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Abstract

Earthquake surface deformation provides key constraints on the geometry, kinematics, displacements, and complexity of fault
rupture. However, deriving these precise characteristics from past earthquakes is complicated by a lack of detailed knowledge
of landforms before the earthquake and how the landform has since been modified. The 1987 Mw 6.6 Edgecumbe earthquake
in the northern Taupō volcanic zone in New Zealand represents a moderate-magnitude earthquake with complicated surface
rupture that occurred before widespread high-resolution topographic data were available. We use historical aerial photos to
build pre- and post-earthquake digital surface models using structure-from-motion techniques. By differencing the two surface
models, we more definitively measure discrete and distributed deformation from this earthquake and compare the effectiveness
of the technique to traditional field- and lidar-based studies. We identified most fault traces recognized by field mapping in 1987,
mapped new traces not recorded in the field, and take denser, detailed remote slip measurements with a vertical separation
resolution of ~0.3 m. Our maximum and average vertical separation measurements on the Edgecumbe fault trace (2.5 ± 0.3
m and 1.2 m, respectively), are similar to field-based maximum and recalculated averages of 2.4 m and 1.1 m, respectively.
Importantly, this technique is able to discern between new fault scarps and pre-existing fault scarps better than field techniques
or lidar-based measurements alone. Results from this approach can be used to refine estimated subsurface fault geometries and
slip distributions at depth, and here is used to investigate potential magmatic-tectonic stress trigging in the northern Taupō
volcanic zone.
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 7 

Key Points: 8 

 Historical aerial photos can be used to generate pre- and post-earthquake surface models 9 

for measuring displacement. 10 

 This method performs at least as well as field surveys, and better captures single event 11 

displacements to constrain slip behavior. 12 

 The Edgecumbe earthquake is important for understanding low dip-angle normal fault 13 

ruptures and possibly magma-tectonic interactions. 14 

 15 
Key words: Normal fault, earthquake, remote sensing, structure-from-motion, Taupō volcanic 16 
zone, tectonics, aerial photographs, airphotos  17 
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Abstract 18 

Earthquake surface deformation provides key constraints on the geometry, kinematics, 19 
displacements, and complexity of fault rupture. However, deriving these precise characteristics 20 
from past earthquakes is complicated by a lack of detailed knowledge of landforms before the 21 
earthquake and how the landform has since been modified. The 1987 Mw 6.6 Edgecumbe 22 
earthquake in the northern Taupō volcanic zone in New Zealand represents a moderate-23 
magnitude earthquake with complicated surface rupture that occurred before widespread high-24 
resolution topographic data were available. We use historical aerial photos to build pre- and post-25 
earthquake digital surface models using structure-from-motion techniques. By differencing the 26 
two surface models, we more definitively measure discrete and distributed deformation from this 27 
earthquake and compare the effectiveness of the technique to traditional field- and lidar-based 28 
studies. We identified most fault traces recognized by field mapping in 1987, mapped new traces 29 
not recorded in the field, and take denser, detailed remote slip measurements with a vertical 30 
separation resolution of ~0.3 m. Our maximum and average vertical separation measurements on 31 
the Edgecumbe fault trace (2.5 ± 0.3 m and 1.2 m, respectively), are similar to field-based 32 
maximum and recalculated averages of 2.4 m and 1.1 m, respectively. Importantly, this 33 
technique is able to discern between new fault scarps and pre-existing fault scarps better than 34 
field techniques or lidar-based measurements alone. Results from this approach can be used to 35 
refine estimated subsurface fault geometries and slip distributions at depth, and here is used to 36 
investigate potential magmatic-tectonic stress trigging in the northern Taupō volcanic zone.  37 

Plain Language Summary 38 

Understanding earthquake behavior relies heavily on information about how past earthquakes 39 
affected the surface landscape. Detailed information about the surface topography before the 40 
earthquake is often limited, creating challenges for accurately measuring earthquake surface slip. 41 
Aerial photos are widly available and can be used to create 3D surface models in places where 42 
other pre- or post-earthquake topographic information is lacking. We use historical aerial photos 43 
to make 3D models of the surface topography before and after the 1987 Edgecumbe earthquake 44 
in New Zealand. We then created a difference map from those two models in order to identify 45 
and measure how the earthquake changed the landscape, and compared our results to previous 46 
measurements. We found that this method generally works as well as field methods for 47 
identifying and measuring fault movement, and has some advantages over other techniques. In 48 
particular, this approach can separate deformation from individual earthquakes, which had 49 
previously been a challenge. The results refine our understanding of the fault below the surface, 50 
relationships to the surrounding fault and volcanic system, and better characterize seismic hazard 51 
both here and in other similar geologic settings. 52 

1 Introduction 53 

Historical earthquakes provide one of the best opportunities to characterize surface 54 
ruptures and the hazards posed by coseismic deformation (e.g., Wesnousky, 2008; Youngs et al., 55 
2003). Empirical scaling laws and fault displacement hazard analysis are largely based on 56 
inventories of surface-deforming events that have occurred over the last ~150 years. However, 57 
accurately deriving surface rupture and displacement characteristics from historical earthquakes 58 
can be challenging, particularly for events that occurred before satellite- and lidar-based datasets 59 
became widely available. In regions with infrequent earthquakes, high relief scarps, and/or low 60 
erosion rates, modern high-resolution topography can capture many characteristics of older 61 



manuscript submitted to JGR Solid Earth 

 

historical earthquake ruptures (e.g., DuRoss et al., 2019; Middleton et al., 2016; Nissen et al., 62 
2014; Shao et al., 2020). Elsewhere, reconnaissance mapping (if undertaken at the time) or 63 
sparse paleoseismic trenches may be the only records of historical ruptures (e.g., Ambraseys, 64 
1963; Henderson, 1933; Kelsey et al., 1998; Schermer et al., 2004). The details of coseismic 65 
deformation in these dynamic landscapes may be lost over time to erosion, vegetation growth, or 66 
anthropogenic modification. For many historical earthquakes, assumptions about pre-earthquake 67 
topography and landscape modification between the event timing and data collection add 68 
significant uncertainties to reconstructions of displacements and rupture extent. 69 

Historical and modern aerial photographs occupy a useful niche for studying earthquakes 70 
because they span long periods of time (70+ years), often with repeat surveys. With more recent 71 
advances in photogrammetry techniques, legacy aerial photographs can be used to generate 72 
additional pre and post-earthquake topographic data to supplement lidar, satellite, and field-73 
based data (e.g., Howell et al., 2020; Zhou et al., 2016). This means that high-resolution 2D and 74 
3D displacement fields, typically only achievable for recent ruptures with modern techniques 75 
like differential lidar or InSAR, can theoretically be produced for any earthquake where pre- and 76 
post-event images are available. Surface displacements derived from aerial imagery can serve as 77 
a compromise between resolution, coverage, and availability compared to other remote sensing 78 
or field data. 79 

Aerial images present some advantages over other remote sensing or measurement 80 
techniques and have broad applicability over a variety of geologic settings. Post-earthquake field 81 
surveys, including levelling lines, fault rupture mapping, and offset measurements, can capture 82 
fine-scale and ephemeral features (e.g., Beanland et al., 1989; Blick & Flaherty, 1989; DuRoss et 83 
al., 2019; Koehler et al., 2021; Litchfield et al., 2018). However, such surveys may miss subtle, 84 
broader-scale deformation, can be hindered by time, weather, and access, and have uncertainties 85 
that are difficult to quantify. Lidar data across earthquake ruptures provide high-resolution, 86 
geometrically accurate data in 3D (e.g., Duffy et al., 2013; Oskin et al., 2012) and the bare-earth 87 
capabilities outperform image-based methods in vegetated areas (Ekhtari & Glennie, 2018). 88 
Lidar is also expensive to collect and typically requires reconnaissance to define the area of 89 
interest, so coverage over the full deformation field may be incomplete, such as for the 2016 90 
Kaikōura earthquake (e.g., Litchfield et al., 2018). Pre-earthquake topography is commonly 91 
unavailable so is often assumed or gathered from other sources (e.g., Lajoie et al., 2019). 92 
Satellite-based data (InSAR and satellite images) have the advantage of frequent data collection, 93 
but are limited to the last few decades. Satellite imagery resolution may be too coarse for smaller 94 
displacements, and InSAR suffers from data loss where strain is high near the fault trace (e.g., 95 
Elliott et al., 2016).  96 

This study focuses on the 1987 Edgecumbe earthquake as an example of surface rupture 97 
that can be comprehensively reconstructed with pre and post-earthquake aerial imagery, filling 98 
the gap between the historical event timing (1987) and lidar collection in 2006 and 2011. We use 99 
historical aerial photos of the Rangitāiki Plains in the North Island of New Zealand (Fig. 1) and 100 
photogrammetry software to generate pre- and post-earthquake digital surface models (DSMs) 101 
and orthophotos from the 1987 Edgecumbe earthquake. Most existing studies that use similar 102 
remote sensing techniques focus on larger magnitude (Mw 7+) earthquakes where slip is more 103 
easily resolved (e.g., Barnhart et al., 2019; Howell et al., 2020; Zhou et al., 2016). The Mw 6.6 104 
Edgecumbe earthquake, conversely, represents a moderate magnitude earthquake with <2 m 105 
average slip (Beanland et al., 1989), and therefore tests the limits of this technique with a final 106 
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Figure 1: Tectonic setting of the 1987 Edgecumbe earthquake investigated in this study. (a) The 
Edgecumbe earthquake occurred in the northern Taupō volcanic zone (TVZ), a zone of backarc 
extension in the Australian plate above the Hikurangi Subduction Zone. Active faults in grey (Lan-
gridge et al., 2020). (b) Most of the Edgecumbe earthquake surface rupture occurred within the 
Rangitāiki Plains, which lies on the onshore Whakatāne graben at the intersection of the TVZ and 
North Island dextral fault belt (NIDFB). Simplified onshore active faults in red (Langridge et al., 
2016); only graben-bounding faults are shown offshore (Lamarche et al., 2006). Epicenter (star) is 
from Anderson and Webb (1989); foreshocks are from Smith and Oppenheimer (1989).

(a) (b)
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topographic product resolution that approaches the scale of surface displacement. The existence 107 
of several different displacement datasets (lidar, levelling surveys, and field measurements) 108 
allow for robust sensitivity tests of our method and provide realistic constraints on the limits of 109 
using historical aerial photographs to characterize coseismic slip and fault behavior at depth. The 110 
new dataset provides a more complete picture of fault rupture hazards from moderate-magnitude 111 
normal-fault earthquakes as well as insights into possible interactions between magmatic and 112 
tectonic processes in the Taupō volcanic zone and elsewhere.   113 

2 Geologic setting 114 

The 1987 Edgecumbe earthquake occurred within the Whakatāne graben at the northern 115 
end of the onshore Taupō rift on the North Island of New Zealand (Fig. 1) (Beanland et al., 116 
1989). The Taupō rift (or Taupō fault belt) is a region of localized normal faults in the Taupō 117 
volcanic zone (TVZ), the continental volcanic arc associated with the Hikurangi subduction zone 118 
(Fig. 1) (e.g., Wilson et al., 1995). GNSS data show the northernmost TVZ is extending at a rate 119 
of ~15 mm/yr (Wallace et al., 2004).  120 

The structure of the Whakatāne graben is primarily controlled by the northwest-dipping 121 
Edgecumbe-White Island fault; the White Island fault is the offshore continuation of the onshore 122 
Edgecumbe fault (Fig. 1b) (Lamarche et al., 2006). The Edgecumbe fault accommodates 123 
primarily normal motion and displaces basement greywacke overlain by a succession of alluvial, 124 
wetland, and marine sediments, erupted rocks, and reworked volcanic deposits that make up the 125 
Rangitāiki Plains (Fig. 1b) (Beanland et al., 1990; Ota et al., 1988). The eastern margin of the 126 
onshore Whakatāne graben is located within the Rangitāiki Plains and coincides with a 127 
transitional zone where the dominantly strike-slip North Island dextral fault system (also referred 128 
to as North Island dextral fault belt and North Island fault system) and the extensional Taupō Rift 129 
begin to intersect (Fig. 1) (Mouslopoulou et al., 2007). The western margin of the onshore 130 
Whakatāne graben is thought to be largely controlled by the east-dipping Matatā fault (e.g., Begg 131 
& Mouslopoulou, 2010; Ota et al., 1988). Active volcanoes are located in the northeast 132 
(offshore) and southwest (onshore) sections of the graben, and off-axis magma chamber inflation 133 
has been inferred immediately west of Matatā (Hamling et al., 2016). Taken together, previous 134 
studies demonstrate that the Edgecumbe earthquake occurred in a relatively simple graben within 135 
a complex tectonic setting (e.g., Wilson & Rowland, 2016).  136 

The Mw 6.6 Edgecumbe earthquake initiated on 2 March 1987 within the Whakatāne 137 
graben and produced dominantly normal slip (Fig. 1b) (H. Anderson & Webb, 1989; Beanland et 138 
al., 1989, 1990; Darby, 1989). Poor instrument distribution leads to some uncertainty in the 139 
hypocenter and centroid locations and rupture mechanism, but the most recent estimates indicate 140 
a relatively shallow centroid depth (6 ± 1 km) on a gently dipping fault plane (32° +5/-10°) 141 
striking southwest (229 ± 10°) with dominantly normal rake (-113 ± 12°) (Webb & Anderson, 142 
1998). Seismological studies interpreted that the mainshock initiated near the northern, basal 143 
edge of the Edgecumbe fault plane and rupture propagated unilaterally towards the southwest 144 
(Webb and Anderson 1998; Anderson and Webb 1989).  145 

The mainshock was preceded by foreshocks (starting 21 February, 1987) in two 146 
northeast-southwest-trending clusters: one in the Whakatāne graben between Matatā and 147 
Thornton and the other farther northwest near Maketu (Fig. 1b) (Smith & Oppenheimer, 1989). 148 
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The Edgecumbe earthquake aftershocks were primarily between 4–6 km depth and were nearly 149 
all <8 km deep, which together indicate a brittle ductile boundary at 6–8 km depth near the 150 
Rangitāiki Plains (Robinson, 1989).  151 

The 1987 Edgecumbe earthquake ruptured a number of pre-existing, but previously 152 
unrecognized faults in the onshore Whakatāne graben (Beanland et al., 1989). Following the 153 
1987 earthquake, field-based surveys conducted fault trace mapping, discrete horizontal and 154 
vertical displacement measurements along surface ruptures, limited short (~40-m-long) 155 
topographic profile measurements, and levelling surveys along the major roads (Beanland et al., 156 
1989; Blick & Flaherty, 1989). The earthquake produced many short surface ruptures on widely 157 
spaced faults with relatively high measured slip-to-fault-length ratios compared to other normal 158 
fault earthquakes recorded globally (Beanland et al., 1990). Most of the slip occurred on the 159 
Edgecumbe fault, the inferred primary structure where the mainshock initiated (Beanland et al., 160 
1989). The field-based Edgecumbe fault measurements yielded a maximum normal dip slip of 161 
3.1 m (2.5 m throw and 1.3 m heave) along a 7-km-long trace, with no evidence of strike-slip 162 
motion (Beanland et al., 1989). Repeat levelling surveys along major roads identified that ~10% 163 
of coseismic displacement values were accommodated as afterslip in the months following the 164 
earthquake (Blick & Flaherty, 1989). Farther-field coseismic displacement estimates, however, 165 
are limited in extent and complicated by sparse pre-earthquake survey reference benchmarks that 166 
were displaced during the earthquake. Levelling surveys by Blick & Flaherty (1989) noted no 167 
uplift within the Edgecumbe fault footwall, although the surveys lacked an absolute reference 168 
frame and transects crossed the main fault at an oblique angle in a zone of smaller displacements. 169 

3 Methods 170 

We used pre- and post-earthquake aerial photographs to create SfM-based digital surface 171 
models (DSMs) and orthophoto mosaics of the Rangitāiki Plains. The primary new data 172 
presented in this study are these DSMs and a coseismic vertical difference model of the 173 
Edgecumbe earthquake derived from them. These photogrammetry-based datasets provided 174 
means to map surface rupture, measure coseismic vertical separation, and estimate near-fault 175 
horizontal displacement. Finally, we combined our remote measurements to create the most 176 
informed elastic dislocation model of the 1987 Edgecumbe earthquake that synthesizes fault 177 
information generated in the last few decades. 178 

3.1 Aerial images 179 

An ideal photoset for photogrammetric or SfM-based modelling is high-resolution, has 180 
ample (~60%) overlap between photos (e.g., Abdullah et al., 2013; Krauss, 1993), covers an 181 
extent beyond the area of interest (e.g., Reitman et al., 2015), and is taken with the same camera 182 
and specifications with no changes in lighting or the subject (e.g., Bemis et al., 2014). For aerial 183 
photos, this generally implies that photos should be captured at a low flight altitude (high image 184 
resolution) and all photos should be captured with the same camera, lens, and settings. Assuming 185 
a constant flight speed, image overlap is a function of image capture rate and the lens focal 186 
length; longer focal lengths have a narrower view angle and thus less overlap between images for 187 
the same capture rate. Some historical photo sets comprise more than one flight that can include 188 
changes in lighting (different sun angle), vegetation cover (different seasons), and changes to the 189 
built or agricultural environment. Thus, the ideal pre- or post-event photo sets should minimize 190 
the number of flights and overall elapsed time as well as differences in sunlight and season to 191 
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reduce changes caused by non-tectonic processes. SfM model quality may improve when camera 192 
calibration information, detailed photo survey specifications, and georeference information are 193 
available. 194 

We generated SfM-based models using historical photosets from 1972-1975 and March 195 
1987 to build pre- and post-earthquake DSMs, respectively (see Open Data). Both photosets 196 
were scanned using a photogrammetric scanner into digital files at 1800 dpi. The post-earthquake 197 
photo set (survey SN8732) consists of 762 images taken with a 152 mm lens on a Zeiss RMK 198 
camera at an altitude of ~5,000 feet (~1524 m). These photos were collected within one month of 199 
the 2 March Edgecumbe mainshock over four flight dates. The original printed photos were 23 200 
cm square format and were scanned to approximately 18,000 x 16,900 pixels. This post-201 
earthquake aerial survey was purpose-collected for studying the 1987 Edgecumbe earthquake 202 
and therefore contains high-resolution photographs (low flight altitude) with large overlap 203 
between adjacent photos due to a relatively small camera focal length and closely timed photo 204 
interval. 205 

The pre-earthquake photo set (survey SN3580) is composed of 611 images taken with a 206 
210 mm lens on an AT119 Wild RC8 camera at an altitude of ~17,500 feet (~5334 m). The 207 
entire photoset represents nine flight dates across different seasons and three calendar years, 208 
which leads to additional noise and uncertainty in generating the final model (elaborated on 209 
below). The original printed photos were 18 cm square images and were scanned to 210 
approximately 14,500 x 13,500 pixels.  211 

Only one photoset was collected immediately after the earthquake (SN8732), but several 212 
photoset options exist for the pre-earthquake model. We chose SN3580 because although some 213 
collection aspects are not ideal (e.g., long collection time window) it had the highest likelihood 214 
of success due to the (i) large spatial extent across the entire onshore Whakatāne graben, (ii) 215 
single camera and lens used throughout the entire survey, (iii) smaller camera focal length, and 216 
(iv) lowest flight altitude compared to other photosets. Minimizing time between the pre- and 217 
post-earthquake imagery is another important consideration to reduce non-tectonic changes to 218 
the landscape; other photosets taken more recently than SN3580 (i.e., between 1974 and 1987) 219 
likely capture fewer non-tectonic and anthropogenic surface changes. These other photosets, 220 
however, lack the resolution required to generate a DSM with sub-meter vertical resolution due 221 
to higher flight altitudes, suboptimal camera specifications, poor photo overlap, and limited 222 
spatial extent. 223 

3.2 Pre- and post-earthquake model generation 224 

The SfM models and derived products (e.g., dense point clouds, DSMs, and orthophoto 225 
mosaics) were generated using Agisoft Metashape Pro v1.7. We included camera calibration 226 
information such as photo fiducial locations and precise camera focal length for both sets of 227 
historical photos to improve photo alignment. Other distortion parameters listed in the calibration 228 
file were effectively zero at the scale of the photo scan—including these in the models had no 229 
noticeable effect on the final DSM.  230 

Some studies suggest that using down-sampled, reduced resolution scanned images (50% 231 
original resolution) may improve initial photo alignment by distributing tie points more evenly 232 
(Lu et al., 2021). We found that reducing photo resolution here, while keeping other parameters 233 
the same, produced poorer model results compared to the full resolution scans. This may be a 234 
result of the relatively low relief landscape on the Rangitāiki Plains, differences in 235 
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photogrammetric software, or high degree of anthropogenic modification between collection 236 
times. For our dataset, we found that increasing the number of key points and tie points above 237 
the default value (to 60,000 and 10,000, respectively) substantially improved the initial photo 238 
alignment.  239 

Both pre- and post-earthquake SfM models were georeferenced using coordinates derived 240 
from the 2011 lidar point clouds (see Open Data). First, we identified cultural markers that were 241 
visible and unchanged in the pre-earthquake photos, post-earthquake photos, and 2011 lidar 242 
survey orthoimages. These landmarks are typically bridges (e.g., at the intersection of a concrete 243 
deck and the centerline), unique road intersections, statue bases, or fence corners. These features 244 
are unlikely to have been moved or changed over the decades between photo and lidar datasets 245 
because they are permanent structures or long-lived property boundaries. When choosing control 246 
point locations, we avoided irregular surfaces, which could introduce elevation uncertainty. The 247 
control point coordinates were extracted from the point cloud data rather than the georeferenced 248 
lidar survey orthoimages to reduce the potential of location uncertainty from image warping. The 249 
choice of using lidar-based control points is multifold: (i) the lidar dataset has the widest extent 250 
and is the densest georeferenced dataset available remotely for this region, (ii) traditional survey 251 
benchmarks, such as those used for the New Zealand Transportation Agency are not visible in 252 
aerial images, (iii) using a common reference between photos removes possible long-term 253 
changes due to continuous, slow movement (e.g., plate motions or magma inflation), and (iv) the 254 
lidar-referenced SfM models can be easily compared to the more recent lidar topography to 255 
identify locations with poor photo alignment, increased model distortion, or other poor model 256 
fits. We use a conservative estimated control point location accuracy of 0.5 m in Agisoft 257 
Metashape Pro to account for lidar point cloud density and air photo resolution.  258 

Since georeferenced coordinates originate from 2011, several decades after the 1987 259 
earthquake and the pre-earthquake photosets, we placed control points so as to minimize the 260 
influence of tectonic and other landscape changes. Most control points reside along the 261 
Rangitāiki Plains margin, in the surrounding hills, or in regions with no recorded deformation in 262 
the Edgecumbe fault footwall (e.g., Whakatāne) (Blick & Flaherty, 1989). This means that 263 
control in the interior of the graben, where subsidence was widespread, is sparse. This implies 264 
that the resulting models, particularly in the pre-earthquake model and the graben center on both 265 
models, may include absolute spatial inaccuracies.   266 

We found that including “check points” (an Agisoft-software-specific term) during the 267 
alignment steps improved the photo alignment and reduced some artifacts. These points identify 268 
common pixels between photos but do not influence georeferencing, and help reduce distortion 269 
between photos. Model improvements from these check points were greatest for the pre-270 
earthquake photoset where harsher vignetting, larger time gaps between photos, and less ideal 271 
flight and camera specifications caused sharp, artificial topographic steps between flight lines. In 272 
total, we placed 21 control points and 95 check points in the pre-earthquake model and 29 273 
control points and zero check points in the post-earthquake model (Tables S1-S2).  274 

The final outputs from the pre- and post-earthquake SfM models include DSMs, 275 
generated from the dense point cloud within Agisoft Metashape Pro, and orthorectified 276 
photomosaics (orthophoto mosaics). We subtracted the pre-earthquake DSM from the post-277 
earthquake DSM to produce a 2-m vertical difference model, which was the primary data used to 278 
map coseismic deformation (Fig. 2a). 279 
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3.3 Fault mapping 280 

We identified surface ruptures from the 1987 Edgecumbe earthquake using the 2-m 281 
vertical difference model (Fig. 2). Mapped fault traces mark where there was a relatively linear, 282 
continuous (>100-m-long), and discrete change in vertical difference values. We investigated but 283 
ultimately ignored linear value changes (apparent scarps) that had persistent trends of exactly 284 
north-south or east-west because these result from seams between individual photos and flight 285 
lines. Each mapped scarp was checked against the pre- and post-earthquake photomosaics to 286 
identify if changes in cultural features or development, such as agricultural plots, could produce 287 
an artificial scarp. Scarps with distinct, sharp vertical difference value changes that clearly cross-288 
cut otherwise continuous landforms were mapped as ‘certain’ fault traces. Where the vertical 289 
change location was less sharp and displacement occurred over a broader area, we mapped the 290 
scarp as an ‘approximate’ fault trace. If the displacement was very broadly distributed, very 291 
subtle, or difficult to distinguish, we mapped fault traces as ‘possible’.  292 

3.4 Measurements of vertical offsets across faults 293 

We extracted swath profiles across the fault scarps from the vertical difference model to 294 
measure 1987 coseismic vertical separations. The initial 2 m vertical difference model was 295 
resampled to a 4 m grid size using a bilinear interpolation to reduce some of the high-frequency 296 
noise originating from the pre-earthquake DSM before extracting swath profile values.  297 

Fault profile locations were chosen based on (i) visible surface displacement across a 298 
certain or approximate fault trace, (ii) relatively unchanged topography adjacent to the fault 299 
between the pre- to post-earthquake photosets, and (iii) ~250 m spacing along the fault trace, but 300 
with denser or less dense spacing depending on (i) and (ii). Finding locations to fit criterion (ii) 301 
proved to be the most difficult, because this region is heavily farmed and agricultural plots and 302 
property lines frequently follow or terminate near fault scarps. This leads to instances where 303 
vegetation growth or removal may influence the surface elevation on one side of the fault but not 304 
the other, leading to apparent vertical separation not caused by the 1987 earthquake.  305 

At each profile location, we extracted vertical difference model values along 1-km-long, 306 
30-m-wide swaths centered on and orthogonal to the mapped fault trace (locations in Fig. 3a) 307 
(for profile tool, see Howell, 2021). We then selected points on the up- and down-thrown sides 308 
of the fault that best represented the original planar surface topography. We omitted points from 309 
hedgerows, ditches, differential vegetation growth or removal (relative to the other side of the 310 
fault), roads, or buildings. With the remaining selected points, we fit lines to the hanging wall 311 
and footwall slopes and projected the lines to the scarp midpoint distance (Fig. 4). The final 312 
vertical separation value is the vertical distance between the two projected lines with one 313 
standard deviation. Other calculations of uncertainty, such as standard error, result in very low 314 
values (~0.05 m compared to ~0.5 m for standard deviation) due to the good linear fit and the 315 
large number of points being used. However, since the scatter in extracted vertical difference 316 
model values can reach up to 1 m vertically along the profile distance (see Fig. 4), we consider 317 
the use of standard deviation more conservative and appropriate. The above fault profile methods 318 
were repeated using the 2011 lidar 2 m DEM to compare to the coseismic SfM-based 319 
displacement measurements and 1987 field-based measurements. 320 

Finally, to compare all measurement methods and changes in displacement along fault 321 
strike, we projected vertical separations from the SfM-based, lidar-based, and field-based 322 
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measurements to central line that parallels the faults zone trend (azimuth 60°/240°) (projection 323 
line in Fig. 3).  324 

3.5 Horizontal displacements and coseismic heave 325 

Vertically differencing pre- and post-Edgecumbe earthquake DSMs captures a large 326 
portion of coseismic displacement since the earthquake produced dominantly normal slip. It does 327 
not, however, account for either lateral slip (strike-slip) or the horizontal component of normal 328 
slip (heave). No lateral slip was identified following the earthquake, but field surveys found 329 
significant extension across the Whakatāne graben (Beanland et al., 1989; Crook & Hannah, 330 
1988). To compare horizontal displacement results from this study to field-based estimates, and 331 
to estimate total coseismic slip, we attempted 3D point cloud differencing using the iterative 332 
closest point algorithm (e.g., Nissen et al., 2012), 2D optical image correlation of the SfM-based 333 
orthomosaics (e.g., Leprince et al., 2007), and manual feature matching using georeferenced pre- 334 
and post-earthquake orthomosaics.  335 

The 3D point cloud differencing (e.g., as in Howell et al., 2020) achieved poor results 336 
with the pre- and post-Edgecumbe earthquake datasets. We found that the relatively flat 337 
topography, sparse and small surface features (e.g., buildings and ditches) and high degree of 338 
non-tectonic surface change between photosets inhibited correlation between the pre- and post-339 
earthquake point clouds. Similar problems were encountered with the 2D image correlation, with 340 
additional problems caused by different shadows from varying sun angles.  341 

Finally, we measured horizontal movement by identifying fixed cultural features (e.g., 342 
livestock water troughs) visible in both the pre- and post-earthquake orthomosaics and manually 343 
drawing the displacement vector. This method was effective, but the resulting horizontal vectors 344 
are more sparsely distributed than continuous 3D point cloud or 2D image correlation methods. 345 
Additionally, they do not represent absolute displacements because we lack accurate independent 346 
pre-earthquake geographic control data. Relative horizontal movements over fairly short 347 
distances (<4 km), such as between the hanging wall and footwall of a fault, should be more 348 
accurate.  349 

To estimate fault heave along the surface trace, we calculated the coseismic horizontal 350 
motion of the hanging wall relative to a fixed footwall. First, we made groups of horizontal 351 
displacement vectors (within ~1 km of each other) in the hanging wall and footwall (Fig. S1). 352 
Each vector group was averaged to give a single mean value. Then, each footwall average vector 353 
was subtracted from the corresponding hanging wall average vector to yield the average 354 
coseismic horizontal displacement of the hanging wall, relative to the footwall (Table S3). The 355 
resulting vectors along the central Edgecumbe fault are oriented ~90° to the fault trace; thus, we 356 
assume pure normal motion which is consistent with field based measurements (Beanland et al., 357 
1989) and equate all horizontal motion to heave. 358 

3.6 Elastic dislocation modelling methods 359 

We create a simple elastic dislocation model to approximate the behavior of the 1987 360 
Edgecumbe fault rupture at depth using Coulomb 3.3 (Toda et al., 2011). The model is 361 
constrained using the updated surface displacement information produced in this study as well as 362 
existing data on fault dip, hypocenter location, additional surface deformation data, and 363 
seismogenic crustal thickness. We use a Poisson’s ratio of 0.25, and a Young’s modulus of 8x105 364 
bar, corresponding to a shear modulus (μ) of 3.3 × 1010 Pa. We also calculate stress changes on 365 
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faults in the area of interest associated with possible inflation of a sill at depth (Hamling et al., 366 
2016); during stress calculations, we assume a moderate coefficient of friction of 0.4 based on 367 
recommendations in Toda et al. (2011). The resulting preferred model represents the simplest, 368 
best-fitting elastic dislocation parameters (of those explored below) that can explain the observed 369 
surface deformation.  370 

The top edge and strike of the modelled Edgecumbe fault are based on the surface 371 
deformation mapped in this study. Traces mapped as either certain or approximate on the 372 
primary Edgecumbe fault inform the fault length; we also infer a 0 km upper edge depth since 373 
the fault broke to the surface in 1987. This fault length likely includes a small portion of shallow, 374 
blind slip near the southern extent of the rupture, where field surveys did not indicate a fault 375 
trace but surface deformation was noted in this study.  376 

While the Edgecumbe fault plane extends both to the north and south at depth 377 
(Mouslopoulou et al., 2008), we only model the slip that likely occurred due to the 1987 378 
mainshock. The northern terminus of our modelled fault (and mapped surface trace) is located 379 
near the approximate intersection with the Waiohau fault of the North Island dextral fault system 380 
(Fig. 1) (Mouslopoulou et al., 2008). This junction may have impeded further fault rupture to the 381 
north during the 1987 event (Mouslopoulou et al., 2008), in which case, it is an appropriate 382 
location for the end of our modelled fault. Small amounts of slip at depth may have continued 383 
beyond the modelled southern extent of the Edgecumbe fault plane, but did not contribute 384 
significantly to surface deformation in 1987 and would not strongly change moment release 385 
estimates or patterns of surface deformation. 386 

We vary basal depth within a range of plausible values, but assume the northern fault 387 
base intersects the approximate hypocenter of the 1987 mainshock. Hypocenter/epicenter and 388 
centroid locations are inconsistently reported and sometimes used interchangeably in the 389 
literature, and there are no strong constraints on either hypocenter depth or centroid 390 
latitude/longitude. We prefer models where: (1) the latitude and longitude of the earthquake 391 
epicenter (from H. Anderson and Webb, 1989) fall within or close to the lateral boundary of the 392 
modeled fault plane; and (2) the modeled fault extends from the surface to a depth greater than 393 
the seismological centroid depth. Body wave modeling suggests  a centroid depth of 6 ± 1 km 394 
(Webb & Anderson, 1998). However, the true uncertainty on this depth may be greater than the 395 
formal value of 1 km once uncertainties in velocity structure are accounted for (e.g., Maggi et al., 396 
2000). This depth is slightly shallower than the estimate of 8 km ± 3 km of  Anderson & Webb 397 
(1989), but is based on modelled P and S waveforms rather than P waveforms alone, and is 398 
therefore better constrained. On a northwest dipping fault, this centroid depth and epicenter 399 
location (Fig. 2a) imply the primary slip occurred and initiated on the Edgecumbe fault rather 400 
than the other faults with surface rupture (Anderson et al., 1990). The base of the seismogenic 401 
crust is thought to be between 6 and 8 km depth in within the Whakatāne graben, based on 402 
ongoing seismicity and 1987 Edgecumbe earthquake aftershock locations (Beanland et al., 1990; 403 
Bryan et al., 1999; Robinson, 1989; Taylor et al., 2004). Therefore, we allow the base of the 404 
modelled Edgecumbe fault to reach between 6 and 8 km depth, overlapping with both focal 405 
mechanism and brittle crustal depths. We aimed for a fault base projection that extended 406 
horizontally 9 ± 3 km away from the Edgecumbe fault surface trace to maintain consistency with 407 
epicenter location and uncertainty from Anderson and Webb (1989).  408 

Fault dip in the shallow subsurface is constrained by surface measurements of heave and 409 
throw from this study (see section 3.5 Horizontal displacements and coseismic heave). In the 410 
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Rangitāiki Plains, the near-horizontal and planar surface means that vertical separation can be 411 
used as a proxy for throw. We average groups of vertical separation measurements along the 412 
Edgecumbe fault over the same spatial extent as the horizontal vector groups. The combined 413 
heave, throw, and normal rake (-90°) yields a dip of ~65° for the Edgecumbe fault near the 414 
surface, which we project to 1 km depth (Table S3).  415 

Constraining fault dip at depth is complicated by shallow seismic and gravity survey 416 
penetration, degraded resolution with depth, and poorly constrained changes in material 417 
velocities. The interpretations of seismic and gravity surveys suggest that the Edgecumbe fault 418 
dips steeply (~60°) in the upper 1 to 2 km of the crust (Mouslopoulou et al., 2008). This depth 419 
coincides with the depth of alluvial cover above more coherent Matihana ignimbrite and 420 
greywacke basement rock (Mouslopoulou et al., 2008) which could influence a change in fault 421 
dip as the plane approaches the surface and refracts in differing material (Bray et al., 1994). 422 
Focal mechanisms of the Edgecumbe mainshock suggest fault dips of 32 +5/-10° (Webb & 423 
Anderson, 1998) or 45 ± 10° (H. Anderson & Webb, 1989). We prefer the lower dip angle 424 
estimate of Webb & Anderson (1998) because it is based on more data, including modeled S 425 
seismograms that were absent from the earlier analysis of H. Anderson & Webb (1989). 426 
Additionally, in order for the Edgecumbe fault to reach both 7 ± 1 km depth and extend 9 ± 3 km 427 
away horizontally from the surface trace, the fault dip must be significantly less at depth than at 428 
the surface (65° calculated here). We therefore vary fault dips in the deeper crust to fit these 429 
constraints, between ~30° and ~55°, allowing for steeper dips in the shallower crust. 430 

Finally, we vary slip along the modelled fault plane (both along strike and at depth) to 431 
approximately match measured scarp vertical separations from this study, relative patterns of 432 
vertical motion from the vertical difference model, and relative vertical movements from post-433 
earthquake levelling surveys (Blick & Flaherty, 1989). In the final model we also aim for a 434 
moment magnitude between 6.4 and 6.6, based on estimations from long-period body-wave 435 
modelling (H. Anderson & Webb, 1989; Webb & Anderson, 1998). To aid with observed and 436 
modelled comparisons, we created a smoothed map of the SfM-based vertical difference model. 437 
This smoothed surface model is resampled using median values over a 1 km wide moving 438 
window in order to remove some of the high-frequency artifacts and create simplified 439 
deformation contours. The smoothed vertical difference model was also manually shifted up 0.5 440 
m in elevation, uniformly, to try and match field observations that suggest little to no vertical 441 
deformation near the Rangitāiki Plains margin or in the majority of the Edgecumbe fault footwall 442 
(Blick & Flaherty, 1989) (Fig. S3). 443 

4 Vertical difference model and fault mapping 444 

Our SfM-based vertical difference model, DSMs, and orthomosaics were used to map 445 
and measure coseismic displacement. The pre- and post-event models produced DSMs with 446 
resolutions up to 68.4 cm and 30.7 cm grid size, respectively, and orthomosaics of 34.2 cm and 447 
15.3 cm pixels, respectively (See Open Data). The down-sampled 2 m datasets were typically 448 
more useful because high-frequency noise from model artifacts is reduced (Fig. 2a).  449 

We could typically measure displacements along fault traces with ≥ 0.3 m of vertical 450 
separation along discrete faults (Figs. 2, 5). In some instances, fault traces with ≤ 0.3 m vertical 451 
separations were mapped but we could not make accurate measurements within the vertical 452 
difference model due to noise that exceeded displacements. An important caveat is that this 453 
method, at the resolution of these photos, cannot distinguish shallow blind faulting from surface 454 
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rupture where the fault breaks the surface. Therefore, we refer to any localized tectonic surface 455 
deformation along mapped fault traces as surface rupture, though some may be fold scarps.  456 

We mapped a cumulative ~50 km of certain, approximate, and possible fault traces that 457 
ruptured in the 1987 Edgecumbe earthquake (Fig. 2b). These traces were named largely 458 
according to existing fault mapping (Begg & Mouslopoulou, 2010), but in some instances, the 459 
density of minor fault traces, changes in apparent dip, and unknown geometry at depth make 460 
name classification difficult (e.g., the Omeheu and Otakiri faults) (Fig. 2b).  461 

We were able to identify all fault traces that were mapped in 1987 except the 462 
Rotoitipakau fault zone (Fig. 2b). Additionally, ~32 km of fault traces mapped in this study were 463 
not identified in 1987, though these are typically lower confidence and low-amplitude scarps. By 464 
comparing the pre-earthquake images and surface models to the vertical difference model, we 465 
observed that all mapped fault zones that ruptured in 1987 (Edgecumbe, Awaiti, Te Teko, 466 
Omeheu, Otakiri, and Onepu faults) had sections with pre-existing scarps (See mapping in Data 467 
Repository). 468 

We measured coseismic vertical displacement at 132 sites along fault scarps by extracting 469 
swath profiles from the vertical difference model (Figs. 3, 4, 5). The maximum vertical 470 
separation measured is 2.5 ± 0.4 m, which combines slip on the main Edgecumbe fault and the 471 
small splay near the fault center (Fig. 5). The lower limit of measured vertical separations 472 
(~0.25–0.3 m) have one standard deviation that is as large as or larger than the vertical 473 
separation, which is expected due to the high noise of the pre-earthquake DSM.  474 

The swath profiles also inform the surface displacement wavelength due to slip on 475 
individual fault strands. For example, subsidence in the Edgecumbe and Awaiti fault hanging 476 
walls is not fully recovered over the 500 m visible in the profile, but slip on the other structures, 477 
such as the Omeheu and Otakiri faults, is often recovered within 200–500 m away from the fault 478 
(Fig. 4). This wavelength has implications for the fault geometry and slip distribution, and is 479 
discussed below. 480 

Manually drawn vectors measurements adjacent to the central Edgecumbe fault on the 481 
pre- and post-earthquake orthophoto mosaics yielded 21 relative horizontal displacement vectors 482 
on the hanging wall and 17 relative horizontal displacement vectors on the footwall (Fig. S1; see 483 
Open Data). The hanging wall and footwall vectors were split into three spatial groups to 484 
produce average coseismic heave values of 0.9 m, 1.0 m, and 0.7 m (Fig. S1, Table S3). When 485 
combined with nearby vertical separation measurements, these heave values correspond to near-486 
surface fault dips of 64°, 64°, and 65°, respectively (Table S3). 487 

5 Sources of difference model error and implications for measurements 488 

The post-earthquake photoset generated a minimally distorted DSM due to the ideal 489 
camera lens, short duration of survey time, photo overlap, and low flight altitude. The pre-490 
earthquake photo set and resulting DSM is lower resolution (68 cm versus 31 cm for the post-491 
earthquake DSM) and contains more artifacts; therefore, the pre-event SfM model is the primary 492 
source of distortion in the vertical difference model (Fig. 2a). The pre- and post-earthquake 493 
DSMs have the largest artifacts (distortion) in three major areas: (i) the coastline, (i) between 494 
flight lines, and (iii) along the model edges. Minor artifacts are also present between individual 495 
photos along the seams. These distortions manifest as topographic breaks that are aligned due 496 
east-west (parallel to photograph orientations and flight paths) or as long wavelength undulations 497 
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and doming that do not reflect realistic landscape changes, and are most apparent when 498 
comparing the DSMs (pre and post-earthquake) to the lidar DEM (Fig. S2).   499 

Doming is a known problem common to photogrammetry (e.g., Zhou et al., 2016) and is 500 
typically mitigated with additional control points, but several problems limit that solution in this 501 
study. First, outside of the Rangitāiki Plains, the region is heavily forested and repeatedly clear-502 
cut. Dense vegetation typically poorly aligns in Agisoft Metashape Pro; here we suspect that the 503 
tree canopy and associated shadows provide few opportunities for unique model tie points (tie 504 
points are used in photo alignment). Oscillation between forest cover and clear-cut land also 505 
reduces the locations available for reliable and consistent control points. Second, previous post-506 
earthquake levelling surveys identified that much of the coast and Rangitāiki Plains either 507 
subsided or slightly uplifted during the earthquake, or experienced fluctuations due to 508 
groundwater withdrawal over longer periods (Blick & Flaherty, 1989). Therefore, most of the 509 
Rangitāiki Plains and coastline in the SfM-based models do not contain reliable control points. 510 
Finally, large artifacts exist in the pre-earthquake model along flight lines (Fig. 2a). These 511 
artifacts were partially reduced, but not eliminated, by including non-georeferenced check points 512 
within Agisoft (see Methods). Ultimately, flight line problems originate from poor photo 513 
overlap, photo vignetting, and the long photo set collection duration and therefore are unlikely to 514 
be completely removed from this photoset without significant photo or model post-processing.  515 

The artifacts and inaccuracies in these SfM-based models have several implications for 516 
the resulting vertical difference model. First, long wavelength vertical model warping exists over 517 
the many-kilometer-scale (~5 km).While some long-wavelength tectonic deformation likely 518 
occurred (e.g., Blick and Flaherty, 1989), we cannot necessarily separate these tectonic signals 519 
from SfM artifacts. Second, apparent elevation changes across flight lines, or less prominently, 520 
across photo seams, must be avoided when measuring coseismic vertical separation. Finally, the 521 
relatively widely spaced geographic control, long wavelength warping, and more discrete 522 
artifacts along photo and flight line seams mean that the difference values at any given point 523 
(from the vertical difference models) are likely not representative of absolute coseismic vertical 524 
change. This is apparent when comparing field-levelling data to the difference model (Fig. S3). 525 
For example, large swaths of land southwest of Te Teko did not apparently move in the 526 
Edgecumbe earthquake or minorly subsided (Blick & Flaherty, 1989), but appear to have 527 
uniformly uplifted in the vertical difference model (Fig. 2, S3). We therefore consider relative 528 
elevation changes across short distances (<2 km), such as taken in fault profiles (Fig. 4), to be 529 
reliable measures of coseismic deformation. Wider scale deformation patterns are useful to 530 
consider in a general sense but may reflect coseismic deformation less accurately. 531 

6 Comparison of displacement measurements with field observations 532 

The use of photogrammetry techniques with aerial photos to build pre- and post-533 
earthquake topographic datasets is a relatively new technique that has only sparsely been applied 534 
to coseismic displacement measurements (e.g., Howell et al., 2020; Zhou et al., 2016), and is 535 
typically used on larger magnitude events with bigger displacements. In order to understand the 536 
strengths, weaknesses, and limitations of this technique, it is important to compare the results of 537 
SfM-based surface models and measurements to other data collected with established techniques 538 
such as field surveys and lidar-based measurements. 539 

The 1987 field-based along-fault measurements fell into two categories: single event 540 
vertical offsets from the 1987 earthquake, and total scarp vertical offsets (Beanland et al., 1989) 541 
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(Fig 3b, 5; digitized in Table S4). The term “offset” is used in field-based studies and we keep 542 
that terminology here—these on-fault measurements may not capture full vertical separation. In 543 
some locations, where a reliable displaced marker was present, both single event and total 544 
vertical offset were measured (Beanland et al., 1989). Without information about pre-earthquake 545 
topography, these total vertical offsets may represent either displacement only from the 1987 546 
earthquake or multi-event displacement. Beanland et al. (1989) identified pre-existing scarps 547 
where a 1987 offset and a larger total scarp height were measured at the same place. 548 

Our coseismic vertical separation measurements generally agree with the field-based 549 
measurements (both 1987 single event and total offsets) along the flanks of the Edgecumbe fault 550 
and the Otakiri, Awaiti, Omeheu, Onepu, and Te Teko faults (Fig. 4 profile A; Fig. 5). An 551 
implication of this agreement is that the majority of the total offset field measurements likely 552 
only represent 1987 coseismic displacement. Many of our vertical separation values elsewhere 553 
are slightly larger than the field estimates when measured in the same location (Fig. 5), likely 554 
due to the longer profile length and ability to capture the full extent of vertical separation (Fig. 555 
4).  556 

Field-based studies identified three faults that ruptured in 1987 and had pre-existing 557 
scarps: the central Edgecumbe fault, the Onepu fault, and the Rotoitipakau fault zone (Fig. 2). Of 558 
the 1987 rupture traces mapped here, we identified pre-existing scarps on the central 559 
Edgecumbe, Onepu, Te Teko, Omeheu, and sections of the Otakiri faults based on the pre-560 
earthquake DSM, expanding the record of multi-event scarps (See Open Data). We could not 561 
identify the small (~10-cm-high) coseismic displacements on the Rotoitipakau fault zone, but 562 
lineaments and pre-existing scarps along these fault traces are clearly visible in the pre-563 
earthquake DSM topography, as identified by the field investigations (Beanland et al., 1989). On 564 
the central Edgecumbe fault, our vertical separation measurements are similar to field-based 565 
1987 vertical offsets and significantly smaller (~0.9–1.3 m smaller) than a cluster of large (>2 m) 566 
total scarp height measurements (15.3–17.4 km on Fig. 5). This agrees well with previous pre-567 
existing scarp height estimates (0.9–1.3 m) and indicates that the SfM-based vertical difference 568 
model is capturing only coseismic slip rather than cumulative scarp height.  569 

We estimated average heave values of 0.7, 0.9, and 1.0 m near the central Edgecumbe 570 
fault, which is broadly consistent with field-based extensional measurements of 0.4–1.6 in the 571 
same region. Beanland et al. (1989) estimated a near-surface fault dip of 55°, which is less than 572 
our estimated value of ~65°. Our slightly larger single event vertical separation values account 573 
for the slightly steeper dip. 574 

Based on field measurements, Beanland et al. (1989) calculated an average vertical offset 575 
along the Edgecumbe fault of 1.4 m. However, this value simply averages both 1987-only and 576 
total offset measurements and does not consider variation in measurement density along the 577 
rupture length, which may favor larger, more easily identified offset sites. To try to address these 578 
two issues, and to compare to results from this study, we recalculated the average field-based 579 
vertical offset by subsampling the likely 1987 offsets.  580 

Our vertical offset/separations mean uses regularly-spaced, 1-km-wide moving-window 581 
averages taken every 200 m along the strike distance (see Fig. 3 for strike distance). The SfM-582 
based moving window means are inversely weighted by the σ2 value while field measurements 583 
are weighted equally since they do not have error values. The final mean displacement value for 584 
the Edgecumbe fault is the average of all moving window means for that dataset. The 585 
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recalculated 1987 field-based displacements include total vertical and 1987 vertical offsets (as 586 
reported by Beanland et al., 1987), but excludes offsets >2.5 m (likely multi-event) or clusters 587 
identified elsewhere as pre-existing scarp height (e.g., 15.3–17.4 km on Fig. 5) (Table S5). The 588 
average vertical displacement along the Edgecumbe fault is 1.2 m for field offsets and 1.5 m for 589 
SfM-based vertical separations over the field-measured fault length. Using the SfM-measured 590 
fault length, which is ~2.5 km longer than mapped in the field (Fig. 2b), field vertical offsets 591 
average 1.1 m and SfM vertical separations average 1.2 m (Fig. 5). These slightly larger average 592 
displacement values over the same distances suggest that this SfM-based method captures the 593 
full vertical separation (both away from the fault and along strike) better than the 1987 field 594 
measurements. 595 

The average vertical displacement values above differ from the 0.6 m reported by 596 
Wesnousky (2008), which was incorporated into a global catalog to evaluate potential 597 
relationships between earthquake characteristics (e.g., length, slip, fault width, moment release). 598 
Wesnousky (2008) calculated average displacement by interpolating all offsets from Beanland et 599 
al. (1989) along the entire surface rupture length (15.5 km), rather than just the Edgecumbe fault 600 
trace. We avoided that approach here because the apparently shallow slip depths associated with 601 
the secondary faults may not be appropriate or comparable across a global earthquake catalog. 602 

7 Elastic dislocation modelling and implications 603 

Our new mapping and displacement data provide additional information about fault 604 
structure and slip behavior, warranting revisitation of the 1987 Edgecumbe earthquake fault 605 
model. Our preferred elastic dislocation model of the 1987 Edgecumbe earthquake includes slip 606 
on the Edgecumbe and Awaiti faults (Fig 6). The modeled Edgecumbe fault consists of an 8.5-607 
km-long structure striking 240° with dips of 65° from 0 to 1 km depth, 50° from 1 to 2 km depth, 608 
and 35° from 2 to 7 km depth (Fig. 6; Table 1). The Awaiti fault was modelled as a 2.7-km-long 609 
planar fault striking 228° that dips 60° between 0 and 3 km depth. We find that the regional 610 
displacement field can be approximated with a peak slip of 4.5 m at depths 2 to 6 km along the 611 
Edgecumbe fault and 1.5 m peak slip along the Awaiti fault (Fig. 6, Table 1). Both faults include 612 
a pronounced tapered slip distribution along strike, with peak slip near the center of each fault 613 
(Fig. 6, Table 1). Slip on the Edgecumbe fault also includes a slight slip taper near the upper and 614 
lower fault edges. This fault geometry and prescribed slip yields an earthquake with Mw 6.54 615 
(Hanks & Kanamori, 1979).  616 

 617 

Table 1. Elastic dislocation fault parameters 618 

Fault name Depth range  Dip (°) Normal slip (m) on modelled section 
From north to south 

Edgecumbe 0–1 km 65 1.5 3.0 2.5 1.0 0.5 
1–2 km 50 1.5 3.5 3.0 1.0 0.5 
2–6 km 35 2.0 4.5 3.5 1.5 0.5 
6–7 km 35 1.5 3.0 2.5 1.0 0.5 

Awaiti 0–3 km 60 0.5 1.5 1.5 1.5 0.5 

Table 1. Slip on the Edgecumbe and Awaiti faults used in the elastic dislocation modelling. 619 
Location of faults shown in Fig. 6. All slip has a pure normal rake (-90°). 620 
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Figure 6: Comparison of elastic dislocation model slip and surface deformation to SfM-based vertical displacement of 
the 1987 Edgecumbe earthquake. Epicenter location (star) and uncertainty (dashed grey circle) from Anderson and 
Webb (1989). (a) Location and slip on the simplified Edgecumbe and Awaiti faults used in elastic dislocation model-
ing. Dip values labelled per segment row. Slip is tapered along strike and near fault edges (see Table 1). (b) Vertical 
surface displacement from the model shown in (a). Very little uplift (<0.25 m) is predicted. (c) Vertical displacement 
from the smoothed SfM-based vertical difference model, which is smoothed over a 1-km-moving-median window 
and trimmed to the Rangitāiki Plains extent. Most uplift is likely an artifact from poor photo overlap between frames 
and flight lines (see Fig. 2) and other problems described in the text. All values have been shifted up by 0.5 m to 
correct for lack of geographic control within the graben and flight line distortion. (d) Graben profiles comparing 
vertical difference model from Fig. 2a (shifted up 0.5 m), moving average of the vertical difference model, smoothed 
vertical difference model from (c), and the elastic dislocation model vertical displacement from (b). Black contour 
interval is 0.5 m; grey contour is -0.25 m.
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 621 

We do not include other mapped fault traces in the final elastic dislocation model because 622 
they did not significantly alter the fit of observed and modelled displacements. Slip on these 623 
structures only extends up to ~500 m away from the fault trace at the surface (e.g., Fig. 4e). 624 
Elastic dislocation modelling suggests this short-wavelength vertical deformation can only be 625 
caused by slip less than 1 km below the surface, even with a range of plausible dip values (35-626 
70°). Thus, we infer that these faults (i) likely did not host substantial slip at depth, (ii) did not 627 
link at depth with other ‘seismogenic’ faults during this earthquake, and (iii) did not contribute 628 
significant moment release during the 1987 earthquake.  629 

The Edgecumbe fault dip at depth was most controlled by the estimated focal mechanism 630 
dip and location, both of which required a relatively gentle dip near the base of a thin 631 
seismogenic crust (H. Anderson & Webb, 1989; Webb & Anderson, 1998). While the 632 
hypocenter location is poorly constrained, the overall pattern of broad subsidence (Fig. 2; Fig. 633 
6c), steep near-surface fault dip (Beanland et al., 1989; this study), little to no footwall uplift 634 
(Blick & Flaherty, 1989; this study), and a thin (6- to 8-km-thick) brittle crust (Robinson, 1989) 635 
is most simply accommodated by a gently dipping fault that steepens in the shallow subsurface 636 
(Fig. 6).  637 

Our preferred model geometry implies the Edgecumbe fault is a relatively low-angle, 638 
normal fault for most of its area. At >2 km depths, our modelled dip (35°) is similar to previous 639 
elastic dislocation model dip estimates of 40°, which were based on relative horizontal 640 
displacements acquired from triangulation networks (Darby, 1989). Listric geometry of  the 641 
Edgecumbe fault was previously discounted, despite surface dips significantly steeper than 642 
estimated subsurface dips (Beanland et al., 1990). It is unclear whether the Edgecumbe fault is 643 
truly listric (i.e., smooth decrease in dip with depth) or whether steeper fault dips only occur in 644 
the very near surface (<1 km) with a largely planar fault geometry below. In the case of the 645 
latter, near-surface dip changes could be due to surface crust failing under tension, consistent 646 
with dominantly planar geometry observed in other active normal faults (e.g., Reynolds & 647 
Copley, 2018). For the Edgecumbe fault, these semantics do not have much impact on the overall 648 
rupture area, moment release, or expected seismic hazard since the seismogenic crust is fairly 649 
thin and changes in dip likely occur within the upper few kilometers of the crust in either case. 650 

Lower angle normal faults do not fit traditional Andersonian theory (E. M. Anderson, 651 
1951), but 35° does fall within the observed dip range of 30-60° observed globally on normal 652 
faults (Collettini & Sibson, 2001; Jackson, 1987; Middleton et al., 2016; Reynolds & Copley, 653 
2018; Wernicke, 1995). The fault hosting the Mw 5.7 2020 Magna earthquake in Utah, U.S.A., 654 
was inferred to have a similar geometry to our preferred Edgecumbe fault model; focal 655 
mechanisms suggest a gently dipping (20–32°) fault plane at depth that steepens to 70° near the 656 
surface, though no surface rupture was observed in that event (Pang et al., 2020). The 657 
Edgecumbe earthquake can thus provide an important case study of rupture behavior and surface 658 
deformation patterns when gently-dipping normal faults rupture to the surface through the width 659 
of the seismogenic crust.  660 

Previously inferred dips on TVZ faults are steeper (~60°) as a compromise between 661 
gentler estimated deep fault dips and steep surface dips (Villamor & Berryman, 2001). If, like the 662 
Edgecumbe fault, the majority of TVZ faults have lower dip angles for the majority of their area, 663 
this could influence both slip rate and earthquake size estimates for the region. Alternatively, the 664 
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Edgecumbe fault may have lower overall dip values than the average Taupō rift fault because it 665 
is a primary graben-bounding structure that has rotated farther from an initially steeper dip (e.g., 666 
Jackson, 1987). More information about fault dips at depths > 1 km is needed to understand 667 
these relationships. 668 

It is important to note that while our preferred model of the 1987 earthquake is generally 669 
a good fit to surface and seismological observations, it is not a unique solution. Similar models 670 
with slightly different fault geometries (e.g., depth, dip angles, and curvature) or slip 671 
distributions may fit the observations similarly as well. Broadly speaking, however, significantly 672 
different and new information about the subsurface geometry or hypocenter location would be 673 
required to greatly change the inferred fault behavior. The most significant differences between 674 
our elastic dislocation modelling and the previous model of Darby (1989) are a heterogeneous 675 
slip distribution informed by a denser network of surface displacement observations, a slightly 676 
gentler fault dip, a spatially variable fault orientation made possible by improvements in 677 
software, and the addition of the Awaiti fault. 678 

8 Pushing the limits: lessons learned in reconstructing moderate magnitude earthquake 679 
deformation fields from historical imagery 680 

This study has two main foci: (1) the development of a new technique using historical air 681 
photos to build pre- and post-earthquake surface models, and (2) the implications of our results 682 
for Edgecumbe area and interactions in TVZ. We therefore separate our discussion by focusing 683 
first on the application of our method and second on the tectonics in the Rangitāiki Plains. 684 

8.1 Advantages and limitations of surface displacement measurements from historical 685 
aerial images 686 

We have shown that using historical aerial photos to generate digital surface models can 687 
be an effective and useful technique, particularly in the absence of other high-resolution 688 
topographic data. The primary advantages include the abilities to (1) take dense measurements 689 
and fill in spatial gaps from previous surveys, (2) measure displacements across a wide aperture, 690 
including distributed deformation and off-fault displacement, (3) identify subtle deformation that 691 
is difficult to identify on the ground, such as along small or blind fault and fold scarps, (4) 692 
discern between new fault scarps and pre-existing fault scarps, and (5) estimate the depth of 693 
faulting based on surface deformation width. In this study, we resolved vertical deformation 694 
confidently to ~0.3 m in our difference model (Fig. 5). We located nearly all of the fault traces 695 
mapped in post-earthquake reconnaissance, and in some cases, mapped traces that were not 696 
identified following the earthquake (Fig. 2). The newly-mapped 1987 rupture traces are typically 697 
extensions of known scarps, or wide, low-amplitude (<0.5 m) scarps several hundreds of meters 698 
from other mapped fault traces. The newly mapped fault traces may represent fold scarps across 699 
a locally blind, shallow fault, though we cannot distinguish folds from fault scarps using this 700 
method. In the absence of surface cracking, discrete breaks from surface rupture, or obviously 701 
deformed cultural markers, these scarps would be very difficult to detect in the field.  702 

The limitations and challenges of this technique depend on the geographic setting and 703 
photosets, but generally include (1) artifacts from flight lines, (2) long wavelength warping, and 704 
(3) limitation to the final product resolution. Ultimately, the quality of an SfM-derived DSM is 705 
highly dependent on the resolution and quality of the photoset used to generate the model. In 706 
other words, factors such as high flight altitude, poor photo overlap (<60%), too short or too long 707 
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lens focal lengths, presence of clouds or harsh shadows, photo vignetteing, and time over which 708 
photos were taken will all negatively impact the SfM model generation process. In this study, 709 
these problems were highlighted by the difference in final model quality between the pre-710 
earthquake and post-earthquake SfM-based DSMs—the 1987 post-earthquake photos generated 711 
a much clearer, lower-noise, and higher resolution DSM than the pre-earthquake photos. The 712 
Rotoitipakau fault zone could not be mapped using the SfM-based method (Fig. 2b) due to a 713 
combination of prominent model warping artifacts and very small displacements of ~10 cm 714 
(Beanland et al., 1989). Combined with findings described above of newly mapped fault traces, 715 
this suggests that there may be other 1987-activated fault traces with small vertical separations 716 
(<30 cm) that remain undocumented by either field mapping or SfM difference mapping, 717 
particularly if brittle deformation at the surface was absent. Precise independent ground control, 718 
if available, can reduce some model artifacts, but errors introduced during model generation 719 
(e.g., warping between control points) can be difficult to quantify (Delano et al., 2021).  720 

We were unable to accurately resolve the effects of tectonic subsidence from sediment 721 
compaction and other non-tectonic processes in this study. Broad-scale sediment compaction in 722 
unconsolidated alluvial fill and pore water movement was documented to some extent post-723 
earthquake, but was poorly constrained and likely spatially heterogeneous due to variable 724 
sediment deposits and groundwater distribution (Blick & Flaherty, 1989). Where measured, the 725 
vertical effects of sediment compaction were ~0.2–0.3 m (Blick & Flaherty, 1989; Pender & 726 
Robertson, 1987), which is generally less than one standard deviation of our displacement 727 
measurements. Untangling non-tectonic ground deformation at this scale from tectonic 728 
displacement is a challenge that extends beyond this study and method. Accurately quantifying 729 
non-tectonic processes would require more information on subsurface materials and properties, 730 
and some form control that can be compared before and after the earthquake. 731 

8.2 Role of minor faults during coseismic deformation 732 

The Edgecumbe earthquake is a moderate magnitude (Mw 6.5) earthquake that has a short 733 
primary fault rupture length (i.e., the Edgecumbe fault) compared to average and maximum slip, 734 
high degree of secondary faulting, and a very wide faulted zone compared to global catalogs of 735 
normal fault earthquakes (Ferrario & Livio, 2021; Wesnousky, 2008). Our additional fault trace 736 
mapping only increases these values—secondary faulting is denser than previously recognized, 737 
increasing the amount of distributed faulting for this event (Ferrario & Livio, 2021). Based on 738 
our mapping combined with the Rotoitipakau fault traces from Beanland et al. (1989), there were 739 
17.6 km of primary fault (Edgecumbe and Awaiti) surface rupture traces and 36.8 km of 740 
secondary fault surface rupture traces (Fig. 2b). If we consider only the certain and approximate 741 
traces, these values are 15.9 km (38%) for primary and 25.9 km (62%) for secondary traces. 742 
Most other well-studied historical normal fault ruptures, such as those in the western U.S., 743 
produced more localized fault rupture along narrower zones than observed here (e.g., Caskey et 744 
al., 1996; DuRoss et al., 2019; Wallace et al., 2004). Therefore, the significant secondary surface 745 
rupture seen during the Edgecumbe earthquake may be more representative of backarc normal 746 
fault events, such as the Mw 6.5 2016 Central Italy earthquake, which also produced a wide zone 747 
of faulting with similar peak slip and complex reactivation of existing faults (Ferrario & Livio, 748 
2018). 749 

Surface deformation on secondary structures, which likely did not have significant slip at 750 
depth or contribute to seismic moment, is important from a fault displacement hazard perspective 751 
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(ANSI/ANS, 2015; Ferrario & Livio, 2018). For example, during the 2016 Kaikōura earthquake, 752 
minor surface slip occurred on the Hope fault without apparent slip at depth, causing road 753 
damage and suggesting that this phenomenon may be common at least in New Zealand 754 
earthquakes (Litchfield et al., 2018). Complex and distributed surface rupture and the hazard due 755 
to coseismic surface displacement may not be captured by only concentrating on traditional 756 
metrics such as magnitude, fault length, and peak or average slip, or fault zone width. The 757 
observation that secondary structures produced a surface scarp without slip at depth also has 758 
important implications for interpreting paleoseismic records. If scarp production does not 759 
necessarily correlate to seismogenic slip at depth, the interpreted paleoseismic record from 760 
trenches in these types of settings becomes more complicated. In the case of the Rangitāiki 761 
Plains, past interpretation of the number paleoearthquakes assumes primary rupture for many 762 
scarps, which without extensive timing data could lead to an overestimation of earthquake 763 
frequency (Begg & Mouslopoulou, 2010).  764 

8.3 Possible magma-tectonic interactions in the Rangitāiki plains 765 

Understanding the complex interactions between magmatic and seismic activity is critical 766 
to characterizing both volcanic and earthquake hazard in active rift settings like the TVZ. The 767 
1987 Edgecumbe earthquake is generally considered an amagmatic earthquake within the 768 
tectonically-dominated northern TVZ (Rowland et al., 2010). Hamling et al. (2016), however, 769 
demonstrated that an inflating sill at depth along the western margin of the Rangitāiki Plains may 770 
control longer term uplift and could produce stress changes that promoted earthquakes like the 771 
2005-2009 Matatā sequence. 772 

The Edgecumbe earthquake was preceded by foreshocks that extended northeast of the 773 
mainshock (Fig. 1) (Smith & Oppenheimer, 1989). This foreshock cluster occurred in a similar 774 
location to (~10 km farther west) and along trend with the 2005-2009 Matatā sequence. 775 
Importantly, the edge of the best fit sill location determined by Hamling et al. (2016) coincides 776 
with the approximate hypocenter of the 1987 Edgecumbe earthquake (Fig. 7a). The similarity 777 
between the Edgecumbe and the Matatā sequences leads to the question: could the Edgecumbe 778 
earthquake sequence have been triggered by stress changes from the inferred inflating sill below 779 
Matatā? 780 

We explored the idea of magma-inflation-triggered earthquakes within the Whakatāne 781 
graben by modelling the sill geometry and inflation used in Hamling et al. (2016) and imposing 782 
the resulting static stress on simplified versions of the Edgecumbe fault, Awaiti fault, and 783 
approximate planar fit to 1987 foreshock cluster (Fig 7). We lack focal mechanism or hypocenter 784 
data for the foreshock cluster events, but model the foreshock swarm as a southwest-striking, 45° 785 
northwest-dipping plane similar to other offshore central Whakatāne graben faults (Fig. 1b, Fig. 786 
7) (Lamarche et al., 2006). We modelled a range of plausible sill locations, extents, and depths 787 
based on values and uncertainties from Hamling et al. (2016). Sill inflation was fixed to 1 m, 788 
which represents an inflation rate of 20 mm/yr over 50 years (Hamling et al., 2016). Coulomb 789 
stress change was calculated in Coulomb v3.3, assuming a pure normal slip (rake of -90°) (Toda 790 
et al., 2011). 791 

Depending on the location and depth of the sill, the imposed sill inflation causes static 792 
stress changes that either promote or inhibit slip on portions of the simplified faults. In general, 793 
positive stress changes occur with two sill configurations: (1) when the sill and fault bases are at 794 
similar depths and the sill is northwest of the fault bases, slip is promoted at the base of the 795 
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Edgecumbe and foreshock faults (Fig. 7a–7c), and (2) when the sill edge ends below a portion of 796 
modelled faults at any depth, slip is promoted at the base of all three faults (Edgecumbe, 797 
foreshock, and Awaiti planes) (Fig. 7d–7f).  798 

The existence of reasonable sill inflation models that promote slip on these faults 799 
suggests a plausible scenario where as the sill inflates, slip is triggered at depth on favorably 800 
oriented nearby faults, as was inferred in the Matatā sequence by Hamling et al. (2016). Further, 801 
slip along the base of either the Edgecumbe or foreshock plane faults results in positive static 802 
stress changes that promote slip in both along-strike and up-dip directions. Earthquake rupture 803 
may then continue on to other structures, which may already be near failure, due to static or 804 
dynamic stress changes.  805 

The TVZ contains many active faults (Fig. 1) with complex relationships to the 806 
underlying magmatic bodies and many mechanisms have been proposed for volcano- tectonic 807 
interactions and triggering (e.g., Rowland et al., 2010; Villamor et al., 2017; Wilson & Rowland, 808 
2016). Though faulting in the Whakatāne graben and during the Edgecumbe earthquake is 809 
considered tectonic-dominated rather than magmatic-driven (H. Anderson et al., 1990; Rowland 810 
et al., 2010), it is possible that the timing of the 1987 Edgecumbe earthquake may have been 811 
advanced by the interaction with long-term sill inflation and the cascading influence of stress on 812 
adjacent faults.  813 

5 Conclusions 814 

We have demonstrated that historical aerial photos can be used to construct SfM-based 815 
pre and post-earthquake topographic models useful for detecting coseismic surface deformation. 816 
When applied to the Mw 6.6 1987 Edgecumbe earthquake in New Zealand, we find that our SfM-817 
based measurements generally agree with, but are slightly larger than, field-based measurements. 818 
We also detected many more small, subtle scarps than were mapped in the field survey. As a 819 
result, our understanding of surface deformation associated with the Edgecumbe earthquake is 820 
improved by a far denser dataset of vertical displacement measurements, the ability to 821 
distinguish single-event displacement and pre-existing scarps, and the ability to assess change 822 
over a wider aperture to include off-fault deformation. 823 

The improved surface displacement data constrain updated fault geometries and a new 824 
elastic dislocation model of the earthquake, which compared to earlier efforts, now includes 825 
tapered slip, gentler fault dips at depth, steep fault deps in the near surface, and the inclusion of 826 
the Awaiti fault. The 1987 Edgecumbe earthquake is somewhat unusual in the amount of surface 827 
rupture on dominantly secondary (non-seismogenic at depth) faults for a moderate-magnitude 828 
event. The prevalence of secondary structure surface rupture may be a result of the back-arc rift 829 
setting and thin seismogenic crust; such behavior should be taken into account in probabilistic 830 
surface displacement hazard assessments for this type of tectonic setting. Finally, we have shown 831 
that the Edgecumbe fault could have been pushed to rupture by stress changes associated with an 832 
inflating sill at depth. This finding suggests that the timing of moderate-large ‘tectonic’ 833 
earthquakes may be advanced by fault interaction with magmatic processes like sill inflation and 834 
the cascading influence of stress changes on adjacent faults. 835 
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