 357 

such as the 1855 CE Wairarapa Earthquake. 358 

Slip rate, recurrence interval, and single event displacement  359 

Vertical displacements were measured using fault scarp heights to place bounds 360 

on vertical slip rate. Fault-perpendicular topographic profiles were constructed along each 361 

of the four faults where a clear scarp could be identified in the lidar, following the method 362 

defined by Howell et al. (2020) (Figure S2). Each vertical offset measurement is assigned 363 

a quality factor (QF) of 1 – 3, where 3 is excellent (clearly offset surface where hanging 364 

wall and footwall gradient can be confidently defined) and 1 is poor (hanging wall and 365 

footwall surface gradients cannot be defined). Vertical offset measurements from the 366 

same fault strand and surface were grouped together and those that had a QF ≥ 2 were 367 

used to calculate an average vertical offset. Only those average vertical offsets that were 368 
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calculated from at least three QF ≥ 2 quality measurements were used to calculate vertical 369 

slip rate. Horizontal offsets were measured using the MATLAB tool LaDiCaoz (Zielke 370 

& Arrowsmith, 2012), a lateral displacement calculator that back-slips or reverses an 371 

offset geomorphic feature, such as a channel or terrace riser, to its original configuration 372 

(Figures S3, S4). A Monte Carlo approach was adopted to calculate horizontal, vertical 373 

and net slip rates by sampling Gaussian distributions of surface age, offset, and fault dip. 374 

Estimates of  surface age are from updated terrace mapping (Figure 4) and QMAP (Begg 375 

& Johnston, 2000; Lee & Begg, 2002). Fault dip is used to calculate net slip rates and is 376 

assigned based upon nearby similarly oriented faults in the CFM. Sections of faults that 377 

are predominantly reverse in sense are assigned dips of 70° ± 10°, while those that are 378 

predominantly dextral are given a dip of 80 ± 10° (Seebeck et al. 2024). These dips are 379 

estimates and reflect that faults accommodate a combination of reverse and dextral slip.  380 

In places where a fault consists of multiple strands, slip rates across the strands are 381 

summed. Table 2 presents a summary of the slip rate determinations and further details 382 

can be found in Table S1 and S2. 383 

Recurrence intervals and SEDs were calculated using scaling relationships from 384 

the 2022 NSHM (Gerstenberger, Bora, et al., 2024; Gerstenberger, Van Dissen, et al., 385 

2024; Stirling et al., 2023). The average SED (D) for each fault is related to rupture length 386 

(L) and seismic moment (M0) by the following: 387 

                          𝐷 =  
𝑀0

𝐿 ×𝑍 × 𝜇 
                                    (1) 388 

Z is rupture depth, which is defined by a D90 (the depth above which 90% of the 389 

seismicity in a region occurs) of 16 – 19 km from Ellis et al. (2023) and µ is crustal 390 

rigidity, assumed to be 3.0 x 1010 Nm-2. The rupture length is assumed to be the overall 391 

length of the fault (or group of fault traces); therefore, the resulting constraints correspond 392 
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to rupture of a single fault along its entire length. Seismic moment, M0, is derived from 393 

the following: 394 

                𝑀0 =  10(1.5𝑀𝑤+9.5)                 (2) 395 

            𝑀𝑤 = 𝑙𝑜𝑔10(𝐿𝑍) + 𝑐                               (3) 396 

where Mw is moment magnitude for a simplified full-fault rupture and c is a constant 397 

between 4.1 and 4.3. Recurrence interval for each fault was then calculated by dividing 398 

the average SED by the net slip rate, which we assume is constant along fault. The 399 

resulting SED and RI constraints are summarised in Table 2..  We do not consider multi-400 

fault rupture in these calculations, which would likely increase the resulting magnitude 401 

for faults that co-rupture together, although we explore the potential scenario of a 402 

Woodside-Carters Line fault rupture to facilitate its inclusion in the CFM in the 403 

Discussion section.  404 

Fault scarp gradients 405 

   406 

Scarp gradients were calculated from a lidar-derived digital elevation model (with 407 

± 10 – 15 cm one-sigma vertical uncertainty) along the Wairarapa, Carterton, Masterton, 408 

Mokonui, Carters Line, Ruamahanga, Pāpāwai, and Woodside faults at 100 m intervals. 409 

At each point, elevation data are extracted along a 60 m profile oriented orthogonal to the 410 

fault trace and the steepest scarp gradient within a 2 m horizontal interval is identified 411 

and the slope angle calculated (Figure 7). This 2 m horizontal interval was chosen to 412 

facilitate automated assessment of scarp gradient across fault scarps with varying width, 413 

ensuring that footwall and hanging wall ground surfaces were not included in the 414 

measurement. Manual and automated checks were made to ensure that 1) the feature 415 

being measured is a fault scarp and not another feature such as a terrace riser or man-416 
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made structure, and 2) that the feature being measured does not form the boundary 417 

between surfaces of different age. We discarded results from profiles that failed these 418 

three checks. We plot maximum gradient against slip style (Supplementary Figure S5) 419 

and see no clear correlation with dominantly reverse, dextral, and strike-slip faults all 420 

having a similar median gradient. While there is generally an inverse relationship between 421 

maximum scarp gradient and time since the last earthquake, we acknowledge that other 422 

factors may influence fault scarp gradient such as lithology and fault plane dip (Hodge et 423 

al., 2019; Hodge et al., 2020; Papanikolaou et al., 2005). While slip sense may influence 424 

scarp gradient through fault dip, the faults analysed here all accommodate a combination 425 

of reverse and dextral strike slip motion, which will reduce fault dip related impacts to 426 

scarp gradient. To correct for any potential bias in surface age we use an age factor 427 

between zero and one to normalise the scrap gradient, where one corresponds to the 428 

abandonment age of a Q6al surface and zero corresponds to a Q1al surface. These bounds 429 

are chosen as they reflect the range of alluvial surfaces crosscut by active faulting across 430 

the northern Wairarapa Valley (Figure 4). The maximum gradient measured at each point 431 

was then divided by its corresponding age factor. Doing this allows us to account for 432 

differences in the material type (e.g. mudstone in the Q5al surface, thicker loess 433 

sequences with increasing surface age) (Palmer et al., 1989; Vella, 1963; Warnes, 1992), 434 

as well as to place more weight on sharper traces that cut younger surfaces. 435 
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a 436 

Figure 7 – Examples of the method used to measure maximum fault scarp gradients. A) Mokonui Fault, B) Wairarapa 437 
Fault, and C) Ruamahanga Fault. Insets show the fault sampled (red line), the yellow line is the orthogonal profile 438 
along which scarp gradient was measured. The dark blue line is the profile extracted from the lidar data, and the part 439 
of this line shown in red indicates the 2 m horizontal interval portion with the highest (steepest) gradient. Note the y-440 
axes for each profile are scaled differently.  441 

Results 442 

Initial paleoseismic characterisation 443 

Our initial slip rate, SED and recurrence interval estimates for the Ruamahanga, 444 

Carters Line, Pāpāwai, and Woodside faults are summarised in Figure 8 and Table 2 and 445 

are described here.  446 
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Vertical offsets measured along three strands of the Ruamahanga Fault that 447 

cross Q2al, Q3al, and Q4al surfaces range from 0.7 to 5.1 m (Supplementary Table S1, 448 

Supplementary Table S2). These result in a vertical slip rate of 0.24 ± 0.2 mm/yr across 449 

the fault (Figure 8A). No horizontally offset features could be identified, however we 450 

cannot rule out a small component of horizontal offset, therefore this vertical slip rate 451 

should be considered a minimum bound on net slip rate. Using the overall length of the 452 

Ruamahanga Fault (7 km) and the scaling relationships from the previous section yields 453 

an average SED of 0.9 ± 0.5 m and a magnitude Mw of 6.3 for an earthquake that ruptures 454 

the entire fault. From this, the SED and the measured minimum net slip rate for the 455 

Ruamahanga Fault leads to a maximum recurrence interval of 6700 years (Table 2). This 456 

magnitude derived for the Ruamahanga Fault is below what is required for observable 457 

evidence of surface rupture in A-NZ (Coffey et al., 2022; Nicol, Van Dissen, et al., 2016), 458 

indicating that this fault likely does not rupture on its own and instead co-ruptures with 459 

other nearby faults.  460 

Vertical slip rates were calculated for two locations along the Woodside Fault, 461 

both on the Waiohine terrace, Q2al (Figure 8C). These two transects crossed three strands 462 

of the Woodside Fault, yielding vertical offsets that range from 30 cm to 1.9 m 463 

(Supplementary Table 1, Supplementary Table S2) leading to vertical slip rates of 0.2 ± 464 

0.07 mm/yr and 0.1 ± 0.06 mm/yr (Figure 8C). Additionally, two horizontal offsets of 9 465 

± 2.5 m and 5.5 ± 2 m were identified along a Q2al terrace riser, across different strands 466 

of the Woodside Fault (Figure 8C; Supplementary Figure S3). These result in horizontal 467 

slip rates of 0.8 ± 0.3 mm/yr and 0.3 ± 0.2 mm/yr, respectively. Summing these horizontal 468 

slip rates across the two strands results in a total horizontal slip rate of 1.1 ± 0.43 mm/yr, 469 

which leads to an average net slip rate of 1.1 ± 0.4 mm/yr, the highest slip rate among the 470 

four newly identified faults discussed here. Using its length of 6 km, scaling relationships 471 



27 

 

result in an average SED of 0.8 ± 0.5 m and a magnitude Mw of 6.2 for the Woodside 472 

Fault. SED and net slip rate were used to calculate a recurrence interval of 770 ± 540 473 

years (Table 2), the shortest of those calculated along the four faults covered here. Similar 474 

to the Ruamahanga Fault, the magnitude calculated for the Woodside fault is below the 475 

threshold for surface rupture detection (Coffey et al., 2022; Nicol, Van Dissen, et al., 476 

2016). This coupled with its short recurrence interval suggests that it too is predominantly 477 

with involved in multi-fault ruptures and likely co-ruptures with the Wairarapa Fault.  478 

Vertical slip rates were measured at two locations along the Carters Line Fault, 479 

where Q2al and Q5al surfaces are offset by 30 cm - 17 m (Supplementary Table S1, 480 

Supplementary Table S2). A vertical slip rate of 0.1 ± 0.03 mm/yr is calculated towards 481 

the southwest while a higher slip rate of 0.24 ± 0.2 mm/yr was calculated further northeast 482 

(Figure 8D). No horizontal offsets were identified along the Carters Line Fault, and we 483 

are likely missing a considerable component of its net slip particularly along east-west 484 

striking traces. Consequently, we interpret the smaller vertical slip rate to be a minimum 485 

net slip rate and with a length of 18 km, the Carters Line Fault has an average SED of 1.4 486 

± 0.8 m, a magnitude of Mw of 6.7, and a maximum recurrence interval of 14,000 years 487 

(Table 2). Like the Woodside and Ruamahanga faults, this magnitude suggests the Carters 488 

Line Fault too predominantly participates in multi-fault earthquakes.  489 

 490 
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 491 

Figure 8- Summary of slip rates calculated for the A) Ruamahanga, B) Woodside, C) Carters Line, and D) Pāpāwai 492 
faults Green points indicate locations where a vertical slip rate was measured, and magenta points indicate where a 493 
horizontal slip rate was measured. Black rectangles delineate where an average slip rate was calculated from 494 
individual slip rate measurements and summed across multiple strands. 495 

  496 

Vertical slip rates were calculated at two locations along the Pāpāwai Fault 497 

(Figure 8B) on a Q2al surface. Here the Pāpāwai Fault offsets this surface by 0.5 – 5 m 498 

(Supplementary Table S1, Supplementary Table S2) and the resulting vertical slip rates 499 

for both locations are 0.3 ± 0.1 mm/yr. A horizontal offset of 38 m ± 6 m along the 500 

Pāpāwai Fault was identified towards its eastern end (Figure 8B) on a Q4al terrace riser. 501 

Back slipping this offset and applying the age of abandonment of the Q4al terrace leads 502 

to a horizontal slip rate of 0.7 ± 0.1 mm/yr (Figure 8B; Supplementary Figure S4). These 503 

vertical and horizontal slip rates result in a net slip rate of 0.8 ± 0.1 mm/yr for the Pāpāwai 504 

Fault, which, along with a length of 26 km result in an average SED of 1.7 ± 1 m, a 505 
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magnitude of Mw 6.9 and a recurrence interval of 2200 ± 1200 years (Table 2). The 506 

resulting magnitude is on the edge of what is expected to generate detectable surface 507 

rupture (Coffey et al., 2022; Nicol, Van Dissen, et al., 2016),  suggesting that the Pāpāwai 508 

Fault too, may have ruptured as part of previous multi-fault earthquakes in the Wairarapa 509 

Region.  510 

In summary, our initial constraints on net slip rate and recurrence interval for the 511 

Ruamahanga, Pāpāwai, Woodside, and Carters Line faults range from 0.1 to 1.1 mm/yr 512 

and 770 to < 15,000 years respectively (Table 2). These broadly span the slip rates and 513 

recurrence intervals of the Masterton, Mokonui, and Carterton faults, which are 0.2 – 3 514 

mm/yr and 2000 – 3500 years, respectively (Begg et al., 2001; Langridge et al., 2003; 515 

Litchfield et al., 2023; Seebeck et al., 2023; Townsend et al., 2002; Zachariesen et al., 516 

2000). Estimates of magnitudes calculated for each of these four faults fall between Mw 517 

6.3 to 6.9, which is lower than the minimum magnitude we expect to detect surface 518 

rupture for faults in A-NZ (Mw 7) (Coffey et al., 2022; Nicol, Van Dissen, et al., 2016). 519 

This suggests we may be underestimating the magnitude and average SED along these 520 

four faults and that they have ruptured as part of multi-fault events in the past. However, 521 

we emphasise that the constraints developed here are from desktop investigation and that 522 

further paleoseismic interrogation should be undertaken to refine these.   523 

 524 

Table 2 – Slip rates (SR), single event displacements (SEDs), recurrence intervals (RI) and moment magnitudes (Mw) 525 
calculated for the four newly mapped faults. 526 

Fault 
Vertical SR 

(mm/yr) 

Horizontal 

SR (mm/yr) 

Net SR 

(mm/yr) 

SED 

(m) 

RI 

(years) 

 

Mw 

Length 

(km) 

Ruamahanga 0.2 ± 0.2 - >0.2 ± 0.2 
0.9 ± 

0.5 
< 6700 6.3 7 

Woodside 0.2 ± 0.07 1.1 ± 0.4 1.1 ± 0.4 
0.8 ± 

0.5 

770 ± 

540 
6.2 6 

Carters Line 
0.1 ± 0.03 

0.2 ± 0.2 
- > 0.1 

1.4 ± 

0.8 
< 14000 6.7 18 

Pāpāwai 0.3 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 1.7 ± 1 
2200 ± 

1200 
6.9 26 

 527 
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Fault scarp gradients and implications for past multi-fault ruptures 528 

 The lidar-based fault mapping showed that several of the faults in the Wairarapa 529 

Valley have very sharp scarps and this was confirmed by the fault scarp gradient analysis 530 

shown in Figure 9. Unsurprisingly, the fault with the steepest normalised scarp gradients 531 

is the Wairarapa Fault, since it ruptured in 1855 CE, and therefore it can be used for 532 

relative calibration against other faults. Steeper gradients tend to occur along simpler 533 

sections of the Wairarapa Fault where rupture (and strain) is localised onto fewer strands. 534 

This analysis also shows that the Mokonui Fault has steeper scarp gradients along its 535 

length compared to other faults across the valley. The steepest of these gradients occur 536 

along the eastern north-south striking ‘train-track’ scarps (Figure 6D-E), while the 537 

gentlest relief occurs north of here where the Mokonui Fault transitions to lower angle 538 

thrust faulting (Figure 6F-G). The Ruamahanga, Masterton, Carterton, Carters Line, 539 

Pāpāwai, and Woodside faults all have lower normalised scarp gradients except for the 540 

southwestern part of the Carterton Fault (orange points in Figure 9), which instead 541 

demonstrates steeper scarp gradients although not as steep as those measured on the 542 

Mokonui Fault.  543 
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 544 

Figure 9 – Normalised fault scarp gradient data for faults in the northern Wairarapa Valley. Warmer colours indicate 545 
steeper gradients. Faults are shown as grey lines and are as follows: Wairarapa Fault (WaiF), Mokonui Fault (MoF), 546 
Ruamahanga Fault (RF), Masterton Fault (MaF), Carterton Fault (CF), Carters Line Fault (CLF), Pāpāwai Fault 547 
(PF), Woodside Fault (WoF).  548 

Discussion 549 

Implications of new mapping on interpretation of fault kinematics  550 

New high-resolution mapping of active faults in the Wairarapa Region has shown 551 

that the expression of surface faulting is more complex than previously appreciated, both 552 

due to a greater number of active fault traces (including previously unidentified faults), 553 

as well as a greater range of fault geometries. For the newly mapped traces, 40 km has 554 

been added to the Wellington Fault, due mainly to the increased sinuosity of the main 555 

trace and to the additional subsidiary traces. This increased complexity is possibly due to 556 

the Wellington Fault traversing Torlesse Terrane basement, with traces forming due to 557 

slip on pre-existing basement structures, and/or because a longer period of faulting may 558 
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be preserved compared to younger surfaces. Furthermore, lidar allows for a more detailed 559 

view of surface faulting beneath forest cover, permitting a more complex array of faulting 560 

to be observed.  561 

Some other faults show greater complexity in areas of geometric change, either 562 

where there is splay faulting or where there is a change in fault strike. For example where 563 

the Masterton, Carterton, and Mokonui faults branch off the Wairarapa Fault, or where 564 

the Pāpāwai Fault transitions from being northeast striking to more north striking (Figure 565 

5E). The same correlation has been observed in previous studies where distributed active 566 

faulting has been proposed to act as a linkage between different fault segments (Ben‐Zion 567 

& Sammis, 2003; Iezzi et al., 2023; Petersen et al., 2011). It has also been noted from 568 

past historic earthquakes, such as the 2010 MW 7.1 Darfield earthquake, that 569 

unconsolidated sediments like those present in the Wairarapa Valley, may favour more 570 

distributed surface rupture compared to bedrock faults (Milliner et al., 2015; Quigley et 571 

al., 2011; Quigley et al., 2010; Teran et al., 2015); and this may also play a role in 572 

facilitating distributed deformation observed along faults across the Wairarapa Valley.  573 

On a regional scale the newly identified faults are generally located in gaps 574 

between the previously mapped major faults in the Wairarapa Valley  (Wellington, 575 

Wairarapa, Mokonui, Masterton, Carterton) with additional faults branching from the 576 

Wairarapa Fault  (in a horsetail fashion). At the scale of individual faults the Carters Line, 577 

Pāpāwai and Ruamahanga faults show partitioning into reverse northeast-southwest 578 

striking traces and dextral strike-slip west-east striking traces, suggesting that they could 579 

be immature faults forming between the larger faults and some may be reactivated 580 

bedrock structures (e.g. in Torlesse terrane basement). Similar slip partitioning occurred 581 

in the epicentral region of the 2016 Kaikōura earthquake. North to north-northeast-582 

striking faults that exploit bedding planes in the Torlesse terrane hosted more reverse 583 
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displacement, while predominantly right-lateral reverse displacement was accommodated 584 

on northeast-striking faults (Nicol et al., 2018). This slip partitioning during the Kaikōura 585 

earthquake has been attributed to a model of transpression put forward by Dewey et al. 586 

(1998) influenced by pre-existing basement heterogeneity (Nicol et al., 2018), which may 587 

also explain observations of slip portioning across the Wairarapa Valley.  588 

Revisions to the western end of the Masterton and Carterton Faults shows that the 589 

Masterton Fault does not directly connect to the Wairarapa Fault, but instead connects to 590 

the Carterton Fault. Previously, the Carterton Fault was mapped as a single structure 591 

extending from the Wairarapa Valley into the Coastal Range (referred to here as the 592 

Eastern Carterton Fault) (Figure 3B), but the Carters Line and Pāpāwai faults also 593 

converge towards the Carterton Fault in the Coastal Range. From a purely geometric 594 

perspective, the Pāpāwai Fault is more aligned with the eastern part of the Carterton Fault, 595 

suggesting that they collectively could be expressions of the same throughgoing structure. 596 

If this is the case, then the total length of the Pāpāwai Fault increases from 26 km to 53 597 

km and, using the methodologies described earlier, the SED, magnitude and recurrence 598 

interval for the Pāpāwai Fault increases to 2.5 ± 1.4 m, Mw 7.2, 3100 ± 1800 years 599 

respectively (Supplementary table S3). 600 

In the tectonic block models of Wallace et al. (2004) and Wallace et al. (2012), 5 601 

mm/yr of strain is accommodated across valley-cutting splay faults (Mokonui, Carterton, 602 

and Masterton faults), which facilitates a transition to lower slip rate along the Northern 603 

Wairarapa Fault. This can be interrogated using updated fault mapping and paleoseismic 604 

constraints. Based upon this, we suggest that the Mokonui Fault should be treated as part 605 

of the Wairarapa Fault when considering these block boundaries and that the Pāpāwai 606 

and Carters Line faults should be considered alongside the Masterton and Carterton faults. 607 

Consequently, summing the mean geological slip rates of the Masterton and Carterton 608 
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faults from the CFM (Seebeck et al., 2023) and the mean slip rates calculated here for the 609 

newly mapped Pāpāwai and Carters Line Fault results in a distributed boundary slip rate 610 

of > 4.8 mm/yr (Supplementary Figure S6), consistent with that derived in Wallace et al. 611 

(2012). 612 

How many faults ruptured in the 1855 AD Wairarapa Earthquake? 613 

Fault scarp gradient measurements showed that the Wairarapa Fault has the 614 

steepest fault scarps in the northern Wairarapa Valley, followed by the Mokonui Fault, 615 

and the western end of the Carterton Fault (Figure 9). We suggest that high values of 616 

normalised scarp gradient suggest that the fault has likely experienced recent surface 617 

rupture (Hodge et al., 2019; Middleton et al., 2016). While this analysis does not 618 

definitively tell us whether a fault has ruptured recently (i.e. historically), it does provide 619 

us with a means of quantifying more qualitative observations of steep scarp relief that 620 

were made during fault mapping, which can be used to make inferences about the extent 621 

of past multi-fault rupture. We explore the possibility of past upper plate multi-fault 622 

rupture here, but it is important to note that we have not considered joint rupture of upper-623 

plate faults with the Hikurangi subduction interface (e.g. Humphrey et al. 2025).  624 

The high normalised scarp gradients measured along the Wairarapa Fault were expected 625 

and are taken here as reflecting rupture in the 1855 CE Wairarapa Earthquake (Rodgers 626 

& Little, 2006).  Similarly steep scarp gradients on the Mokonui Fault suggest that it 627 

could have ruptured during the 1855 CE Wairarapa Earthquake. This is consistent with 628 

its geomorphic relationship with the Wairarapa Fault, where it branches off the Wairarapa 629 

Fault at its southern extent before rejoining it further north, suggesting the two faults are 630 

geometrically and kinematically linked. Recent rupture of the Mokonui fault is also 631 

supported by its surface morphology at its northern end where it transitions to lower angle 632 
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thrust faulting (Figure 6F, G). Here, the Mokonui Fault has a scalloped morphology with 633 

small-scale changes in its trend reflecting changes in its fault plane geometry and the 634 

presence of abandoned channels of the young Q1al surface. We expect that the gently 635 

sloping scarp with its short wavelength changes in fault strike, would be eroded relatively 636 

quickly from the landscape, therefore the preservation of these features likely means that 637 

not much time has elapsed since its most recent surface rupture. It is unlikely that the 638 

Mokonui Fault ruptured with some lag after the 1855 CE Wairarapa Earthquake as there 639 

are no reports of another large earthquake in the Wairarapa Valley at this time. It is, 640 

however, possible that the last rupture of the Mokonui Fault preceded the 1855 CE 641 

Wairarapa Earthquake, prior to the European settlement of A-NZ in the 1840s. However, 642 

mapping shows that the Mokonui Fault is kinematically linked to the Wairarapa Fault, 643 

therefore we expect that some coseismic slip along the Wairarapa Fault would be 644 

partitioned along the Mokonui Fault. Furthermore, previous work has also posed that 645 

other faults in the southern North Island and Cook Strait ruptured during the 1855 CE 646 

Wairarapa Earthquake (Holdgate & Grapes, 2014; Little et al., 2009; Schermer et al., 647 

2004). In addition to co-rupture of the Mokonui and Wairarapa faults, we also suggest 648 

that steep scarp gradients along the southwestern part of the Carterton Fault (where it is 649 

closest to the Wairarapa Fault) mean that it too may have partially ruptured during the 650 

1855 CE earthquake, with rupture extending at least 5 km along the Carterton Fault from 651 

its junction with the Wairarapa Fault (Supplementary Figure S8). Our results along with 652 

previous work suggest a tendency for ruptures in the Wairarapa Valley to be more 653 

complex involving multiple faults, perhaps analogous to the 2016 Kaikōura earthquake 654 

where strain partitioning also plays a key role in fault kinematics of the area (Nicol et al., 655 

2018).  656 
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In addition to fault scarp gradients, paleoseismic constraints also provide some 657 

insight into potential multi-fault rupture. The Woodside Fault has an anomalously short 658 

recurrence interval compared to other faults across the valley, which have recurrence 659 

intervals that are more than twice as long (Table 2). This is a consequence of how 660 

recurrence interval was calculated here, where weight is placed on the short length of the 661 

Woodside Fault and its relatively large horizontal offsets, which together suggests that 662 

the Woodside Fault does not rupture on its own. Instead, it may rupture with either/both 663 

the Wairarapa or Carters Line faults. On top of this, magnitude length scaling 664 

relationships suggest the Carters Line, Ruamahanga, Woodside, and Pāpāwai faults have 665 

magnitudes corresponding to whole-fault rupture that range between Mw 6.1 to Mw 6.9. 666 

These magnitudes are below what is generally considered to produce detectable surface 667 

rupture in New Zealand and suggests that all four of these faults have been involved in 668 

multi-fault ruptures in the past (Coffey et al., 2022; Nicol, Robinson, et al., 2016).  669 

Implications for fault models 670 

 Results of the updated mapping completed in the Wairarapa region should be 671 

incorporated in future iterations of the CFM (Seebeck et al., 2023) and we outline some 672 

of these potential changes here. We recommend the addition of twelve faults, the: Battery 673 

Hill, Flat Point, Mangaoranga, Mangaterere, Pāpāwai, Pirinoa, Ruamahanga, 674 

Wharekauhau East, Woodside, Motumatai, Te Hau, and Carters Line faults; along with 675 

modifications to nine others (Mokonui, Carterton, Masterton, Te Maire, Flat Point, 676 

Kaumingi, Martinborough, Dry River, and Huangarua faults), and removal of the 677 

Ngāpotiki Fault. Sections along the Wellington and Wairarapa faults remain unchanged. 678 

These suggested changes to the Wairarapa CFM are presented in Figure 10 and in the 679 

Supplementary Materials, but key changes are summarised below on a fault-by-fault basis 680 
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below. Updated attributes are presented in Supplementary Table S3. 681 

The northeastern section of the Mokonui Fault, where it extends through the 682 

Coastal Range, has been removed and, instead, it is continued to the north to connect back 683 

to the Wairarapa Fault. Updated lidar-based mapping confirms the presence of active fault 684 

traces in the Coastal Range (Figure 3B); however, these are relatively short and do not 685 

appear to be the extensions of the Mokonui Fault, therefore they are left unnamed and not 686 

included in Figure 10. An alternative interpretation would be to add an additional 687 

northeast-southwest trending fault here to reflect these traces in the Coastal Range. In 688 

addition to inclusion of the Woodside and Carters Line faults, we suggest that these two 689 

faults are connected to form a single structure, referred to as the Woodside-Carters Line 690 

Fault, due to their proximity and similarity in orientation. In this scenario the magnitude 691 

of single-fault ruptures on the Woodside-Carters Line Fault is calculated to be Mw 6.8, 692 

slightly higher than those earthquakes that are solely on the Carters Line Fault (Mw = 6.7), 693 

while the SED increases to 1.6 ± 0.9 m and RI to a poorly constrained 1500 ± 1080 years 694 

(Supplementary Table S3).  An alternative option is that the Woodside Fault is not 695 

included, but instead due to its length, is inferred to be part of the Wairarapa Fault at the 696 

scale of the CFM, while the Carters Line Fault is included where it is mapped. The 697 

Pāpāwai Fault has been connected to the eastern Carterton Fault and we refer to this entire 698 

structure as the Pāpāwai Fault. Consequently, the Carterton Fault is shortened by ~50 km 699 

and no longer extends through the Coastal Range. This is our preferred interpretation 700 

based upon similarities in their geometry but note that there is uncertainty in this. 701 

Alternative possible scenarios include that  the eastern Carterton Fault is connected to the 702 

Carterton Fault, as was previously inferred, or that it is connected to the Carters Line 703 

Fault. Additionally, to reflect updated mapping, the southwestern end of the Masterton 704 

Fault has been adjusted so that it now branches off the Carterton Fault. Its traces to the 705 
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east have also been shifted southwards close to its intersection with the Ruamahanga 706 

Fault. The Te Maire Fault has been shifted 2-3 km to the west to better reflect the location 707 

of most mapped traces on the west side of Bidwill Hill. Southeast of there, the 708 

Martinborough Fault has been shifted slightly west so that it more closely aligns with 709 

observed surface traces and the newly mapped Morison Hill Fault. The previously 710 

inferred Dry River-Huangarua Fault has been separated into two faults, as the sharpness 711 

of the Huangarua Fault suggests that it is considerably more active than the Dry River 712 

Fault. The Flat Point and Kaumingi faults have been shortened to reflect the extent of 713 

their mapped surface traces, but they may have greater length at depth. Finally, the 714 

Ngāpotiki Fault has been removed due to the absence of any evidence of surface rupture.  715 

 716 

Figure 10 – A) Version 1.0 of the NZ CFM (Seebeck et al. 2024). B) Suggested revision of the CFM in the Wairarapa 717 
following the results of the active fault mapping presented here. The faults are as follows: MgoF – Mangaoranga 718 
Fault, DRF – Dry River Fault, THF – Te Hau Fault, MoF – Mokonui Fault, MgtF – Mangatoro Fault, MaF – 719 
Masterton Fault, RF – Ruamahanga Fault, CF – Carterton Fault, WeF – Wellington Fault, PF – Pāpāwai Fault, Wo-720 
CLF – Woodside-Carters Line Fault, KF – Kaumingi Fault, MotF – Motumatai Fault, WaiF – Wairarapa Fault, FPF 721 
– Flatpoint Fault, TMF – Te Maire Fault, MarF – Martinborough Fault, HF – Huangarua Fault, OF – Otaraia 722 
Fault, DF – Dry River Fault, PiF – Pirinoa Fault, BHF – Battery Hill Fault NF - Ngāpotiki, EWT – Eastern 723 
Wharekauhau Thrust, and WT – Wharekauhau Thrust. A shapefile with the suggested update to the NZ CFM is 724 
included in the Supplementary Materials. 725 

Summary and Conclusions   726 

New mapping of active faults in the Wairarapa Region using lidar data has led to 727 
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the identification of many new fault traces along previously known active faults and the 728 

discovery of seven previously unrecognised faults. Four of these faults are described here 729 

and have preliminary slip rates and recurrence intervals that fall between 0.1-1.1 mm/yr 730 

and 770-14,000 years respectively. Fault mapping has revealed more distributed 731 

deformation across faults in the Wairarapa, particularly within areas associated with 732 

changes in fault geometry. Sharp fault scarps have been identified and normalised slope 733 

gradients suggest that the 1855 CE Wairarapa Earthquake may have included rupture of 734 

the Mokonui Fault and the western end of the Carterton Fault, further supporting the 735 

occurrence of multi-fault rupture in A-NZ. Updates to fault mapping have been translated 736 

to proposed changes to the A-NZ CFM in the Wairarapa Region and may impact its 737 

seismic hazard if incorporated in future revisions of the NSHM. However, many faults in 738 

the Wairarapa do not have well-characterised paleoseismic constraints. Consequently, 739 

further work is needed to refine these constraints, particularly for faults close to 740 

population centres, is required to better define and understand the seismic hazard posed 741 

to nearby communities.  742 
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 1062 

Figure Captions 1063 

Figure 1 – Tectonic overview of A) the Aotearoa - New Zealand plate boundary and B) 1064 

the southern North Island. AF is the Alpine Fault and HT is the Hikurangi Trough. 1065 

Onshore active faults are shown in red and are from the 1:250,000 scale New Zealand 1066 

Active Faults Database (Langridge et al. 2016) and includes updated active fault mapping 1067 

presented in this paper. Offshore faults are shown in dark grey (Barnes et al., 2010; 1068 

Nodder et al., 2007). The Wairarapa Valley is shaded in yellow. The Wairarapa Region 1069 

is indicated by the bold black outline and district boundaries (South Wairarapa, Carterton, 1070 

Masterton) are indicated by the white lines.  1071 

Figure 2 - Geological and faulting overview of the northern Wairarapa Valley. 1072 

Generalised geological units are from the 1:250,000k Quarter Million Map  (QMAP) 1073 

(Begg & Johnston, 2000; Lee & Begg, 2002). Active fault mapping is coloured by 1074 

dominant slip sense and includes the newly identified Woodside (WoF), Carters Line 1075 

(CLF), Pāpāwai (PF), Ruamahanga (RF), Te Hau (THF), and Mangaterere (MGF) faults, 1076 

as well as updates to the Wellington (WeF), Wairarapa (WaiF), Mokonui (MoF), 1077 

Masterton (MaF), Carterton (CF) and Eastern Carterton (ECF) faults. 1078 

Figure 3 - Active faults mapped in the Wairarapa Region prior to (A) and after (B) the 1079 

lidar mapping described in this work. Previous mapping shown in (A) is from the 1080 

1:250,000 scale New Zealand Active Faults Database (NZAFD; Langridge et al. 2016; 1081 

Morgenstern et al. 2024). Faults shown in (B) includes the updated mapped active fault 1082 

traces, which  are coloured maroon if they had previously been identified and in red if 1083 

they were newly identified as part of this work. Newly identified faults are as follows: 1084 

https://doi.org/10.1130/ges00686.1
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Wharekauhau East (WEF), Woodside (WoF), Pāpāwai (PF), Carters Line (CLF), 1085 

Mangaterere (MgF), Ruamahanga (RF), and Te Hau (THF) faults. One fault was removed 1086 

upon re-evaluation of fault mapping, the Ngāpotiki Fault (NF). The Battery Hill Fault 1087 

(BHF) is also indicatedOne fault was removed upon re-evaluation of fault mapping, the 1088 

Ngāpotiki Fault (NF) and the Battery Hill Fault (BHF) is also indicated. The blue shaded 1089 

polygon in (B) encompasses the areas within the Coastal Range where mapping was not 1090 

focused. All updated active fault mapping is included in can be found on the NZAFD 1091 

(https://data.gns.cri.nz/af/). 1092 

Figure 4 - Revised terrace mapping in the northern Wairarapa Valley. The Ruamahanga, 1093 

Carters Line), Woodside), and Pāpāwai faults are indicated by the coloured lines. All 1094 

other faults are shown in dark grey. Circled letters indicate the main sites where terrace 1095 

mapping changed and are discussed in the text.  1096 

Figure 5 – The four newly mapped active faults in the northern Wairarapa Valley that are 1097 

described in the text. A) Location and overview of the four faults discussed in the text. 1098 

The Ruamahanga Fault is shown in blue, the Woodside Fault in yellow, the Carters Line 1099 

Fault in green and the Pāpāwai Fault in purple. B – E) Detailed mapping for each fault. 1100 

(a) and (b) in panel D are grouped traces of the Carters Line Fault discussed in the text. 1101 

Note the orientation of the north arrow and colour scale changes between panels.  1102 

Figure 6 – Examples of mapping of the Mokonui Fault from lidar data. A) Overview of 1103 

the Mokonui Fault (red) and the northern Wairarapa Fault (dark grey). B, D, and F) Lidar 1104 

maps demonstrate kinematic styles of the Mokonui Fault. C, E, G) Annotated versions of 1105 

B, D, and F) with the Mokonui Fault shown in red.   1106 

  1107 

Figure 7 – Examples of the method used to measure maximum fault scarp gradients. A) 1108 

Mokonui Fault, B) Wairarapa Fault, and C) Ruamahanga Fault. Insets show the fault 1109 
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sampled (red line), the yellow line is the orthogonal profile along which scarp gradient 1110 

was measured. The dark blue line is the profile extracted from the lidar data, and the part 1111 

of this line shown in red indicates the 2 m horizontal interval portion with the highest 1112 

(steepest) gradient. Note the y-axes for each profile are scaled differently. 1113 

 1114 

Figure 8- Summary of slip rates calculated for the A) Ruamahanga, B) Woodside, C) 1115 

Carters Line, and D) Pāpāwai faults Ruamahanga (A) Pāpāwai (B), Woodside (C), and 1116 

Carters Line (D) faults. Green points indicate locations where a vertical slip rate was 1117 

measured, and magenta points indicate where a horizontal slip rate was measured. Black 1118 

rectangles delineate where an average slip rate was calculated from individual slip rate 1119 

measurements and summed across multiple strands. 1120 

Figure 9 – Normalised fault scarp gradient data for faults in the northern Wairarapa 1121 

Valley. Warmer colours indicate steeper gradients. Faults are shown as grey lines and are 1122 

as follows: Wairarapa Fault (WaiF), Mokonui Fault (MoF), Ruamahanga Fault (RF), 1123 

Masterton Fault (MaF), Carterton Fault (CF), Carters Line Fault (CLF), Pāpāwai Fault 1124 

(PF), Woodside Fault (WoF). 1125 

 1126 

Figure 10 – A) Version 1.0 of the NZ CFM (Seebeck et al. 2024). B) Suggested revision 1127 

of the CFM in the Wairarapa following the results of the active fault mapping presented 1128 

here. The faults are as follows: MgoF – Mangaoranga Fault, DRF – Dry River Fault, THF 1129 

– Te Hau Fault, MoF – Mokonui Fault, MgtF – Mangatoro Fault, MaF – Masterton Fault, 1130 

RF – Ruamahanga Fault, CF – Carterton Fault, WeF – Wellington Fault, PF – Pāpāwai 1131 

Fault, Wo-CLF – Woodside-Carters Line Fault, KF – Kaumingi Fault, MotF – Motumatai 1132 

Fault, WaiF – Wairarapa Fault, FPF – Flatpoint Fault, TMF – Te Maire Fault, MarF – 1133 

Martinborough Fault, HF – Huangarua Fault, OF – Otaraia Fault, DF – Dry River Fault, 1134 
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PiF – Pirinoa Fault, BHF – Battery Hill Fault NF - Ngāpotiki, EWT – Eastern 1135 

Wharekauhau Thrust, and WT – Wharekauhau Thrust. A shapefile with the suggested 1136 

update to the NZ CFM is included in the Supplementary Materials. 1137 
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 1141 


