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Abstract Earthquake surface deformation provides key constraints on the geometry, kinematics, and
displacements of fault rupture. However, deriving these characteristics from past earthquakes is complicated by
insufficient knowledge of the pre-event landscape and its post-event modification. The 1987 M, 6.5 Edgecumbe
earthquake in the northern Taupd volcanic zone (TVZ) in New Zealand represents a moderate-magnitude
earthquake with distributed 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
(DSMs) using structure-from-motion techniques. We measured discrete and distributed deformation from
differenced DSMs and compared the effectiveness of the technique to traditional field- and lidar-based studies.
We identified most fault traces recognized by 1987 field mapping, mapped newly identified traces, and made
dense 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 and 1.2 m, respectively), are similar
to field-based values of 2.4 and 1.1 m, respectively. Importantly, this technique can discern between new and
pre-existing fault scarps better than field techniques or post-earthquake lidar-based measurements alone. Our
surface displacement results are used to refine subsurface fault geometries and slip distributions at depth, which
are further used to investigate potential magmatic-tectonic stress interactions in the northern TVZ. Our results
suggest the Edgecumbe fault dips more gently at depth than at the surface, hosted shallow slip in 1987, and may
be advanced toward failure by interactions with nearby magma bodies.

Plain Language Summary Understanding earthquake behavior relies heavily on information
about how past earthquakes changed the landscape. Detailed information about the surface topography before
the earthquake is often limited, creating challenges for accurately measuring earthquake surface deformation.
Aerial photos are widely available and can be used to create 3D digital surface models in places where

other topographic information is lacking. We use historical aerial photos to make 3D datasets of the surface
topography before and after the 1987 Edgecumbe earthquake in New Zealand. We calculated the difference
between the two 3D datasets to identify and measure how the earthquake changed the landscape, and compared
our results to previous measurements. We found that this method generally works as well as field methods

for identifying and measuring fault movement, and has some advantages over other techniques. In particular,
this approach can separate deformation from individual earthquakes, which had previously been a challenge.
The results refine our understanding of the faults below the surface, provide insight into the earthquake's
relationship to surrounding faults and volcanic systems, and allow us to better characterize seismic hazard both
here and in other similar geologic settings.

1. Introduction

Historical earthquakes provide one of the best opportunities to characterize surface ruptures and the hazards posed
by coseismic deformation (e.g., Wesnousky, 2008; Youngs et al., 2003). Empirical scaling laws and fault displace-
ment hazard analyses are largely based on inventories of surface-deforming events that have occurred over the last
~150 years. However, accurately deriving surface rupture and displacement characteristics from historical earth-
quakes can be challenging, particularly for events that occurred before satellite- and lidar-based datasets became
widely available. In regions with infrequent earthquakes, high-relief scarps, and/or low erosion rates, modern
high-resolution topographic data can capture many characteristics of older historical earthquake ruptures (e.g.,
DuRoss et al., 2019; Middleton et al., 2016; Nissen et al., 2014; Shao et al., 2020). Elsewhere, reconnaissance
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mapping (if undertaken at the time) or sparse paleoseismic trenches may be the only records of historical ruptures
(e.g., Ambraseys, 1963; Henderson, 1933; Kelsey et al., 1998; Schermer et al., 2004). The details of coseismic
deformation in these dynamic landscapes may be lost over time to erosion, vegetation growth, or anthropogenic
modification. For many historical earthquakes, assumptions about pre-earthquake topography and landscape
modification between the timing of the event and data collection add significant uncertainties to reconstructions
of displacements and rupture extent.

Historical and modern aerial photographs occupy a useful niche for studying earthquakes because they span
long periods of time (70+ years), often with repeat surveys. With more recent advances in photogrammetry
techniques, existing aerial photographs can be used to generate additional pre- and post-earthquake topographic
data to supplement lidar, satellite, and field-based data (e.g., Andreuttiova et al., 2022; Howell et al., 2020; Zhou
et al., 2016). This means that high-resolution 2D and 3D displacement fields, typically only achievable for recent
ruptures with modern techniques like differential lidar or InSAR, can theoretically be produced for any earth-
quake where sufficient-quality pre- and post-event photos are available. Surface displacements derived from
aerial imagery can serve as a compromise between resolution, coverage, and availability compared to other
remote sensing or field data.

Legacy aerial images (i.e., collected from airplane-based surveys) have some advantages over other remote sens-
ing techniques and can be applied over a variety of geologic settings. Post-earthquake field surveys, including
fault rupture mapping, offset measurements, and unmanned aerial vehicle (UAV) surveys can capture fine-scale
and ephemeral features (e.g., Beanland et al., 1989; Blick & Flaherty, 1989; DuRoss et al., 2019; Koehler
et al., 2021; Litchfield et al., 2018; Trexler et al., 2018). However, these surveys may miss subtle, broader-scale
deformation, can be hindered by time, weather, and access, or have uncertainties that are difficult to quantify.
Low-altitude UAV photosets have the resolution for measuring coseismic displacements and even interseismic
creep (e.g., Scott et al., 2020), but are limited to the last decade and are typically purpose-collected after an event.
Aerial and terrestrial lidar data across earthquake ruptures provide high-resolution, geometrically accurate data in
3D (e.g., Dufty et al., 2013; Oskin et al., 2012; Wedmore et al., 2019) and the bare-earth capabilities outperform
image-based methods in vegetated areas (Ekhtari & Glennie, 2018). Lidar data, however, is expensive to collect
and typically requires reconnaissance to define the area of interest, so coverage over the full deformation field
may be incomplete, such as for the 2016 Kaikoura earthquake (e.g., Litchfield et al., 2018). With any survey
method, pre-earthquake topography is commonly unavailable so is often inferred or gathered from other sources
(e.g., Lajoie et al., 2020). Satellite-based data (InSAR and satellite images) have the advantage of frequent data
collection, but are limited to the last few decades. Satellite imagery resolution may be too coarse for smaller
displacements, and InSAR suffers from data loss where strain is high near the fault trace (e.g., Elliott et al., 2016).

This study focuses on the 1987 Edgecumbe earthquake as an example of surface rupture that can be comprehen-
sively reconstructed with pre- and post-earthquake aerial imagery, filling the gap between the historical event
timing (1987) and lidar collection in 2006 and 2011. We use legacy aerial photos of the Rangitaiki Plains in the
North Island of New Zealand (Figure 1) and photogrammetry software to generate pre- and post-earthquake
digital surface models (DSMs) and orthophoto mosaics from the 1987 Edgecumbe earthquake. Most existing
studies that use similar remote sensing techniques (i.e., historical airplane-based photos) focus on larger magni-
tude (M|, 7+) earthquakes where slip is more easily resolved (e.g., Barnhart et al., 2019; Howell et al., 2020;
Zhou et al., 2016). The M, 6.5 Edgecumbe earthquake, conversely, represents a moderate magnitude earthquake
with <2 m average surface slip (Beanland et al., 1989), and therefore tests the limits of this technique with a
final topographic product resolution that approaches the scale of surface displacement. The existence of several
different displacement datasets (lidar, leveling surveys, and field measurements) allow for robust sensitivity tests
of our method and provide realistic constraints on the limits of using historical aerial photographs to characterize
coseismic deformation. We demonstrate the utility of the technique in elucidating tectonic-magmatic interac-
tions, which is one of the fundamental processes regulating earthquake behavior in this back-arc rift setting (e.g.,
Muirhead et al., 2022; Rowland et al., 2010; Villamor & Berryman, 2001). The new surface deformation data
were used to solve for the best-fitting slip and fault geometry and to forward model stress interactions with a
magmatic sill at the base of the seismogenic crust. These new datasets provide a more complete picture of fault
rupture hazards from moderate-magnitude normal-fault earthquakes as well as insights into possible interactions
between magmatic and tectonic processes in the Taupd volcanic zone (TVZ) and elsewhere.
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Figure 1. Tectonic setting of the 1987 Edgecumbe earthquake. (a) The Edgecumbe earthquake occurred in the northern Taupd volcanic zone (TVZ), a zone of backarc
extension in the Australian plate above the Hikurangi subduction zone. Active onshore faults in gray (Langridge et al., 2016). (b) The Edgecumbe earthquake surface
rupture occurred mostly within the Rangitaiki Plains— lowlands in the onshore Whakatane graben at the intersection of the TVZ and North Island dextral fault system
(NIDFS). Active faults shown in red. Onshore faults from Langridge et al. (2016). Only graben-bounding offshore faults are shown (Lamarche et al., 2006). Focal
mechanism from Anderson and Webb (1989). Foreshock locations from Smith and Oppenheimer (1989).

2. Background
2.1. Geologic Setting

The 1987 Edgecumbe earthquake occurred within the Whakatane graben at the northern end of the onshore
Taupd rift on the North Island of New Zealand (Figure 1) (Beanland et al., 1989). The Taup®d rift (or Taupd fault
belt) is a region of localized normal faults in the TVZ, the continental volcanic arc associated with the Hikurangi
subduction zone (Figure 1) (e.g., Wilson et al., 1995). GNSS data show the northernmost TVZ is extending at a
rate of ~15 mm/yr (Lamarche et al., 2006; Wallace et al., 2004).

The structure of the Whakatane graben is primarily controlled by the northwest-dipping Edgecumbe-White
Island fault; the White Island fault is the offshore continuation of the onshore Edgecumbe fault (Figure 1b)
(Lamarche et al., 2006). The Edgecumbe fault accommodates primarily normal motion and displaces basement
greywacke overlain by a succession of alluvial, wetland, and marine sediments, erupted rocks, and reworked
volcanic deposits that make up the Rangitaiki Plains (Beanland et al., 1990; Ota et al., 1988). The eastern margin
of the onshore Whakatane graben is located within the Rangitaiki Plains and coincides with a transitional zone
where the dominantly strike-slip North Island dextral fault system (also referred to as North Island dextral fault
belt and North Island fault system) and the extensional Taupd Rift begin to intersect (Figure 1) (Mouslopoulou
et al., 2008). The western margin of the onshore Whakatane graben is thought to be largely controlled by the
east-dipping Matata fault (e.g., Begg & Mouslopoulou, 2010; Ota et al., 1988). Active volcanoes are located in
the northeast (offshore) and southwest (onshore) sections of the graben, and off-axis magma chamber inflation
has been inferred immediately west of Matata (Hamling et al., 2016). Taken together, previous studies demon-
strate that the Edgecumbe earthquake occurred in a relatively simple graben within a complex tectonic setting
(e.g., Wilson & Rowland, 2016).

The M|, 6.5 Edgecumbe earthquake occurred on 2 March 1987 (local time) and produced widespread subsidence
from normal slip (Anderson et al., 1990; Beanland et al., 1990; Darby, 1989; Webb & Anderson, 1998). Poor
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instrument distribution leads to some uncertainty in the rupture mechanism and locations of the hypocenter and
centroid, but the most recent estimates indicate a relatively shallow centroid depth (6 + 1 km) on a gently dipping
fault plane (32° + 5/-10°) striking southwest (229 + 10°) with dominantly normal rake (—113 + 12°) (Figure 1b)
(Webb & Anderson, 1998). Seismological studies interpreted that the mainshock initiated near the northern,
lower edge of the Edgecumbe fault and the rupture propagated unilaterally toward the southwest (Anderson &
Webb, 1989; Webb & Anderson, 1998).

The mainshock was preceded by foreshocks (starting 21 February 1987) in two southwest-trending clusters: one
in the Whakatane graben between Matata and Thornton and the other farther northwest near Maketu (Figure 1b)
(Smith & Oppenheimer, 1989). The Edgecumbe earthquake aftershocks were primarily between 4 and 6 km
depth and were nearly all <8 km deep, which together indicate a brittle ductile boundary at 68 km depth near
the Rangitaiki Plains (Robinson, 1989).

The 1987 Edgecumbe earthquake ruptured a number of pre-existing, but previously unrecognized faults in the
onshore Whakatane graben (Beanland et al., 1989). Following earthquake, field-based surveys conducted fault
trace mapping, discrete horizontal and vertical displacement measurements along surface ruptures, limited
short (<50-m-long) topographic profile measurements, and leveling surveys along the major roads (Beanland
et al., 1989; Blick & Flaherty, 1989). Most of the slip occurred on the Edgecumbe fault, the inferred primary
structure on which the mainshock initiated (Beanland et al., 1989). The earthquake also produced many short
surface ruptures on widely spaced faults up to 8§ km away from the main trace. The field-based Edgecumbe fault
measurements yielded a maximum normal dip slip of 3.1 m (2.5 m throw and 1.3 m heave) along a 7-km-long
trace, with no evidence of strike-slip motion (Beanland et al., 1989). The surface slip was high compared to other
recorded normal fault earthquakes (Beanland et al., 1990); globally derived displacement-length scaling relation-
ships suggest that the average and maximum slip of the Edgecumbe earthquake are more consistent with fault
ruptures 4—6.5x its mapped length (Wesnousky, 2008). Repeat road leveling surveys in the Rangitaiki plains iden-
tified no uplift within the Edgecumbe fault footwall and estimated that ~10% of coseismic displacement values
were accommodated as afterslip in the months following the earthquake. These leveling surveys, however, are
limited to only a few roads, are complicated by sparse pre-earthquake survey reference data, lacked an absolute
reference frame, likely includes non-tectonic deformation, and transect the main fault at an oblique angle outside
the zone of peak slip (Blick & Flaherty, 1989) (Text S1).

2.2. Remote Slip Measurements From Historical Earthquakes

Earthquake surface deformation can be used to resolve fault geometry and kinematics, and fault slip measurements
using airborne remote sensing (e.g., lidar and photogrammetric datasets) have been fundamental in understanding
fault rupture behavior and seismic hazard (e.g., Manighetti et al., 2015, 2020; Perrin et al., 2016). Regularly-spaced
fault displacement measurements provide insights into both single-event and long-term rupture segmentation
(e.g., Manighetti et al., 2020); fault growth, maturity, possible rupture directivity (Perrin et al., 2016); and how
faults accommodate elastic-inelastic strain (Barnhart et al., 2019; Scott et al., 2019). A number of techniques
exist to measure single-event coseismic deformation and resolve slip from optical and lidar datasets, including
3D point cloud differencing (iterative closest point, or ICP, algorithm; after Nissen et al., 2012), pixel-tracking
(e.g., Barnhart et al., 2020; Leprince et al., 2007; Milliner et al., 2015; Scott et al., 2018), and basic DSM differ-
encing and manual feature-tracking for vertical and horizontal displacements, respectively. These multi-temporal
data remove ambiguity in correlating cumulative displacements to individual earthquakes, which can be particu-
larly important when characterizing off-fault deformation and the role of small-offset or secondary structures
in the earthquake rupture process (Andreuttiova et al., 2022; Duffy et al., 2013; Oskin et al., 2012; Wedmore
et al., 2019). Together with seismic observations, coseismic slip distributions can also reveal the influence of
extrinsic (e.g., volcanic) processes on fault rupture (e.g., Scott et al., 2019; Yagi et al., 2016). While the number
of multi-temporal studies increases with each additional surface rupturing earthquake, relatively few datasets
currently exist, making historical case studies critically important in advancing earthquake science.

2.3. Capturing Coseismic Deformation Using Structure-From-Motion and Legacy Aerial Photos

Structure-from-motion (SfM) is a photogrammetry-based technique that takes 2D photos, shot from different
locations or view angles, and creates 3D point clouds of the surface. The success of SfM-based topographic
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products is largely dependent on the photo set quality, coverage, and resolution. An ideal photoset for SfM
techniques has detailed image resolution to produce accurate photo tie points (e.g., Westoby et al., 2012), ample
(~60%) overlap between photos (Abdullah et al., 2013; Bakker & Lane, 2017; Krauss, 1993), an extent larger
than the area of interest (e.g., Reitman et al., 2015), and is taken with the same camera and specifications with no
changes in lighting or the subject (e.g., Bemis et al., 2014).

For aerial photos, the above SfM requirements translate to a photoset captured at a low flight altitude (resulting in
high image detail resolution) with the same camera, lens, and settings. Assuming a constant flight speed, image
overlap is a function of image capture rate and the lens focal length; longer focal lengths have a narrower view
angle and thus less overlap between images for the same capture rate. Some photo sets comprise more than one
flight that can include changes in lighting (different sun angle), vegetation cover (different seasons), and changes
to the built or agricultural environment. Thus, the ideal pre- or post-event aerial photosets should minimize the
number of flights and overall elapsed time as well as differences in sunlight and season to reduce changes and
artifacts caused by non-tectonic processes.

In contrast to traditional photogrammetry, SfM methods rely on internal bundle adjustments and therefore can be
used with legacy aerial photo sets without original camera, photo, and location metadata (e.g., Derrien et al., 2015;
Gomez et al., 2015; Lajoie et al., 2020; Westoby et al., 2012). With film aerial photos in particular, however,
SfM results generally improve when additional camera calibration, photo fiducial, and survey specifications
are provided (e.g., Stahl et al., 2021). Some georeference data is also required, but can be extracted from freely
available topographic datasets or modern geodetic surveys (e.g., Lajoie et al., 2020; Midgley & Tonkin, 2017).

Previous studies using legacy aerial photographs to characterize coseismic deformation are limited and primarily
focus on 2D lateral displacements (e.g., Ayoub et al., 2009; Milliner et al., 2015). Vertical differencing and 3D
displacement measurements are typically reserved for M, 7+ earthquakes because the large surface displacements
yield higher elevation signal-to-noise ratios given typical photo resolutions (e.g., Barnhart et al., 2019; Howell
et al., 2020; Zhou et al., 2016). Post-event aerial photos have been supplemented with inferred pre-earthquake
topography to reduce noise and measure displacements (Lajoie et al., 2020). Andreuttiova et al. (2022) used
legacy aerial photos to measure 3D surface displacements for a large (M,, 7.0 mainshock) event by combining
two techniques: optical image correlation for horizontal displacements and subtracting pre- and post-earthquake
DSMs for vertical displacements.

3. Methods

This study uses legacy aerial photographs to create StM-based pre- and post-earthquake DSMs and orthophoto
mosaics of the Rangitaiki Plains, as well as a differenced DSM representing coseismic displacement from the
Edgecumbe earthquake. These datasets provided the means to map surface rupture, measure coseismic vertical
separation, and estimate near-fault horizontal displacement. Other differencing methods were trialed and are
discussed below. Our results are then compared to post-earthquake field surveys and measurements from lidar
data collected in 2011. We combined our remote measurements with fault information generated in the last
few decades to solve for the best-fitting elastic dislocation model of the 1987 Edgecumbe earthquake. Finally, we
test whether inflation on a nearby magmatic sill could have promoted slip on faults involved in the Edgecumbe
earthquake.

3.1. Aerial Images

We generated SfM-based point clouds using historical photosets from 1972 to 1975 and March 1987 to build
pre- and post-earthquake DSMs, respectively (see Open Data for access). Both photosets were scanned using a
photogrammetric scanner into digital files at 1800 dpi. The post-earthquake photoset (survey SN8732) consists
of 762 images taken with a 152 mm lens on a Zeiss RMK camera at an altitude of ~5,000 feet (~1,524 m). These
photos were collected within 1 month of the 2 March Edgecumbe mainshock over four flight dates. The original
printed photos are 23 c¢cm square format, scanned to ~18,000 x 16,900 pixels and have footprints ~2.6 km on
one edge (extent in Figure S1). This post-earthquake aerial survey was purpose-collected for studying the 1987
Edgecumbe earthquake and is therefore flown at lower altitudes and with greater overlap between adjacent photos
than similar New Zealand surveys of this era.
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The pre-earthquake photo set (survey SN3580) is composed of 611 images taken with a 210 mm lens on an
AT119 Wild RCS8 camera at an altitude of ~17,500 feet (~5,334 m) (extent in Figure S1). The entire photoset
represents nine flight dates across different seasons and three calendar years, which leads to additional noise and
uncertainty in generating the final point cloud and DSM (elaborated on below). The original printed photos were
18 cm square format and scanned to approximately 14,500 X 13,500 pixels, and have footprints ~4.5 km on one
edge.

Only one photoset was collected immediately after the earthquake (survey SN8732), but several photo set options
exist for the pre-earthquake model. We chose survey SN3580 because although some collection aspects are not
ideal (e.g., long collection time window) it had the highest likelihood of success due to a spatial extent larger than
the onshore Whakatane graben (Figure S1), single camera and lens used throughout the entire survey, smaller
camera focal length, and lowest flight altitude compared to other photosets. Minimizing time between the pre-
and post-earthquake imagery is another important consideration to reduce non-tectonic changes to the landscape;
other photosets taken more recently than survey SN3580 (i.e., between 1974 and 1987) likely capture fewer
non-tectonic and anthropogenic surface changes. These other photosets, however, lack the resolution required to
generate a DSM with sub-meter vertical resolution due to higher flight altitudes, suboptimal camera specifica-
tions, poor photo overlap, and limited spatial extent.

3.2. Pre- and Post-Earthquake DSM Generation

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

Some studies suggest that using down-sampled, reduced resolution scanned images (50% original resolution)
may improve initial photo alignment by distributing tie points more evenly (Lu et al., 2021). We found that reduc-
ing photo resolution here, while keeping other parameters the same, produced poorer results compared to the full
resolution scans. This may be a product of the relatively low relief landscape of the Rangitaiki Plains, differences
in photogrammetric software, or high degree of anthropogenic modification between collection times. For our
data set, we found that increasing the number of key points and tie points above the default values (to 60,000 and
10,000, respectively) substantially improved the initial photo alignment.

Both pre- and post-earthquake photo sets were georeferenced using geographic control point (GCP) coordinates
derived from the 2011 lidar point clouds (see Open Data for lidar availability). We placed GCPs on long-standing
cultural markers that were visible and unchanged between the pre-and post-earthquake photos and 2011 lidar
survey orthoimages. These landmarks are typically bridges (e.g., at the intersection of a concrete deck and the
centerline), unique road intersections, statue bases, or property-bounding fence line corners. We avoided GCP
sites with irregular surfaces which could introduce elevation uncertainty. The GCP coordinates are derived from
the lidar point cloud data rather than the georeferenced orthoimages to reduce uncertainty from image warp-
ing. The choice to use lidar-based GCPs is multifold: the lidar data set has the widest extent and is the densest
georeferenced data set available remotely for this region; New Zealand Transportation Agency survey bench-
marks are not visible in aerial images; the common reference between pre- and post-earthquake photos removes
possible long-term changes due to continuous, slow movement (e.g., tectonic plate motions or magma inflation);
and the SfM outputs can be easily compared to the more recent lidar topography to identify the largest arti-
facts and distortions. We use a conservative GCP accuracy of 0.75 and 0.5 m for the pre- and post-earthquake
SfM projects, respectively, to account for uncertainty due to photo resolution (~0.35-m-pixel for pre-earthquake;
~0.15-m-pixel for post-earthquake). Unrealistically small accuracy values cause additional warping by forcing
the 3D SfM model to pin to potentially inaccurate GCPs, which we noted in early alignment trials.

We placed lidar-based GCPs along the Rangitaiki Plains margin, in the surrounding hills, or in regions with
no recorded deformation (i.e., Edgecumbe footwall) to minimize the influence of tectonic and other landscape
changes between the photo and lidar surveys (Blick & Flaherty, 1989). This means that control in the interior
of the graben, where subsidence was widespread, is sparse, and implies that the resulting models may include
absolute spatial inaccuracies.
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We found that including “check points” (an Agisoft-software-specific term) during the alignment steps improved
the photo alignment and reduced some artifacts. Check points are manually placed markers that link common
pixels between photos during photo alignment; they reduce distortion but do not influence georeferencing. Check
points improved the pre-earthquake SfM alignment where harsher vignetting (photo darkening away from the
center), larger time gaps between photos, less photo overlap, and poorer flight and camera specifications caused
sharp, artificial topographic steps between flight lines. In total, we placed 21 control points and 95 check points
in the pre-earthquake model and 29 control points and zero check points in the post-earthquake model (Tables
S1 and S2).

The final outputs from the pre- and post-earthquake SfM-based point clouds include 2-m DSMs and orthorecti-
fied photomosaics (orthophoto mosaics). We subtracted the pre-earthquake DSM from the post-earthquake DSM
to produce a 2-m differenced DSM, which was the primary data used to map coseismic deformation (Figure 2a;
see Data Repository).

3.3. Fault Mapping

We identified surface ruptures from the 1987 Edgecumbe earthquake using the 2-m differenced DSM (Figure 2;
additional files in Data Repository). Mapped fault traces mark relatively linear, continuous (>100-m-long), and
discrete changes in vertical difference values. We investigated but ultimately ignored apparent scarps that had
persistent trends of exactly north-south or east-west because these result from seams between individual photos
and flight lines. Each mapped scarp was checked against the pre- and post-earthquake photomosaics to identity if
changes in cultural features or development, such as agricultural plots, could produce an artificial scarp. Scarps
with distinct, sharp vertical difference value changes that clearly cross-cut otherwise continuous landforms were
mapped as “certain” fault traces. Where the vertical change location was less sharp and displacement occurred
over a broader area, we mapped the scarp as an “approximate” fault trace. If the displacement was very broadly
distributed, very subtle, or difficult to distinguish, we mapped fault traces as “possible” (examples in Figure 2).

3.4. Measuring Vertical Offsets Across Faults

We extracted swath profiles across the fault scarps from the differenced DSM to measure 1987 coseismic vertical
separations. The initial 2-m differenced DSM was resampled to a 4-m grid size using a bilinear interpolation to
reduce some of the high-frequency noise originating from the pre-earthquake DSM.

Fault profiles are located on certain or approximate fault traces ~250 m apart, adjusting site locations to avoid
non-tectonic topographic changes adjacent to the fault (e.g., vegetation growth, Figures 2c and 2d) and omitting
sites with no measureable vertical separation (Figure 3a). Each swath profile was 1-km-long, 30-m-wide, and
centered on and orthogonal to the fault scarp (Figure 3) (for description of the profile tool, see Howell, 2021). We
selected points on the up- and down-thrown sides of the fault, omitting points from hedgerows, ditches, differen-
tial vegetation growth or removal (relative to the other side of the fault), roads, or buildings. We used these points
to project lines fit to the hanging wall and footwall to the scarp midpoint distance (Figure 3). The final vertical
separation value is the vertical distance between the two projected lines, at the scarp midpoint. The fault location
within the scarp has a negligible impact (up to 3 cm) on the final vertical separation measurement because the
adjacent surfaces have similar and near-zero slopes. The near-horizontal and planar surfaces in the Rangitaiki
Plains mean that vertical separation approximates throw.

To estimate vertical separation uncertainty, we detrended the measurements on each side of the fault by the line
of best fit through them and calculate the standard deviation of these detrended points. Our stated 16 uncertainty
in vertical separation is the root mean square (RMS) of the resulting two detrended standard deviations (one on
each side of the fault). Other studies have used standard error for displacement profiles (e.g., Zinke et al., 2019)
but here, standard error results in very low values (~0.05 m compared to ~0.5 m for standard deviation) due to the
good linear fit and the large number of points used. Since the vertical DSM includes scatter up to 1 m vertically
along the profile distance (Figure 3), we consider our method to be more conservative and appropriate in this
case. The above fault profile methods were repeated using the 2011 lidar 2-m DEM to compare to the differenced
DSM measurements and 1987 field-based measurements.
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Finally, to compare all measurement methods and changes in displacement along fault strike, we projected verti-
cal separations from the differenced DSM, lidar DEM, and 1987 field measurements to a central line that parallels
the fault zone trend (azimuth 60°/240°) (projection line in Figure 3a).

3.5. Horizontal Displacements and Coseismic Heave

The differenced DSM captures much of the coseismic displacement but does not account for either the strike-slip
component or heave. To estimate total coseismic slip, we attempted 3D point cloud differencing using the ICP
algorithm (e.g., Nissen et al., 2012; Scott et al., 2019; Wedmore et al., 2019), 2D optical image correlation of
the SfM-based orthophoto mosaics (e.g., Leprince et al., 2007), and manual feature matching between pre- and
post-earthquake orthophoto mosaics.

The 3D point cloud differencing (e.g., as in Howell et al., 2020) achieved poor results due to relatively flat
topography, sparse and small surface features (e.g., buildings and ditches), and high degree of non-tectonic
surface change (e.g., farm/crop modification). Similar problems were encountered with the 2D image correla-
tion, with additional problems caused by different shadows from varying sun angles. Finally, we manually meas-
ured horizontal movement by drawing the displacement vector between fixed cultural features (e.g., livestock
water troughs) on the pre- and post-earthquake orthophoto mosaics. This method was effective, but the resulting
horizontal vectors are more sparsely distributed than continuous 3D point cloud or 2D image correlation meth-
ods. Additionally, they do not represent absolute displacements because we lack independent pre-earthquake
geographic control data. Relative horizontal movements over fairly short distances (<4 km), such as between the
hanging wall and footwall of a fault, should be more accurate.

To estimate fault heave along the surface trace, we calculated the coseismic horizontal motion of the hanging wall
relative to a fixed footwall. First, we grouped horizontal displacement vectors (within ~1 km of each other) in
the hanging wall and footwall (Figure S2). Each vector group was averaged into a single mean vector. Then, each
footwall average vector was subtracted from the corresponding hanging wall average vector to yield the average
coseismic horizontal displacement of the hanging wall, relative to the footwall (Table S3). The resulting vectors
along the central Edgecumbe fault are oriented ~90° to the fault trace. Thus, we assume pure normal motion,
consistent with field observations (Beanland et al., 1989; Crook & Hannah, 1988), and assume that all horizontal
motion is equivalent to heave.

3.6. Elastic Dislocation Model and Coulomb Stress Change Methods

We performed a finite-fault slip inversion to estimate the fault location, geometry, and slip required to produce
1987 surface deformation. The inversion fits a filtered and smoothed differenced DSM. We first removed large
vegetation and non-tectonic artifacts by omitting DSM values >0.8 and <—3 m, with additional trimming above
—0.5 in the immediate Edgecumbe fault hanging wall. This filtered DSM was then downsampled to a 100 m grid,
smoothed by taking the median of displacements within a square 100 m-wide window and trimmed to the central
Rangitaiki plains (the primary deformation zone).

We inverted for slip on several fault geometries based on rupture mapping and near-surface dip (from this study;
details in subsequent sections), seismic survey data, earthquake waveform, and seismogenic crustal thickness
data from the literature. Although some studies invert for fault geometry together with slip distribution (e.g.,
Scott et al., 2019; Wang et al., 2018), we prefer to specify fault geometry prior to inversion due to our noisy data
and lack of horizontal displacement measurements. The interpretations of seismic and gravity surveys suggest
that the Edgecumbe fault dips steeply (~60°) in the upper 1-2 km of the crust (Mouslopoulou et al., 2008). This

Figure 2. Results of structure-from-motion (SfM)-based topographic differencing and coseismic fault trace mapping. Coordinate system in NZGD 2000. (a)
Differenced digital surface model (DSM) created by subtracting pre- and post-earthquake SfM-based DSMs, overlain by a hillshade. The relative elevation changes
capture shorter-scale displacements along discrete faults and broader patterns of subsidence, but include some artifacts. Extreme difference values (>2 m and <—3 m)
are masked to reduce vegetation growth and other noise. Focal mechanism/epicenter from Anderson and Webb (1989). (b) Edgecumbe earthquake surface rupture
mapping from this study compared to the trace mapping performed in 1987 by Beanland et al. (1989). All faults except the Rotoitipakau fault zone were identified in
this study, and many small fault traces not identified in the field were visible in the differenced DSM. Color scale same as (a). (c) Example of distributed fault mapping
and some SfM artifacts. (d) Example of primary fault rupture mapping and some SfM artifacts. (¢) Comparison of pre- and post-earthquake topography and subtle fault
traces missed during 1987 reconnaissance. Rupture was only mapped along infrastructure (canals) in 1987 but is extended in this study. (f) Pre- and post-earthquake
DSMs highlight pre-existing scarps along the primary Edgecumbe fault, but not the splay.
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Figure 3. Map view results of differenced digital surface model (DSM) vertical separation measurements and example profiles. (a) Vertical separation measurements
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depth coincides with the depth of alluvial cover above more coherent Matihana ignimbrite and greywacke base-
ment rock (Mouslopoulou et al., 2008) which could influence a change in fault dip as the plane approaches the
surface and refracts in differing material (Bray et al., 1994). Deeper fault dips are constrained by 1987 mainshock
focal mechanism location and dips, of either 32 + 5/-10° (Webb & Anderson, 1998) or 45 + 10° (Anderson &
Webb, 1989). We prefer the lower dip angle of Webb and Anderson (1998) because it is based on more data,
including S-wave seismograms that were absent from the earlier analysis of Anderson and Webb (1989). The
seismogenic crust in the Whakatane graben is approximately 6—8 km thick, which limits the maximum fault depth
(Bryan et al., 1999; Robinson, 1989; Taylor et al., 2004). The resulting moment magnitude must fall between 6.4
and 6.6 (Anderson & Webb, 1989; Webb & Anderson, 1998).

We calculated residuals by subtracting the modeled surface displacement from the smoothed differenced DSM
values. Initial inversion results produced significant residuals across large areas where little-to-no deformation
was observed in 1987 (e.g., in the distal Edgecumbe fault footwall) (Blick & Flaherty, 1989). These residuals are
likely caused by poor elevation control in the pre-earthquake model. We therefore applied a global shift to the
smoothed DSM before additional inversions to maintain consistency with minimal footwall and far-field surface
displacement. The global shift amount (+0.6 m) represents the average value of a 1,500 m X 800 m patch of
the smoothed DSM located in the footwall between flight-lines.

The modeled Edgecumbe and Awaiti faults are split into 0.5-km-square tiles with surface displacements calcu-
lated using the method of Okada (1985) assuming Lamé parameters p and v to be 3 X 10'° Pa and 0.25, respec-
tively. Our slip inversions use the pygmo (Biscani & 1zzo, 2020) and NLopt (http://github.com/stevengj/nlopt)
libraries, and the monotonic basin hopping and SLSQP algorithms (Kraft, 1988; Wales & Doye, 1997). We use
L2-norm minimization and apply Tikhonov Laplacian regularization for each fault by following the L-curve
method to choose the best Laplacian weight (Figure S3; e.g., Harris & Segall, 1987). We also penalize slip on all
the edges of our modeled fault planes except the up-dip edges, to allow surface rupture.

The best-fit fault geometry is also used to test if stress changes from magmatic sill inflation at depth could
promote slip on faults involved in the Edgecumbe earthquake or foreshocks, similar to findings from the Matata
sequence by Hamling et al. (2016) (Figure 1b). We lack focal mechanism or hypocenter data for the foreshock
cluster events, but model the foreshock swarm as a southwest-striking, 45° northwest-dipping plane similar to
other offshore central Whakatane graben faults (Lamarche et al., 2006). We test a range of plausible sill locations
and extents within the uncertainties from Hamling et al. (2016). Sill inflation was fixed to 1 m, which represents
an inflation rate of 20 mm/yr over 50 years (Hamling et al., 2016). Coulomb stress changes were calculated in
Coulomb v3.3, assuming a pure normal slip (rake of —90°) (Toda et al., 2011).

4. Differenced DSM, Fault Mapping, and Displacement Results

The SfM processing resulted in pre- and post-event DSMs with resolutions of 68.4 and 30.7 cm grid size, respec-
tively, and orthophoto mosaics of 34.2 and 15.3 cm pixels, respectively (https://doi.org/10.5281/zenodo.7058629).
The 2-m DSMs were more useful for mapping because down-sampling reduced high-frequency noise from model
artifacts.

We measured displacements along fault traces with about 0.3 m or more of vertical separation along discrete
faults (Figure 4). In some instances, fault traces with <0.3 m vertical separations were mapped but we could not
make accurate measurements within the differenced DSM due to noise that exceeded displacements. An impor-
tant caveat is that this method, at the resolution of these photos, cannot distinguish shallow buried faulting (i.e.,
“blind”) from discrete surface rupture. Therefore, we refer to any localized tectonic surface deformation along
mapped fault traces as surface rupture, though some may be fold scarps.

We mapped a cumulative ~50 km of certain, approximate, and possible fault traces that ruptured in the 1987
Edgecumbe earthquake (Figure 2b). These traces were named based on existing fault mapping (Begg &
Mouslopoulou, 2010), but new traces of the Omeheu and Otakiri faults were named based on dip direction
(Figure 2b). All fault traces that were mapped in 1987 were mapped here except the Rotoitipakau fault zone
(Figure 2b). Additionally, ~32 km of fault traces mapped in this study were not identified in 1987, though these
are typically lower confidence and low-amplitude scarps. By comparing the pre-earthquake images and DSM to
the differenced DSM, we observed that all mapped fault zones that ruptured in 1987 (Edgecumbe, Awaiti, Te
Teko, Omeheu, Otakiri, and Onepu faults) had sections with pre-existing scarps.
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values are projected to the strike line (see Figure 3). Our differenced DSM measurements typically agree well with and are denser than the field measurements, and

are sometimes larger due to longer profiles capturing full deformation (see Figure 3). The differenced DSM is unable to resolve very small displacements (e.g., the
Rotoitipakau fault). Lidar-based measurements (gray symbols) confirm that the differenced DSM measurements capture only single-event displacement, compared to the
1987 total offsets (white circles) which may be single or multi-event. Large field-measured pre-existing scarps (>3 m high) from the Rotoitipakau fault not shown here.

Coseismic vertical displacements were measured at 132 fault scarp sites (Figures 3 and 4). The maximum meas-

ured vertical separation is 2.5 + 0.4 m, which combines slip on the main Edgecumbe fault and the small splay

near the fault center (Figure 4). The lower limit of measured vertical separations (~0.25-0.3 m) have one standard

deviation that is as large as or larger than the vertical separation, which is expected due to the high noise of the
pre-earthquake DSM.

The scarp profiles also inform the surface displacement wavelength due to slip on individual fault strands. For
example, subsidence in the Edgecumbe and Awaiti fault hanging walls is not fully recovered over 500 m, but slip
on the other traces, such as the Omeheu and Otakiri faults, is typically recovered within 200-500 m away from
the fault (Figure 3). This wavelength has implications for the fault geometry and slip distribution, and is discussed
below (Sections 7 and 8.2).
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Horizontal displacement vectors adjacent to the central Edgecumbe fault yielded 21 relative displacements on the
hanging wall and 17 relative displacements on the footwall (Figure S2). The hanging wall and footwall groups
produced average coseismic heave values of 0.9, 1.0, and 0.7 m (Table S3). The combined throw, heave, and
normal rake values yield surface fault dips of 64°, 64°, and 65° (Table S3).

5. Sources of Difference Model Error and Implications for Measurements

The post-earthquake photoset generated a minimally distorted DSM due to the ideal camera lens, short-duration
survey, ample photo overlap, and low flight altitude. The pre-earthquake photoset and resulting DSM is lower
resolution (68-cm pixels vs. 31-cm pixels) and contains more artifacts; therefore, the pre-event SfM model is a
larger source of distortion in the differenced DSM (e.g., Figures 2e and 2f; Figure S4). Distortion occurs primar-
ily in four areas: the coastline, between flight lines, along photoset edges, and in densely vegetated areas. Minor
artifacts are also present between individual photos along the seams (e.g., Figure 2d). These distortions manifest
as topographic breaks that are aligned due east-west or north-south (parallel to photograph orientations and flight
paths) or as long wavelength undulations and doming, and are most apparent when comparing the DSMs (pre-
and post-earthquake) to the lidar DEM (Figure S4).

Artifacts around the DSM edges are caused mostly by doming (down-warping away from the photo set center) and
dense tree cover (Figure S4). Doming is a known problem common to photogrammetry (e.g., Zhou et al., 2016)
and is typically mitigated with additional control points. However here, the areas outside the Rangitaiki plains are
heavily forested and repeatedly clear-cut. Dense vegetation typically poorly aligns in Agisoft Metashape Pro; here
we suspect that the tree canopy and associated shadows provide few opportunities for unique model tie points
used in photo alignment. Forest removal between photo sets also reduces available stable control point locations.
Luckily for this study, our focus area is near the photo set center, which is less densely forested and where doming
is less problematic.

Previous post-earthquake leveling surveys identified that much of the coast and Rangitaiki Plains either subsided
or slightly uplifted during the earthquake, or experienced fluctuations due to groundwater withdrawal or magmatic
uplift over longer periods (Figure S5, Table S4) (Blick & Flaherty, 1989; Hamling et al., 2016). Therefore, most
of the aerial photos in the Rangitaiki Plains and along the coastline do not contain reliable control point options
and likely contain more photo-alignment warping (global shift inaccuracies) than other locations.

Finally, flight line artifacts (east-west striping) (e.g., Figure 2¢) were partially reduced, but not eliminated, by
including non-georeferenced check points within Agisoft (see Methods). The striping is not homogenous over
the field area due to variable photo overlap, photo vignetting, and the multi-year pre-earthquake photo collection
duration. Since this striping does not significantly affect the primary results and corrections would require signif-
icant and spatially heterogeneous post-processing, we chose not to correct for flight lines.

The artifacts and inaccuracies in these pre- and post-earthquake DSMs have several implications for the resulting
differenced DSM. First, long wavelength vertical warping exists over the many-kilometer-scale (~5 km). While
some long-wavelength tectonic deformation likely occurred (e.g., Blick & Flaherty, 1989), we cannot necessarily
separate these tectonic signals from SfM artifacts. Second, apparent elevation changes across flight lines, or less
prominently, across adjacent photos, must be avoided when measuring coseismic vertical separation. Finally, the
relatively widely spaced geographic control, long wavelength warping, and more discrete artifacts mean that the
difference values at any given point (from the differenced DSM) are likely not representative of absolute coseis-
mic vertical change. This is apparent when comparing field-leveling data to the differenced DSM (Figure S5).
For example, large swaths of land southwest of Te Teko did not apparently move in the Edgecumbe earthquake or
experienced minor subsidence (Blick & Flaherty, 1989), but appear to have uniformly uplifted in the differenced
DSM (Figure 2; Figure S5, Table S4). We therefore consider relative elevation changes across short distances
(<2 km), such as taken in fault profiles (Figure 3), to be reliable measures of coseismic deformation. Wider scale
deformation patterns are useful to consider in a general sense but may reflect coseismic deformation less reliably.
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6. Comparing Displacement Measurements With Field Observations

In order to understand the strengths, weaknesses, and limitations of this technique, it is important to compare
the results of SfM-based spatial data to other data collected with established techniques such as field surveys
and lidar-based measurements. The 1987 field displacement measurements fell into two categories: single event
vertical offsets from the 1987 earthquake and total scarp vertical offsets (Beanland et al., 1989) (Figures 3b
and 4; Figure S6, Table S5). The term “offset” is used in the field-based studies and we keep that terminology
here—these on-fault measurements may not capture full vertical separation. In some locations, where a reliable
displaced marker was present, both single event and total vertical offset were measured (Beanland et al., 1989).
In the absence of pre-earthquake topography information, total vertical offsets may represent either 1987-only or
multi-event displacements. Beanland et al. (1989) identified pre-existing scarps where a both single event and a
larger total scarp height were measured at the same place.

Our coseismic vertical separation measurements generally agree with the field-based measurements (both 1987
single event and total offsets) along the flanks of the Edgecumbe fault and the Otakiri, Awaiti, Omeheu, Onepu,
and Te Teko faults (e.g., Figure 3 profile A; Figure 4). An implication of this agreement is that the majority of the
total offset field measurements likely only represent 1987 coseismic displacement. Many of our vertical separa-
tion values elsewhere are slightly larger than the field estimates when measured in the same location (Figure 4),
likely due to the longer profile length and ability to capture the full extent of vertical separation (Figure 4).

Field-based studies identified three faults that re-ruptured in 1987: the central Edgecumbe fault, the Onepu fault,
and the Rotoitipakau fault zone (Figure 2). We identified pre-existing scarps on the central Edgecumbe, Onepu,
Te Teko, Omeheu, and sections of the Otakiri faults based on the pre-earthquake DSM, expanding the record of
multi-event scarps (see Data Repository). We could not identify the small (~10-cm-high) coseismic displace-
ments on the Rotoitipakau fault zone, but lineaments and pre-existing scarps along these fault traces are clearly
visible in the pre-earthquake DSM topography, as identified by the field investigations (Beanland et al., 1989).
On the central Edgecumbe fault, our vertical separation measurements are similar to field-based single-event
offsets and significantly smaller (~0.9-1.3 m smaller) than a cluster of large (>2 m) total offsets and lidar meas-
urements (15.3—17.4 km on Figure 4). This agrees well with previous pre-existing scarp height estimates (1 m
from Beanland et al. (1989)) and indicates that the differenced DSM is capturing only coseismic slip rather than
cumulative scarp height.

We estimated average heave values of 0.7, 0.9, and 1.0 m near the central Edgecumbe fault, which is broadly
consistent with field-based extensional measurements of 0.4—1.6 in the same region. Beanland et al. (1989) esti-
mated a near-surface fault dip of 55°, which is less than our estimated value of ~65°. Our slightly larger single
event vertical separation values, which capture the full deformation width across the scarp, likely cause the
slightly steeper dip (Figures 3 and 4).

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

Our vertical offset/separation mean uses regularly-spaced, 1-km-wide moving-window averages taken every
200 m along the strike distance. Vertical separation values are inversely weighted by the 2 value; field meas-
urements are weighted equally because error values were not reported. The final mean displacement value for
the Edgecumbe fault is the average of all moving window means for each data set. The recalculated 1987 meas-
urements comprise total vertical and 1987 vertical offsets but excludes offsets >2.5 m (likely multi-event) or
clusters identified elsewhere as pre-existing scarp height (e.g., 15.3-17.4 km on Figure 4) (Table S5). The aver-
age vertical displacement along the Edgecumbe fault is 1.2 m for field offsets and 1.5 m for differenced DSM
vertical separations over the field-measured fault length. Using the SfM-measured fault length, which is ~2.5 km
longer (Figure 2b), field vertical offsets average 1.1 m and differenced DSM vertical separations average 1.2 m
(Figure 4).

The average vertical displacement values above differ from the 0.6 m reported by Wesnousky (2008), which was
incorporated into a global catalog to evaluate potential relationships between earthquake characteristics (e.g.,
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Table 1
Elastic Dislocation Fault Parameters and Results

Fault length with slip Maximum
Fault name Strike (°)  Depth ranges (km)  Dips (°) (km) Rake (°) slip (m)

Edgecumbe 237 0-1 65 9.5 270/-90 (normal) 5.80
1-2 50
2-6 35

Awaiti 244 0-1 65 5.5 270/-90 (normal) 4.79
1-2 50
2-4 45

Note. Best-fitting fault geometry parameters and results for the Edgecumbe and Awaiti fault from elastic dislocation
modeling. Maximum slip is the result of the slip inversion and is sensitive to the degree of smoothing (Table S6); other
parameters are based on mapping and displacement data from this study and existing seismological data. Location of faults
and slip distributions shown in Figure 5.

length, slip, fault width, moment release). Wesnousky (2008) calculated average displacement by interpolating
all offsets from Beanland et al. (1989) along the entire surface rupture length (15.5 km), rather than just the
Edgecumbe fault trace. We avoided that approach here because the apparently shallow slip depths associated
with the secondary faults may not be appropriate or comparable across a global earthquake catalog (elaborated
on in Section 7).

7. Elastic Dislocation Modeling Results and Implications
7.1. Slip Inversion Results

Our new mapping, displacement, and heave and throw results provided additional constraints for a revised elastic
dislocation model of the 1987 Edgecumbe earthquake (Table 1). These include a rake of 270/-90 (pure normal),
65° surface dip, fault trace mapping, and a simplified vertical deformation map. Preliminary testing suggested
the short wavelength deformation observed across shorter faults is produced by slip at depths <500 m (e.g.,
Figure 2e). Therefore, we only included the Edgecumbe and Awaiti faults in the slip inversion. All trials used a
10.5-km-long Edgecumbe fault (237° strike) and a 6.5-km-long Awaiti fault (244° strike) based on trace mapping
and the imposed slip taper. The modeled Edgecumbe fault extends to 8 km depth, based on seismogenic crust
thickness (68 km) and centroid depth (6 + 1 km) (Beanland et al., 1990; Bryan et al., 1999; Robinson, 1989;
Taylor et al., 2004; Webb & Anderson, 1998). The modeled Awaiti fault has a maximum depth of 4 km, based on
the shorter rupture and narrower deformation extent. Although a trade-off between slip on the Edgecumbe and
Awaiti faults could conceivably affect our results, we did not observe one. We attribute this lack of trade-off to the
8-km separation between the faults and the concentration of slip on the Awaiti fault at shallow depths.

We first tested a simple planar Edgecumbe and Awaiti geometry with 65° dips and a multi-part fault with steep
surface and 45° dips at depth (Figures S8 and S9). These are broadly consistent with simple estimates of the
overall TVZ (Villamor & Berryman, 2001) and Whakatane graben fault dips in the New Zealand Community
Fault Model (Seebeck et al., 2022). However, the disagreement between relatively low-angle focal mechanism
dips (32° + 5/-10°) (Webb & Anderson, 1998) and near-surface dips (~65°; this study) suggests the Edgecumbe
fault dip is steeper near the surface and gentler at depth. Additionally, the approximate centroid location, which
is 9 + 3 km away from the Edgecumbe fault trace and about 6 + 1 km deep (Webb & Anderson, 1998), implies
an overall fault dip <45°.

We find that the regional displacement field is best approximated with an Edgecumbe fault that dips 65° from 0
to 1 km, 50° from 1 to 2 km, and 35° from 2 to 8 km depths (Figure 5a; Table 1). The modeled Awaiti fault dips
65° from 0 to 1 km, 50° from 1 to 2 km, and 45° from 2 to 4 km depths. On the Edgecumbe fault, slip reaches a
maximum of 5.80 m, is centered down-dip of the peak surface slip at mid-range seismogenic depths (~4 km) and,
and tapers to zero toward the lateral and bottom fault edges (Figure 5b). This fault geometry and slip yields an
earthquake with M, 6.5, which agrees with M, 6.5 of Webb and Anderson (1998) and Anderson et al. (1990).

DELANO ET AL.

15 of 25

85U80| 7 SUOLILOD BAIaID) 3|gedl|dde ayy Ag pausenoh ake sapie O ‘8sh Jo Sani 1oy Arid1auluQ A8|IA\ UO (SUOTIPUOI-PUB-SWLBYWIOD A3 1M Alelq 1 BUlUO//:SdNY) SUORIPUOD pue sWid | 8Y1 39S *[2202/TT/0z] uo Ariqiauluo A81iMm ‘UiesH JO AlsiuliN Aq 650v20802202/620T OT/10p/wod A3 im ARelgipuljuo'sgndnBe//sdny wouy papeojumoq ‘TT ‘2202 ‘9SE669TZ



I Y ed N | . .
A\ Journal of Geophysical Research: Solid Earth 10.1029/20221B024059
AND SPACE SCIENCE
(@) Smoothed differenced DSM (b) Elastic dislocation model faults and slip
1930000 m E 1940000 m E 1930000 m E 1940000 m E
z 25 1 z . 1 1
sMs| 1+ srs
o K2 o +
gl =| o gl 3
B 1 ot X =
2 A £
25 ,‘IL‘ : 2
A0
Tarawera R. /’" X
z = ] z
£ 'y - £
{8 79 1 sL
& |} : & .
«:’ fe T~ f"i@it_di/i P/_ai,,i -~ s"”gita_‘iki_p/a_ins_
)
- - Y 4
' - )
P4 f " X
-* V4
g ¢ \‘ ’ . 5 km 5 km
(c) Elastic dislocation vertical displacement (d) Residuals (part a - part c)
1930000 m E 1940000 m E 1930000 m E 1940000 m E
z 1 z
< +2.5 c
o o
§ - +1 § |
o o
g 0 2

Vertical disp. (m)
Normal fault slip (m)

5790000 m N
T

5790000 m N
T

l?q .
~ & Vsitaiki Pigins
N~y -

prominent
«— flight line

g - ,’ artifacts
-
,
d r 4 1 m

(e) Profiles

X X

Differenced DSM
values (+0.6 m)
(Fig. 2a)

— Differenced DSM
moving median (+0.6 m)
(40 m window)

- flight-line artifacts

o B, N W

= Smoothed differenced
DSM (+0.6 m)
(Fig. 5a)

Vertical displacement (m)
1
KN

|
w N

— Elastic dislocation model

displacements
E f. N
: dgecumbe 3 (Fig. 50)

Awaiti f.
1

A
=

1 1
0 2 4 6 8 10 12 14
Distance (km)

Figure 5.

DELANO ET AL. 16 of 25

85U8017 SUOWWOD aA1ea.D 8|qeo!(dde aup Aq peusenob 8 e YO ‘@SN JO S3|nJ 40} Arelq18UIUO 48] 1M UO (SUORIPUOD-pUe-SWBILI0D" A3 1M ARIq U1 UO//SdNL) SUORIPUOD pue SWie 1 8y} &8s *[2202/TT/0zZ] uo Ariqi]auliuo A8IM ‘YeeH JO AsIUIIN Aq 650¥208r2202/620T OT/10p/wiod A3 1M AReiqipuljuosgndnBe;/sdny wo.y pepeojumod ‘TT ‘2202 ‘95E669T2



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB024059

Residuals between the elastic dislocation displacements and the differenced DSM are generally <0.25 m, with
slightly higher residuals near larger DSM artifacts (e.g., flight lines) (Figure 5d). We note that the degree of
smoothing has a relatively small effect on the fit to observed displacements but has a larger effect on maxi-
mum slip (Table S6); the RMS misfit of our least smoothed solution is 0.41 m (residual norm of 48.6), compared
with 0.44 m (residual norm 52.8) for our most smoothed model. Far-field and small on-fault displacements may
be overshadowed by non-tectonic surface changes like compaction or bank failure near rivers, resulting in less
accurate slip distributions. Our preferred fault geometry matches field leveling data better than the other trials,
with minimal footwall uplift and similar zero-displacement contour locations (Figure S7). The alternative steeper
fault geometries, based on published dip values, produce higher residuals and greater footwall uplift compared to
the preferred geometry and do not intersect the mainshock centroid location (Figures S8 and S9). Further alter-
native inversion results are available in the Data Repository (Text S1).

At >2 km depths, our modeled dip value (35°) is similar to the previous planar elastic dislocation model dip esti-
mate (40°), which was informed by relative horizontal displacements from triangulation networks (Darby, 1989).
The most significant differences between our slip inversion and the previous model of Darby (1989) are a hetero-
geneous slip distribution, gentler overall fault dip, dip change with depth, and the addition of the Awaiti fault. The
data available for this inversion cannot distinguish listric (i.e., smooth decrease in dip with depth) from multi-part
planar fault geometries. In the case of the latter, near-surface dip changes could be due to surface crust failing
under tension, consistent with dominantly planar geometry observed in other active normal faults (e.g., Reynolds
& Copley, 2018). For the Edgecumbe fault, these geometry differences do not impact on the overall rupture area,
moment release, or expected seismic hazard since the seismogenic crust is fairly thin and dip changes likely occur
within the upper few kilometers of the crust in either case.

7.2. Implications of a Gentle Dip for the Edgecumbe Fault

Lower angle normal faults do not fit traditional Andersonian theory (Anderson, 1951), but 35° does fall within
the observed dip range of 30—60° observed globally on normal faults (Collettini & Sibson, 2001; Jackson, 1987;
Middleton & Copley, 2014; Reynolds & Copley, 2018; Wernicke, 1995). The fault hosting the M, 5.7 2020
Magna earthquake in Utah, USA, was inferred to have a similar geometry to our preferred Edgecumbe fault
model; focal mechanisms suggest a gently dipping (20-32°) fault plane at depth that steepens to 70° near the
surface, though no surface rupture was observed in that event (Pang et al., 2020). The Edgecumbe earthquake can
thus provide an important case study of rupture behavior and surface deformation patterns when gently-dipping
normal faults rupture to the surface through the width of the seismogenic crust.

The 1987 Edgecumbe earthquake deformation field can be approximated without the smaller secondary faults.
This, along with very short wavelength surface deformation on those secondary structures (e.g., Figure 4e),
suggests these faults did not host substantial slip at depth, did not link at depth with other seismogenic faults
during this earthquake, and did not contribute significant moment release during the 1987 earthquake. Shallow
slip on these faults, however, does not preclude deeper slip in other earthquakes.

Previously inferred dips for TVZ faults (60°), estimated as a compromise between gentler deep and very steep
surface dips (Villamor & Berryman, 2001), are steeper than our results. Additionally, the preferred dip on the
Edgecumbe fault in the Community Fault Model (a simplified fault network for hazard analyses) is 50° + 10°,
which we consider an unlikely representative dip (Text S1, Figures S8 and S9) (Seebeck et al., 2022). If, like the
Edgecumbe fault, other TVZ faults have lower dip angles for the majority of their area, this could influence both
slip rate and earthquake size estimates for the region. Alternatively, the Edgecumbe fault may have lower overall
dip values than the average Taupd rift fault because it is a primary graben-bounding structure that has rotated
farther from an initially steeper dip (e.g., Jackson, 1987). More information about fault dip at depths >1-2 km is
needed to improve seismic hazard estimates throughout the Taupo rift.

Figure 5. Comparison of elastic dislocation model slip and deformation to structure-from-motion-based vertical displacement of the 1987 Edgecumbe earthquake. (a)
The differenced digital surface model (DSM) was smoothed over a 100-m-moving-median window and trimmed to the interest extent. Most “uplift” is likely an artifact
from poor photo overlap between frames and flight lines (see Figure 2) and other problems described in the text. All values have been shifted up by 0.6 m to correct
for lack of geographic control within the graben and flight line distortion. (b) Best-fitting slip on the simplified Edgecumbe and Awaiti faults. Dip values labeled per
segment row. (c) Vertical surface displacement from the slip shown in (b). (d) Residuals between the smoothed DSM and elastic dislocation vertical displacement.
East-west trends in residuals caused by flight line artifacts. (e) Graben profiles comparing differenced DSM values (shifted up 0.6 m) and the elastic dislocation model

vertical displacement from (b).
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8. Pushing the Limits: Lessons Learned in Reconstructing Moderate Magnitude
Earthquake Deformation Fields From Historical Imagery

This study has two main foci: the development of a technique using historical aerial photos to build pre- and
post-earthquake spatial data, and the implications of our results for the Edgecumbe area and greater TVZ. We
therefore separate our discussion by focusing first on the application of our method and second on the tectonics
of the onshore Whakatane graben.

8.1. Advantages and Limitations of Surface Displacement Measurements From Legacy Aerial Photos

We have shown that using historical aerial photos to generate DSMs can be an effective and useful technique,
particularly in the absence of other high-resolution topographic data. Moderate-magnitude events like the 1987
Edgecumbe earthquake are valuable to study because they occur more frequently than larger earthquakes, but the
smaller displacements are more challenging to characterize (e.g., Wedmore et al., 2019). The primary advantages
of the technique used here include the abilities to (a) take dense measurements and fill in spatial gaps from previ-
ous surveys, (b) measure displacements across a wide aperture, including distributed deformation and off-fault
displacement, (c) identify subtle deformation that is difficult to recognize on the ground, (d) discern between
new fault scarps and pre-existing fault scarps, and (e) estimate the depth of faulting based on surface deformation
width.

In this study, we resolved vertical deformation confidently to ~0.3 m in our differenced DSM (Figure 4). We
located nearly all of the fault traces mapped in post-earthquake reconnaissance, and in some cases, mapped traces
that were not identified following the earthquake (Figure 2). The newly-mapped 1987 rupture traces are typi-
cally extensions of known scarps or wide, low-amplitude (<0.5-m-high) scarps several hundreds of meters from
other mapped fault traces. In the absence of surface cracking, discrete breaks from surface rupture, or obviously
deformed cultural markers, these scarps would be very difficult or impossible to detect in the field.

The limitations and challenges of this technique depend on the geographic setting and photoset properties, but
generally include artifacts from flight lines, long wavelength warping, and limited final product resolution.
Factors such as high flight altitude, poor photo overlap (<60%), too short or too long lens focal lengths, pres-
ence of clouds or harsh shadows, photo vignetting, and long photo survey duration will all negatively impact
the SfM process. In this study, these problems were highlighted by the quality difference between the pre- and
post-earthquake DSMs—the post-earthquake photos generated a much clearer, lower-noise, and higher resolu-
tion DSM than the pre-earthquake photos (Figure 2; Figure S4). The Rotoitipakau fault zone rupture could not
be mapped on the differenced DSM (Figure 2b) due to a combination of artifacts and very small displacements
(~10 cm; Beanland et al., 1989). This suggests that there may be other 1987-activated fault traces with small
vertical separations (<30 cm) that remain undocumented by either field or differenced DSM mapping, particu-
larly if brittle deformation at the surface was absent. Precise independent ground control, if available, can reduce
some model artifacts, but errors introduced during point cloud generation (e.g., warping between control points)
can be difficult to quantify (Delano et al., 2021).

We were unable to accurately resolve the effects of tectonic subsidence from sediment compaction and other
non-tectonic processes in this study. Broad-scale sediment compaction in unconsolidated alluvial fill and pore
water movement was documented to some extent post-earthquake, but was poorly constrained and likely spatially
heterogeneous due to variable sediment deposits and groundwater distribution (Blick & Flaherty, 1989). Where
measured, the vertical effects of sediment compaction were ~0.2-0.3 m (Blick & Flaherty, 1989; Pender &
Robertson, 1987), which is generally less than one standard deviation of our displacement measurements. Sedi-
ment compaction near the Tarawera and Rangitaiki rivers may have contributed to areas in the elastic dislocation
slip distribution with under-fit subsidence (Figures 2c, 2d and 5; Figure S7). Untangling non-tectonic ground
deformation at this scale from tectonic displacement is a challenge that extends beyond this study and method.
Accurately quantifying non-tectonic processes would require more information on subsurface materials and prop-
erties, and some form of control that can be compared before and after the earthquake.
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8.2. Role of Minor Faults During Coseismic Deformation

The Edgecumbe earthquake is a moderate magnitude earthquake with short primary fault rupture length (i.e.,
the Edgecumbe fault) compared to average and maximum slip, a high degree of secondary faulting, and wide
faulted zone compared to global catalogs of normal fault earthquakes. For example, normal fault earthquakes
have an average-to-maximum surface slip ratio of 0.35 + 0.11 m, and only 30% of events show distributed
faulting at 7 km from the primary fault (Ferrario & Livio, 2021; Wesnousky, 2008); our results show a ratio
of 0.48 and distributed faulting at distances up to ~8 km from the Edgecumbe fault. Fault displacement hazard
curves ultimately hinge on data from past events, so improving rupture mapping accuracy directly impacts hazard
estimates derived from global catalogs (e.g., Ferrario & Livio, 2018, 2021). Based on our mapping and Rotoiti-
pakau fault traces from Beanland et al. (1989), there was 17.6 km of primary fault (Edgecumbe and Awaiti)
surface rupture and 36.8 km of secondary fault surface rupture (Figure 2b). If we consider only the certain and
approximate traces, these values are 15.9 km (38%) for primary and 25.9 km (62%) for secondary traces. Most
other well-studied historical normal fault ruptures, such as those in the western U.S., produced more localized
fault rupture along narrower zones than observed here (e.g., Caskey et al., 1996; DuRoss et al., 2019; Wallace
et al., 2004). Therefore, the significant secondary surface rupture may reflect the magmatic-tectonic rift setting
where the lithosphere is relatively thin, weak, and hot (Gase et al., 2019). Some conditions thought to control
distributed faulting in the M, 6.5 2016 Central Italy earthquake—a moderate-magnitude normal earthquake with
significant secondary faulting—are also present in the Whakatane graben (i.e., normal fault slip and thick sedi-
ment cover) though other characteristics (like position within the graben) differ (Ferrario & Livio, 2018).

Surface deformation on secondary structures, which likely did not have significant slip at depth or contribute
to seismic moment, is important from a fault displacement hazard perspective (ANSI/ANS, 2015; Ferrario &
Livio, 2018). For example, during the 2016 Kaikoura earthquake, minor surface slip occurred on the Hope fault
without apparent slip at depth, causing road damage and suggesting that this phenomenon may be common in
New Zealand earthquakes (Litchfield et al., 2018). Multi-fault and distributed surface rupture and associated
hazards may be overlooked when only concentrating on metrics such as magnitude, fault length, peak or average
slip, or fault zone width. The observation that some faults produced a scarp without deeper slip also has important
implications for paleoseismic records, since the earthquake history interpreted from trenches in these settings
becomes more complicated. In the case of the Rangitaiki Plains, past interpretation of the number paleoearth-
quakes assumes primary rupture on most scarps which, which without extensive timing data and information
regarding multi-fault rupture behavior, could lead to an overestimation of earthquake frequency (e.g., Begg &
Mouslopoulou, 2010).

8.3. Possible Magma-Tectonic Interactions in the Rangitaiki Plains

Understanding the interactions between magmatic and seismic activity is critical to characterize both volcanic
and earthquake hazard in active rift settings like the TVZ. The 1987 Edgecumbe earthquake is generally consid-
ered an amagmatic earthquake within the tectonically-dominated northern TVZ (Muirhead et al., 2022; Rowland
etal., 2010). Hamling et al. (2016), however, demonstrated that an inflating sill at depth along the western margin
of the Rangitaiki Plains may control longer term uplift and produce stress changes that promote earthquakes, such
as the 2005-2009 Matata sequence.

One of the Edgecumbe earthquake foreshock clusters occurred in a similar location to (~10 km farther west) and
along trend with the 2005-2009 Matata sequence (Figure 1b) (Smith & Oppenheimer, 1989). Importantly, the
margins of the best fit sill location determined by Hamling et al. (2016) coincide with the approximate hypocenter
of the 1987 Edgecumbe earthquake and both foreshock clusters (Figures 1b and 6). The similarity between the
Edgecumbe and the Matata sequences leads to the question: could the Edgecumbe earthquake sequence have
been triggered by stress changes from an inflating sill below Matata?

We explored the idea of magma-inflation-triggered earthquakes within the Whakatane graben by modeling the
sill geometry and inflation used in Hamling et al. (2016) and imposing the resulting static stress on simplified
versions of the Edgecumbe fault, Awaiti fault, and approximate planar fit to the eastern 1987 foreshock cluster
(Figure 6). Depending on the location and depth of the sill, the imposed sill inflation causes static stress changes
that either promote or inhibit slip on portions of the simplified faults. In general, positive stress changes occur
with two sill configurations. When the sill and lower fault edges are at similar depths, and the sill is northwest of
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the faults, slip is promoted on the lower Edgecumbe and foreshock faults (Figures 6a—6¢). When the sill edge ends
below the modeled faults at any depth, slip is promoted on all three faults (Edgecumbe, foreshock, and Awaiti
planes) at deeper depths (Figures 6d—6f).

The existence of reasonable sill inflation models that promote slip on these faults suggests a plausible scenario
where as the sill inflates, slip is triggered at depth on favorably oriented nearby faults, as was inferred in the
Matata sequence by Hamling et al. (2016). Further, slip at greater depths on either the Edgecumbe or foreshock
plane faults results in positive static stress changes that promote slip in both along-strike and up-dip directions.
Mouslopoulou et al. (2008) inferred that the moderately asymmetric cumulative throw and 1987 slip distribution,
as well as south-directed rupture propagation in 1987, might be caused by changes in stress controlled by the
intersection of the northern Edgecumbe fault with the Waiohau fault (Figure 1). We confirm this asymmetry at
the surface and at depth (Figures 4 and 5) and further speculate that the hypocenter location and asymmetric slip
distribution could at least in part be caused by enhanced stress due to sill inflation. While further work would
be required to confirm a stress triggering mechanism for this particular earthquake, the cumulative displacement
asymmetry (Mouslopoulou et al., 2008) is consistent with observations that faults may preferentially grow later-
ally away from magma bodies (Dumont et al., 2017) and that the location of maximum slip typically occurs on
the more structurally mature sections of the faults (Perrin et al., 2016).

The TVZ contains active faults above the underlying magmatic bodies and many mechanisms have been proposed
for volcano-tectonic interactions and triggering (Figure 1) (Muirhead et al., 2022; Rowland et al., 2010; Villamor
& Berryman, 2001; Wilson & Rowland, 2016). Though generally considered tectonically driven, it is possible
that the timing of the 1987 Edgecumbe earthquake may have been advanced by the interaction with long-term sill
inflation and increased stress on adjacent faults.

9. Conclusions

We have demonstrated that historical aerial photos can be used to construct StM-based pre- and post-earthquake
topographic models useful for detecting coseismic surface deformation. When applied to the M, 6.5 1987
Edgecumbe earthquake in New Zealand, we find that our measurements generally agree with, but are slightly
larger than, field-based measurements. We also detected many more small, subtle scarps than were mapped in the
field survey. As a result, our understanding of surface deformation from this earthquake is improved by a denser
vertical displacement data set, clearer distinction between the 1987 and pre-existing scarps, and wider aperture
displacement field that captures off-fault deformation.

The improved surface displacement data constrain updated fault geometries and a new elastic dislocation model
of the earthquake, which compared to earlier efforts, now includes spatially variable slip, gentler fault dips at
depth, steep fault dips in the near surface, and the inclusion of the Awaiti fault. The 1987 Edgecumbe earthquake
is somewhat unusual in the amount of surface rupture on dominantly secondary (non-seismogenic at depth) faults
for a moderate-magnitude event. The prevalence of secondary surface rupture may be a result of the intra-rift
setting with associated thick sediment cover and thin seismogenic crust; such behavior should be taken into
account in probabilistic surface displacement hazard assessments for this type of structural setting. Finally, we
have shown that the Edgecumbe fault could have been pushed to rupture by stress changes associated with an
inflating sill at depth. This finding suggests that the timing of moderate-to-large “tectonic” earthquakes may be
advanced by fault interaction with magmatic processes like sill inflation and the cascading influence of stress
changes on adjacent faults.

Figure 6. Stress changes on Edgecumbe earthquake sequence faults from sill inflation. The best-fit sill location (solid gray rectangle), location uncertainty (thick
dashed gray polygons), depths (9.5 km + 2.1 km), and inflation of 1 m (20 mm/yr over 50 years) from Hamling et al. (2016). The Edgecumbe and Awaiti faults are the
same as in Figure 5, but with patches ~2.5 X 2.5 km. The foreshock plane follows the trend of 1987 foreshocks with a 45° dip. Epicenter (star) location and uncertainty
(thin white dash) from Anderson and Webb (1989); depth and uncertainty is from Webb and Anderson (1998). (a—c) Location of faults and stress changes for a central
sill location at 7.5 km depth. The base of the Edgecumbe and foreshock fault planes are in zones of increased Coulomb stress. (d—f) Location of faults and modeled
stress changes for a southeastern sill at 9.5 km depth. Large portions of the base of the Edgecumbe, foreshock, and Awaiti faults occur in zones of increased Coulomb
stress. Both configurations are examples where sill inflation promotes slip near the observed 1987 foreshocks and mainshock epicenter and centroid depth. In (b and e),
stress changes are relative to a fault with strike/dip/rake of 240/45/-90.
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