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1 INTRODUCTION

SUMMARY

The Mw 7.8 Dusky Sound earthquake of 2009 July 15 was the largest earthquake in New
Zealand in the past ~80 yr and is the only major subduction interface earthquake in the
New Zealand historical record. We have estimated the coseismic and early post-seismic slip
distribution in the earthquake by inversion of GPS and differential interferometric synthetic
aperture radar (DInSAR) observations. We show that slip during the earthquake was highly
oblique and essentially in the Australia—Pacific relative plate motion direction. Failure occurred
on a ca. 80 by 50 km patch of the subduction interface with maximum slip 5—-6 m. In this region,
the offshore Alpine Fault carries up to ~30 mm yr ! of slip before terminating at Resolution
Ridge near the southern end of the 2009 slip patch. The southernmost part of the Alpine Fault
trace lies near the up-dip end of the 2009 slip patch and the fault probably exists only within
the crust of the over-riding plate in this region, terminating at shallow depth where it meets
the subduction interface. There is no evidence for rupture of the Alpine Fault during the 2009
event. However, Coulomb stress changes from the subduction earthquake have brought this
section of the Alpine Fault closer to failure. In contrast to many subduction zones undergoing
oblique subduction, where the slip in major earthquakes is partitioned into more-or-less pure
thrust earthquakes on the subduction interface and strike-slip earthquakes in the backarc, this is
a case where the majority of the subduction interface slip is not partitioned, with only a shallow
convergence zone west of the strike-slip Alpine Fault undergoing contraction approximately
normal to subduction zone strike. North of the 2009 earthquake region the Alpine Fault lies
further east relative to the subduction interface and partitioning between strike-slip on the
Alpine Fault and trench-normal thrusting on the subduction interface takes place in a more
typical fashion. Our results provide the first clear demonstration of non-partitioned oblique
slip between the Australian and Pacific plates offshore of southern New Zealand.

Key words: Space geodetic surveys; Radar interferometry; Earthquake source observations;
Subduction zone processes; New Zealand.

and highly oblique character (Christoffel & Van der Linden 1972;
Davey & Smith 1983; Smith & Davey 1984). Exhumation pat-

The 2009 July 15 My 7.8 Dusky Sound earthquake ruptured a
~80km long section of the Puysegur subduction interface, where
the Australian Plate is obliquely subducted beneath southwestern
New Zealand (Fig. 1; Fry et al. 2010). It was the largest earthquake in
New Zealand since the 1931 February 3, My 7.8 Napier earthquake
and is the largest event ever recorded at the Puysegur subduction
zone.

Our understanding of the Puysegur subduction zone has devel-
oped substantially since early workers identified its Neogene age
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terns, basin stratigraphy and plate motion calculations reveal that
the Puysegur subduction zone developed and grew during Miocene
time, as Eocene and Oligocene ocean crust was overthrust at a re-
straining bend at the predominantly strike-slip Australia—Pacific
plate boundary (Sutherland 1995; Wood et al. 1996; Lamarche
& Lebrun 2000; Sutherland et al. 2000; Lebrun et al. 2003;
Cande & Stock 2004; Sutherland et al. 2006a, 2009). Onshore, for
~100 km north of Milford Sound (Fig. 1), Quaternary plate mo-
tion is partitioned between almost pure strike-slip motion on the
Alpine Fault and reverse faulting that is distributed across the broad
(>200km) and mountainous continental plate boundary zone
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Figure 1. Location map and tectonic setting of the Fiordland region, with the inset showing the regional setting. Global CMT focal mechanism solutions are
shown for the 2009 earthquake (plotted at its GeoNet epicentral location) and for other earthquakes used in our analysis. Crosses show GeoNet preliminary
locations for M > 3.5 aftershocks from 2009 July 15-2010 February 28. Fault traces are shown in red: the Puysegur subduction thrust and Fiordland Basin
frontal thrust (Delteil ef al. 1996; Barnes et al. 2002); the offshore Alpine Fault (Barnes et al. 2005) and the onshore Alpine Fault (Sutherland et al. 2006).
The white arrow shows the present-day relative plate motion from Beavan et al. (2002); the MORVEL (DeMets et al. 2010) plate motion model has the same
rate with a direction 4° closer to north. Resolution Ridge is the southernmost extension of the continental Challenger Plateau. Depth contours are plotted from

10005000 m in 1000 m increments.

(Norris & Cooper 2001; Sutherland et al. 2006b). Detailed
bathymetric and seismic-reflection surveys demonstrate that the
Alpine Fault can be traced offshore from Milford Sound to the south-
west where it aligns with the southeastern edge of Resolution Ridge
at the frontal Puysegur subduction thrust (Fig. 1; Delteil e al. 1996;
Barnes et al. 2005). The slip rate on the offshore Alpine Fault near
Doubtful Sound is determined from offset submarine fan deposits
tobe 31 & 3 mm yr ' (Barnes 2009), which is almost all the strike-
slip component of the 38 &= 1 mm yr ! plate motion that is directed
along azimuth 058° (DeMets et al. 2010). The residual plate motion
is accommodated at the surface by reverse faulting and folding of
basinal sediments at 1-5 mm yr~! west of the Alpine Fault (Delteil
et al. 1996; Wood et al. 2000; Barnes et al. 2002) and brittle faulting
of'the upper trench slope and onshore Fiordland (Lebrun et al. 2000;
Sutherland ef al. 2006a, 2009). Present-day campaign GPS veloc-
ities indicate similarly high rates of long-term deformation on of-
fshore structures including the Alpine Fault (Wallace et al. 2007).
To the west of the Puysegur subduction thrust, rock dredges,
gravity and magnetic data show that Paleozoic continental crust
of Resolution Ridge adjoins Eocene ocean crust to the southeast
(Sutherland 1995; Wood et al. 1996; Barker et al. 2008). Resolution
Ridge is the most southern projection of the much larger continent
of western New Zealand and the Challenger Plateau, which was

rifted from Australia in Late Cretaceous time and then from the
Campbell Plateau during Eocene time (Sutherland 1995; Wood et al.
1996; Barker et al. 2008). It has been proposed that this Eocene rift
boundary is the underlying reason for why the Alpine Fault exists:
continental crust of the Australian Plate is too buoyant to subduct, so
the inherited boundary with Eocene and Oligocene oceanic crust has
necessarily become the locus of active deformation that connects
slip on the subduction interface with the up-dip intracontinental
plate boundary (Sutherland et al. 2000). As the Australian Plate
moved northeast, South Tasman ocean crust was subducted at the
Puysegur trench while oblique continent—continent collision took
place northwest of the Eocene crustal boundary. As complexities
of the Eocene rift margin were incorporated into the Neogene plate
boundary, asperities were removed by displacement on the Alpine
Fault and this is why the surface trace of the Alpine Fault is most
complex at its southwestern end (Barnes ef al. 2005). There is
some debate as to whether this Eocene rift boundary has itself been
reactivated to create a deep tear in the subducted Australian Plate
that detaches oceanic from continental lithosphere (Lebrun et al.
2000; Malservisi ef al. 2003), or, as we believe is more likely, the
oceanic plate is translated subhorizontally to the northeast as it is
bent vertical and passes the Fiordland restraining bend (Sutherland
et al. 2000; Reyners et al. 2002).
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The Wadati—Benioff zone beneath Fiordland is entirely related
to subducted Eocene—Miocene ocean crust of the South Tasman
Sea (Sutherland et al. 2000; Reyners ef al. 2002). The architecture
of the Puysegur subduction zone at depth resembles an inverted
ploughshare (Christoffel & Van der Linden 1972) as the subducting
plate bends around a high velocity body in the mantle (Reyners
et al. 2002). Earthquake tomographic studies and hypocentres im-
age a subducted slab that is bent to vertical at 100 km depth beneath
northern Fiordland (45°S), but is less tightly curved beneath south-
ern Fiordland (46°S) (Eberhart-Phillips & Reyners 2001; Reyners
et al. 2002). Studies of records of large earthquakes imply a com-
plex pattern of plate motion partitioning and internal deformation
either side of the subduction thrust and Alpine Fault (Anderson ez al.
1993; Doser et al. 1999; Moore et al. 2000; Reyners & Webb 2002;
Robinson et al. 2003; Reyners et al. 2003; McGinty & Robinson
2007).

In this paper, we describe GPS and differential interferomet-
ric synthetic aperture radar (DInSAR) observations that define the
2009 coseismic and early post-seismic ground displacements, and
we invert these observations to determine slip at the subduction
interface. The 2009 earthquake occurred due east of Resolution
Ridge and northeast of the Puysegur trench, and slip was mainly
between Australian Plate Eocene—Oligocene ocean crust and the
Pacific Plate above. The slip distribution that we derive substan-
tially improves our understanding of how motion is accommodated
at depth across the plate interface and how plate boundary motion
is partitioned in the region, and we consider the implications of this
event for possible future earthquakes in the region.

2 DATA

All continuous GPS (¢GPS) stations in the southern half of the South
Island recorded displacements at the time of the earthquake, with
the movement exceeding 300 mm at the nearest station (PYGR) and
exceeding ~10 mm at eight stations as far away as Haast (HAAS)
and Waimate (WAIM) (Figs 2 and 3). Only PYGR is in the near
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field of the earthquake, so the cGPS data do not provide significant
constraints on the slip distribution. They do, however, provide some
constraint on the overall magnitude of the earthquake.

A number of previously-occupied campaign GPS sites exist in
the vicinity of the earthquake and 27 of these were reoccupied over
a 5-day period 5 weeks after the earthquake (Fig. 2).

Satellite radar images have been taken over the earthquake re-
gion by the Synthetic Aperture Radar (SAR) instrument (PALSAR)
on board the Japanese Space Agency’s Advanced Land Observing
Satellite (ALOS). The L-band (~24 cm wavelength) radar on this
satellite has been demonstrated to provide substantially more coher-
ent images than C-band (~5 cm wavelength) over forested and veg-
etated regions (e.g. Samsonov & Tiampo 2010; Zhang et al. 2010).
We have processed both ascending and descending data from post-
earthquake scenes and combined them with pre-earthquake scenes
to provide images of ground deformation during the earthquake
(Fig. 4), using the DInSAR technique (Massonnet & Feigl 1998;
Rosen et al. 2000). The first two post-earthquake data sets were
obtained within about a week after the earthquake and the third
6-weeks later (Table 1). The DInSAR system measures displace-
ment along the line of sight from the ground to the satellite, so the
measurement contains a mix of vertical displacement together with
horizontal displacement along the azimuth from the ground to the
satellite. The radar beam from PALSAR has an angle of incidence
of ~39°, so the instrument is about 20 per cent more sensitive to
vertical than to horizontal displacement.

DInSAR images (interferograms) are subject to a number of noise
sources, in particular the following four: (1) Long-wavelength errors
occur if the satellite orbit is not known precisely. (2) The technique
requires a correction for topography and errors arise if the digital
elevation model used in the processing is not exact. We have used
the 40 m digital elevation model (DEM) provided by Land Informa-
tion New Zealand (LINZ). The topographic errors are proportional
to the ‘perpendicular baseline’, or distance between the positions
of the satellite when the before and after images are taken. For the
images we have processed so far the baselines are between about
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Figure 2. Continuous GPS sites (blue) that recorded more than 10 mm of permanent ground displacement as a result of the Dusky Sound earthquake and
campaign GPS sites (red) reoccupied 5 weeks after the earthquake.

© 2010 The Authors, GJI, 183, 1265-1286
Geophysical Journal International © 2010 RAS



1268  J Beavan et al.
03_|I|I|||I|I|I|||I|I|
] eHAAS
02 ] eWAIM
" J~—————_eDUND
o ] eLEXA
q’ —
5 17 \ eBLUF
IS -__..._._.‘
é 0.0 4=\ eMAVL
o} ] S —————— e
E ]
3 0.1
2 ]
2 ]
& ]
0.2 4
03] ePYGR

LI L L L N I D ) B
11/7/09 20/8/09

] nHAAS C
02047 —

E nWAIM -

: ~— M:

. nDUND -

2 0.15 ey b PSS
z ] nLEXA C
E 7] % r
~ 0104 -
& ] nBLUF C
£ B PR st Ay §
o h L
& 0.054 -
g 1™\ nMAVL "
° . \—n|
__E - -
S 0.00 —
z ] C
] nPYGR C

-0.05 —
-0.10 = T T T r [ T T T 1T rrr[rrrr7 T

11/7/09 20/8/09

Figure 3. Time-series of daily solutions for the east and north components of the seven ¢GPS stations closest to the earthquake. The time-series have been
regionally filtered and have had a linear trend removed so that the pre-earthquake data have zero slope. The westward and (to a lesser exent) southward
displacements (except at BLUF, which moves slightly north) are clearly visible, as is post-seismic motion that continues for at least several weeks at some sites.
Note that the vertical scale for the north component is double that for the east component.

400-1350 m, so any topographic error from this source should be
small to moderate. (3) The radar signals are delayed as they pass
through the ionosphere and through water vapour in the troposphere
and these delays are indistinguishable from true ground displace-
ment when only a pair of images is used to form an interferogram.
Tropospheric errors are typically no larger than ~10 cm and they
can be correlated with topography under certain weather conditions.
L-band radar is 16 times more sensitive to ionospheric electron den-
sity than C-band, so ionospheric errors can be a significant problem.
(4) The nature of the ground surface causes changes in the phase
of the reflected radar beam, which is indistinguishable from a true
ground displacement in a single interferogram. This is of some
concern for the Dusky Sound images, as some of the ‘before’ and
‘after’ images have been taken at different times of the year, when
snow depths in the more elevated regions of Fiordland are likely
to be different. However, given the amount of ground deformation
caused by the earthquake, all of these noise sources are likely to be
small compared to the size of the coseismic signal.

The images we use are summarised in Table 1. As well as the
two scenes in Fig. 4 (paths 349 and 639), we use data from an
ascending path (path 348) to the east of Fig. 4(a) that overlaps with
the Fig. 4(a) image. This image does not contribute greatly to the
solutions so it is not shown here, but all images used are reproduced
in the Supplementary Information.

3 DATA ANALYSIS

3.1 GPS data analysis

We analyse both the cGPS and campaign GPS data with Bernese
v5.0 software. IGS final orbits and earth orientation parameters
are held fixed. We use relative (rather than absolute) IGS antenna
phase patterns; the GPS data used in this paper are collected al-
most exclusively with Trimble Zephyr Geodetic antennas so there
are no problems arising from antenna mixing. We use ocean load
estimates from Topex model 7.1 as calculated by Onsala Space

Observatory. The tropospheric zenith delay is estimated hourly,
with tropospheric tilt estimated daily, using Niell mapping func-
tions. Ambiguities are fixed as far as possible using the Bernese
software’s quasi-ionosphere-free strategy and the global ionosphere
model produced daily by the Centre for Orbit Determination in
Europe. Daily solutions are transformed to the ITRF2000/IGb00
reference frame using a 3-parameter Helmert transformation onto a
set of regional (Australia and Pacific) IGS stations. For a GPS net-
work of the spatial extent being analysed here there is no advantage
to using more recent ITRF2005/IGS05 orbits or to using absolute
antenna phase patterns.

3.2 GPS displacement estimation

The displacements at the cGPS sites are estimated from regionally
filtered (Wdowinski ef al. 1997; Beavan 2005) daily position time-
series solutions at three post-earthquake epochs (Table 2). The pre-
earthquake data are the average of the solutions for July 12-14.
The three post-earthquake epochs are: (1) the last 14 hours of data
from July 15 (to correspond as closely as possible with the first
ascending DInSAR image); (2) the average of solutions for July
22-24 (to correspond with the first descending DInSAR image) and
(3) the average of solutions for August 19-23 (to correspond with
the time of the GPS campaign). We take the difference between the
pre- and post-earthquake observations and assign errors as the rms
scatter of the before and after measurements added in quadrature.
It can be seen from Fig. 3 that significant post-seismic motion
occurred at some sites, most notably on the north component of
PYGR. We expect that this is due to continued afterslip on the
fault rupture surface spreading southward from the main rupture
area, but triggered slow slip on other nearby faults could also be an
explanation.

The displacements at campaign GPS sites are harder to esti-
mate because of the several-year gap between the pre- and post-
earthquake observations. In the Fiordland region, we have sev-
eral pre-earthquake observations at most sites that we can use to

© 2010 The Authors, GJI, 183, 1265-1286
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Figure 4. Satellite radar interferograms showing changes in line-of-sight (LOS) distance between the satellite and the ground before and after the earthquake,
after phase unwrapping. A positive change represents ground motion towards the satellite. (a) Ascending image (2009 January 12-2009 August 30) showing
shortening of LOS distance (ground motion towards the satellite) in the west of the image and (b) descending image (2008 July 20-2009 September 7) showing
increase of LOS distance (ground motion away from the satellite) near Dusky Sound. Taken together the images indicate a mixture of ground subsidence and
generally westward ground displacement in the vicinity of Dusky Sound. Grey regions within the images are land areas where adequate coherence was not

achieved.

estimate the pre-earthquake motion of the site. However, many
of these sites have been displaced by previous earthquakes, no-
tably the 2003 Mw 7.2 Secretary Island earthquake (Reyners et al.
2003), the 2004 My, 8.1 Macquarie earthquake (Hayes et al. 2009;
Watson et al. 2010) and the 2007 My 6.7 Fiordland earthquake.
We have made corrections to the pre-earthquake station positions
based on our own dislocation models of these earthquakes, which
we document in Tables S1-S4 of the Supporting Information. The
largest correction for the 2003 earthquake is ~90 mm at site DF5D
(Fig. 2), for 2004 it is ~12 mm at BO3W and for 2007 it is ~20 mm

© 2010 The Authors, GJI, 183, 1265-1286
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at AITH. We then estimate the 2009 coseismic displacements by
fitting a straight line to the pre-earthquake data, as shown by two
examples in Fig. 5. For each site we project the line and the un-
certainty of the fit forward to the time of the post-earthquake
GPS campaign, then subtract the measured position from the
projected position to give the displacements shown in the final
section of Table 2 (see also Fig. 8). The maximum observed hori-
zontal displacement is over 800 mm and the maximum vertical is
more than 200 mm subsidence, both in the vicinity of Resolution
Island.
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Figure 4. (Continued.)

Table 1. DInSAR interferogram characteristics.

Path Frame Direction Date 1 Date 2 Baseline, m
349 6240-6250 Ascending 20090112 20090715 —1129
349 6240-6250 Ascending 20090112 20090830 —1351
349 6240-6250 Ascending 20090715 20090830 —221
639 4530-4550 Descending 20080720 20090723 420
639 4530-4550 Descending 20080720 20090907 —151
639 4530-4550 Descending 20090723 20090907 —571
348 6240-6250 Ascending 20090628 20090821 394

© 2010 The Authors, GJI, 183, 1265-1286
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Table 2. Continuous and campaign GPS displacements at various times“ after earthquake.

Site Longitude Latitude East, mm sdE, mm North, mm sdN, mm Up, mm sdU, mm
Continuous, 2009 July 15

PYGR 166.68074 —46.16617 —307.5 4.0 -30.2 4.0 —15.8 10.0
BLUF 168.29208 —46.58506 —36.3 1.9 9.5 2.2 —-1.6 6.3
MAVL 168.11821 —45.36652 —63.1 2.1 —10.6 3.7 12.5 24.3
LEXA 169.30824 —45.23101 —22.1 2.3 —3.1 3.0 2.6 6.6
OuUsSD 170.51093 —45.86950 —12.8 2.2 2.2 34 -8.1 8.4
DUND 170.59717 —45.88366 —12.3 1.4 —-0.8 3.0 -3.5 8.7
HAAS 168.78555 —44.07320 -7.5 1.2 -3.8 2.5 —12.7 5.6
WAIM 170.92030 —44.65570 —6.4 2.7 -3.5 2.1 -59 5.7
HOKI 170.98431 —42.71291 -1.0 1.0 0.6 1.7 1.6 5.0
MQZG 172.65471 —43.70274 -2.6 1.2 0.9 33 5.3 5.9
LKTA 172.26633 —42.78337 -3.1 2.4 0.1 3.0 -0.6 19.3
QUAR 169.81583 —43.53168 —4.0 3.5 0.9 39 3.8 18.9
KARA 169.77516 —43.60839 —4.1 1.6 -0.9 1.9 5.5 5.5
MTIJO 170.46495 —43.98571 -5.0 0.9 -2.1 2.1 -5.2 6.7
Continuous, 2009 July 23

PYGR 166.68074 —46.16617 —326.0 1.4 —63.8 4.1 11.0 2.6
BLUF 168.29208 —46.58506 —43.1 1.2 12.5 1.2 5.2 4.2
MAVL 168.11821 —45.36652 -77.8 1.6 —-12.9 2.8 10.7 22.4
LEXA 169.30824 —45.23101 —27.8 1.5 2.8 1.7 3.5 53
OuUsSD 170.51093 —45.86950 —15.7 1.1 1.5 1.6 1.8 5.3
DUND 170.59717 —45.88366 —14.6 1.0 1.7 1.8 3.6 6.5
HAAS 168.78555 —44.07320 -9.0 1.0 -3.6 1.5 1.0 2.6
WAIM 170.92030 —44.65570 -7.9 2.2 —-0.8 1.4 4.6 4.9
HOKI 170.98431 —42.71291 -2.0 0.5 —-0.2 1.2 0.0 3.1
MQZG 172.65471 —43.70274 —4.1 0.8 0.6 2.0 2.2 5.7
LKTA 172.26633 —42.78337 -2.6 1.9 0.6 1.8 14.6 15.8
QUAR 169.81583 —43.53168 —4.3 2.5 1.1 3.3 2.3 11.5
KARA 169.77516 —43.60839 —4.4 0.6 -0.9 1.2 1.8 33
MTJO 170.46495 —43.98571 —6.8 0.4 -1.0 1.1 3.5 4.5
Continuous, 2009 August 21

PYGR 166.68074 —46.16617 —335.3 4.0 —86.0 4.0 26.0 10.0
BLUF 168.29208 —46.58506 —49.0 1.2 10.6 1.7 4.4 3.0
MAVL 168.11821 —45.36652 —85.2 1.6 —16.4 3.0 5.0 4.6
LEXA 169.30824 —45.23101 —-32.8 1.9 -5.9 1.3 4.4 4.2
OuUSD 170.51093 —45.86950 —-17.3 1.4 —-0.3 2.1 33 4.7
DUND 170.59717 —45.88366 —17.1 0.7 —-1.3 1.4 3.9 6.1
HAAS 168.78555 —44.07320 —13.3 0.3 1.4 1.7 —-3.3 4.2
WAIM 170.92030 —44.65570 —11.3 1.1 —2.4 1.4 4.5 4.8
HOKI 170.98431 —42.71291 —2.6 0.9 —2.1 0.9 —-1.6 3.0
MQZG 172.65471 —43.70274 -5.5 0.5 -2.9 1.4 -1.3 5.8
LKTA 172.26633 —42.78337 -3.6 1.6 1.2 2.8 1.5 7.2
QUAR 169.81583 —43.53168 -7.5 2.1 2.2 34 14.5 8.3
KARA 169.77516 —43.60839 —4.9 1.3 0.4 1.4 7.1 4.0
MTIJO 170.46495 —43.98571 -7.7 0.6 -3.8 1.4 2.8 3.9
Campaign, 2009 August 19-23

1004 167.73892 —45.56211 —154.8 34 -35.1 3.6 —20.2 6.6
A0C2 167.60830 —46.15471 —145.2 2.9 16.2 2.8 —49.7 12.5
Al33 167.67822 —45.76313 —180.1 3.3 —-21.4 4.4 —35.7 7.3
AlTW 167.62310 —45.54058 —176.4 2.3 —52.3 4.9 —36.1 7.5
AITH 167.85885 —45.19671 —88.4 2.4 -30.2 4.0 -8.7 7.9
A31C 167.92406 —44.67350 —35.8 2.3 —18.7 2.7 —11.4 11.5
ADQ2 168.69579 —45.36766 —44.0 5 —2.1 5.0 —52.6 15.0
ADX3 168.44198 —45.73747 —70.6 3.5 6.2 8.6 -9.4 10.9
AE13 168.91915 —46.13424 —46.4 2.7 11 4.6 1.4 20.9
AEGU 168.32463 —46.12877 —74.3 1.9 5.4 6.6 —11.9 11.1
BO3W 166.60932 —46.15639 —347.0 3.3 —160.4 4.8 —-0.4 6.2
B0O7D 168.30378 —46.41179 —51.7 2.8 13.8 5.5 —-1.0 8.7
BOAS5 167.32742 —46.10732 —232.8 4.6 28.5 4.0 —58.5 7.2
B7P6 168.01225 —45.99252 —108.0 4.1 4.2 9.1 —10.7 6.1
DF47 168.12741 —44.81507 —47.4 2.7 —-13.7 2.0 —16.0 8.0
DF4C 166.99651 —46.14217 —289.8 4.7 11.4 3.8 —-57.7 6.6
DF4E 166.58343 —45.93739 —800.2 1.1 —265 3.9 —173.7 7.4

© 2010 The Authors, GJI, 183, 1265-1286
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Table 2. (Continued.)

Site Longitude Latitude East, mm sdE, mm North, mm sdN, mm Up, mm sdU, mm
DF4F 167.20241 —45.89509 —356.9 33 —24.8 4.1 —116.1 7.9
DF4G 167.11893 —45.70578 —410.9 2.2 —100 4.6 —154.0 35
DF4H 166.88562 —45.83409 —598.3 2.4 —111 33 —189.4 134
DF4J 166.87325 —45.70290 —583.0 2.1 —177.6 3.5 -219.7 11.0
DF4K 167.07727 —45.52046 -319.1 5 —150.6 5.6 —128.0 11.4
DF4L 166.79734 —45.44308 —310.1 4.1 —179.9 5.3 —124.4 12.6
DF4X 167.37818 —45.69283 —276.4 2 —53.1 4.9 —87.8 6.6
DF5C 167.27821 —45.52412 —239.2 10.1 —129.9 8.3 —87.7 18.5
DF5D 167.15760 —45.46412 —259.7 14.7 —116.9 12.1 —81.7 49.2
E2KS5 166.61908 —45.67829 —793.4 1.9 —288.6 4.7 —222.1 8.4

Note. “cGPS displacement estimates are made at three times following the earthquake, to correspond approximately to the times that post-earthquake DInSAR
images were acquired and campaign GPS data were collected. These times are 2009 July 15 (epoch 1), 2009 July 23 (epoch 2) and 2009 August 21 (epoch 3).
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Figure 5. Two typical examples of the linear fit to pre-earthquake GPS site positions (east, north and up components), from which we estimate the displacement
at the time of the earthquake taking into account the uncertainty in the forward-projected linear fit. Red line shows the observations and 1-sigma uncertainties
corrected for coseismic offsets (see text) in 2003, 2004 and 2007. Blue line is the linear fit to the pre-earthquake data and green lines are the 1-sigma
uncertainities in the fit. Site A17W (Fig. 2) experienced about 200 mm displacement, while site DF4J near Resolution Island experienced more than 600 mm
displacement. Note that the plots all have different scales as our intention is to demonstrate the quality of fit for a variety of coseismic signal amplitudes.

3.3 DInSAR analysis

We analysed the SAR data with Gamma software (Wegmiiller &
Werner 1997) using standard DInSAR processing from ALOS-
specific raw format L1.0. Adjacent frames were concatenated in
one strip and processed simultaneously. A 5x 10 multilook was
performed to give a resolution of 23x33 m and the topographic

signal was removed using the LINZ 40 m DEM. Adaptive filtering
(Goldstein & Werner 1998) was performed in order to smooth the
observed phase and the Minimum Cost Flow algorithm (Costantini
1998) was used for phase unwrapping. Orbits were not corrected
because no significant orbital ramps were observed in the calcu-
lated interferograms; however, various linear and quadratic cor-
rections were tested and applied during the inversion (Section 4).

© 2010 The Authors, GJI, 183, 1265-1286
Geophysical Journal International © 2010 RAS



Information on the images is provided in Table 1. We show exam-
ples of ascending and descending images in Fig. 4. Taken together
these indicate a mixture of ground subsidence and generally west-
ward horizontal ground displacement, which is qualitatively similar
to the campaign GPS observations.

4 MODELLING

We invert the cGPS, campaign GPS and DInSAR data together to es-
timate the slip distribution and magnitude on the fault plane, which
we assume from initial geodetic and seismic models (Fry et al. 2010)
to be the subduction interface between the descending Australian
Plate and the overlying Pacific Plate. We use a profile of the sub-
duction interface through the Dusky Sound epicentre as estimated
from the limited relocated microseismicity currently available. This
profile was drawn prior to accurate knowledge of the 2009 earth-
quake location and therefore was not constrained to pass through the
2009 hypocentre (Fig. 6, M.E. Reyners, personal communication,
2009; M.E.R notes that the definition of the plate interface in this
region will be greatly improved when the aftershocks of the 2009
earthquake have been fully processed and relocated). We form the
model fault surface by extending this profile 120 km along strike
to fully overlap the aftershock zone of the earthquake. We divide

Deformation front Coast
0

80

Depth (km)

100 |

150

0 50 100
Distance (km)

Figure 6. Subduction interface surface near the epicentre estimated from
microseismicity relocated with a 3-D velocity model (Reyners, personal
communication, 2009; Fry et al. 2010). We solve for slip between 5 and
50 km depth (red curve) and 120 km along strike, assuming the interface
geometry remains the same along that length. See Fig. 8(a) for the surface
projection of this area.
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the fault surface between 5 and 50 km depth into 5-km square
cells and solve for the slip in each cell. The geographic location
of the assumed fault surface can be seen by referring forward to
Fig. 8.

We use linear inversion, closely following the methods adopted
by Jonsson et al. (2002). We use Laplacian smoothing to stabilise
the solution, choosing the weighting parameter for an optimum
trade-off between misfit and solution roughness. We weight the slip
magnitude towards zero at the lateral and lower boundaries of the
fault surface to damp artefacts that sometimes appear at the bound-
aries, but put no constraints on the upper boundary. This is because
we wish to test if the data can constrain the upper depth of sig-
nificant slip. We also tested a non-linear least-squares algorithm
restricting the slip to have no normal-faulting or left-lateral com-
ponents, but found that this makes only minor differences to our
models.

Each interferogram contains millions of pixels, with nearby re-
gions of the interferogram being highly correlated with each other
and thus containing no independent information. We average the
individual pixels into larger pixels of linear dimension ~100 m,
then apply quadtree partitioning (e.g. Jonsson et al. 2002) to fur-
ther reduce the number of data points while retaining the statistically
significant part of the signal. The intention of the quadtree partition-
ing, which we show in Supplementary Figs S1 and S2, is to obtain
a set of statistically independent values that contain the important
information from the original image. We assign uncertainties to the
data points equal to 10/,/A mm, where A is the area in km? of the
region contributing to the data point. The factor 10 is chosen so that
the uncertainty is 10 mm for data averaged over a 1-km square and
the square root assumes the scatter about the mean in each region
follows a white-noise model. Later we partially test the assigned
errors by comparing the misfit of the DInSAR and GPS data sets to
the model. The resulting data for inversion consist of: (1) 27 3-D
displacements from campaign GPS; (2) 14 3-D displacements from
¢GPS (most of these are in the far-field so do not contribute much to
the variable slip solution); (3) between 50 and 450 points in each of
the DInSAR images, with the number depending on the smoothness
of the original image.

In the modelling, we use the precise look angle from the ground
to the satellite (which varies by a few degrees across the image)
and we solve for an offset and a planar slope of each interferogram.
The offset estimate is essential as we do not know the zero point
on the interferogram, while the plane corrects for first-order orbit
errors. We have also experimented with fitting a quadratic surface
to correct for higher-order orbit errors. For the coseismic images
this is probably not appropriate because the earthquake deformation
covers much of each image and some part of the true signal may
be removed by a quadratic correction. For the post-seismic images,
where the much smaller deformation should tend to zero away from
the earthquake source, we have obtained solutions using both planar
and quadratic corrections.

Post-earthquake DInSAR data were collected on July 15 (only 2
hr after the earthquake and possibly while substantial afterslip was
still occurring), July 23 and over the interval August 19—-September
9 which also corresponds to the August 19-23 period of cam-
paign GPS data collection. We refer to July 15 as epoch 1, July
23 as epoch 2 and August 21 as epoch 3. We call our models
for these three epochs CP1 (Coseismic + Post-seismic at epoch
1), CP2 and CP3. We also use the cGPS and DInSAR displace-
ments between July 15 and August 21 to determine the early
post-seismic deformation. We call this model PP (Post-seismic,
Planar) when we solve for a planar surface in the DInSAR data
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Table 3. Model input parameters and summary results.

Model CP1

CP3 PQ PP

Data sets
¢GPS data set
Campaign GPS data set
DInSAR data set 1

pre-eq to Jul 15
pre-eq to Aug 21

pre-eq to Jul 23
pre-eq to Aug 21

pre-eq to Aug 21
pre-eq to Aug 21

Jul 15 to Aug 21
not used

Jul 15 to Aug 21
not used

(path 349 ascending) pre-eq to Jul 15 pre-eq to Jul 15 pre-eq to Aug 30 Jul 15to Aug 30  Jul 15 to Aug 30
DInSAR data set 2
(path 639 descending) pre-eq to Jul 23 pre-eq to Jul 23 pre-eq to Sep 7 Jul 23 to Sep 7 Jul 23 to Sep 7
DInSAR data set 3
(path 348 ascending) not used not used pre-eq to Aug 21 not used not used
Model parameters
«? (smoothing hyper-parameter) 100 100 100 150 200
22 (edge-effects hyper-parameter) 3 10 3 5 10
¢GPS weight 1.00 1.00 1.00 1.00 1.00
Campaign GPS weight 0.04 0.13 0.43 0.00 0.00
DInSAR 1 weight 0.35 0.19 0.32 0.50 0.25
DInSAR 2 weight 0.12 0.80 0.40 0.10 0.08
DInSAR 3 weight 0.00 0.00 0.09 0.00 0.00
DInSAR surface fit planar planar planar quadratic planar
Summary statistics and results
¢GPS x2 22 10.6 3.5 33 3.7
Campaign GPS x2 0.3 0.9 34 n/a n/a
DInSAR 1 x2 24 0.9 3.5 3.2 4.1
DInSAR 2 x2 0.4 7.9 3.4 0.3 0.4
DInSAR 3 x2 n/a n/a 3.5 n/a n/a
Max slip, m 4.8 5.0 5.4 0.8 0.7
MO, Nm 3.99 x 1020 4.52 x 1020 4.70 x 1020 1.11 x 102 1.07 x 102
Mw 7.70 7.74 7.75 7.33 7.32
and PQ (Post-seismic, Quadratic) when we solve for a quadratic follows:
surface.
The most uniform set of post-earthquake data in terms of time a@ G
of collection consists of the campaign GPS collected on August 0 |=|«?D |[m].
19-23, the cGPS offsets estimated at the same epoch, the ascending 0 A2B

images collected on August 21 and 30 and the descending image
collected on September 9. These contain the coseismic deforma-
tion and the first ~6 weeks of post-seismic deformation. Based
on the ¢GPS time-series (Fig. 3) we do not expect large post-
seismic changes over the August 19—September 9 time interval
of this data set; the position of PYGR changes by <5 mm, or
<1.5 per cent of the signal, over this period. We first invert this
data set (model CP3) to determine a slip distribution for the sum
of the coseismic and first several weeks of post-seismic deforma-
tion. We then try other analyses using data from closer to the time
of the earthquake to attempt to determine the evolution in post-
seismic slip. Table 3 summarises the various data sets we have
modelled.

The equations to be solved may be written in matrix form as
d = Gm where d is the data vector of observed ground displace-
ments, m is the vector of model parameters (strike-slip and thrust
displacements for each fault patch) and G contains the data ker-
nels relating unit slip on a fault patch to surface displacement at
an observation point. The data require weighting so that data points
with lower uncertainty are given more weight in the solution. The
weighted system of equations can be written d = G’'m, where d’' =
Wd, G’ = WG and W is the weight matrix from Cholesky decom-
position of the data covariance matrix (e.g. Jonsson et al. 2002). In
our case, where we have taken each data point to be independent,
the weight matrix is diagonal with elements equal to 1/0;, where o;
is the standard error of the ith data point. Before inversion we add
two blocks at the bottom of the weight matrix and data vector, as

Here, D is the Laplacian of the fault slip and these terms cause the
solution to become smoother as the value of the Lagrange multiplier
«? is increased. B is an operator that causes slip to tend towards zero
at the side and lower boundaries of the model fault plane, with the
effect being greater as A2 is increased.

Our strategy for the modelling is to give high weight to data sets
collected at the epoch of interest and to either not use or give low
weight to data sets collected at other times (Table 3). Ideally one
would not use data sets collected at different times, which would
mean not using the campaign GPS at all except at epoch 3. However,
the campaign data set provides values of ground deformation that
are both 3-D and absolute (though with some uncertainty attached).
These are not available from the DInSAR, in the first case because
each DInSAR image gives only 1-D data along the line of sight and
in the second case because there is no stable reference area in the
DInSAR images because the deformation covers most or all of each
image. We have therefore included the campaign data at low weight
at epochs 1 and 2 to provide extra stability to the inversion. We have
chosen a weighting of 1.0 for the cGPS data set in all analyses. We
have then adjusted the weight for the other data sets collected at that
epoch (the “primary’ data sets) so that the x? per degree of freedom
(which we abbreviate as x? from here onwards) for each of these
data sets matches the x? of the cGPS data set within a factor of 2
(Table 3). We then choose much lower weights for any other data set
included in the inversion so that their x? values are small, typically
20 per cent or smaller than the x? values for the primary data sets.
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To provide this additional weighting we multiply the appropriate
rows of the weight matrix, W, by the weights given in Table 3.

5 RESOLUTION, ACCURACY
AND SMOOTHING

The data distribution for the inversion is not ideal because the data
only exist onshore, whereas the slip is located partially offshore to
the west. In addition, if slip has occurred well south of the epicen-
tre, as determined by preliminary models (Fry et al. 2010), even
onshore data are lacking close to the slipping region. To test the
resolution we input a checkerboard slip pattern and see how well
it is reproduced by the inversion. Fig. 7(a) shows an input pattern
consisting of 30 x 30 km patches alternating between 4 m thrusting
and zero slip. To generate the test data we forward model the 3-D
displacement at each GPS station and the line-of-sight displacement
at each quadtree-partitioned DInSAR point. We perturb each test
data value by adding an amount randomly selected from a Gaussian
distribution with a width equal to one to two times the standard error
of the actual data value at that location. We then invert the test data

Oblique slip on Puysegur subduction interface 1275
to determine slip on the fault surface, using the same methodology
as for the actual data. One example of such an inversion is shown in
Fig. 7(b). From running a number of cases, we find that the method
does not well resolve the checkerboard if its linear dimension is
20 km or smaller. For the 30 km case we see that the resolution is
quite good in the epicentral region, with the slip amplitude deter-
mined at about the 20 per cent level (though smoothed compared to
the input values). Further up dip and especially further southwest,
the resolution deteriorates. We find similar results when we input a
strike-slip checkerboard pattern.

We use two hyper-parameters, k> and A? to control the degree of
smoothing of the slip distribution and the trend towards zero slip
at the side and lower boundaries of the fault plane. The value of
k2 is chosen by a commonly used method of plotting data misfit
against solution roughness as «? varies between 3000 and 10 (Fig.
S3 of Supporting Information) and choosing a value where the
misfit is falling slowly but the slip distribution is reasonably smooth
(e.g. Jonsson et al. 2002). We use the same value, 2 = 100, for
all the coseismic data sets we invert. For the post-seismic data
sets we use higher values (Table 3) to give smoother solutions.
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Figure 7. (a) Shows the input checkerboard slip distribution for one of our resolution tests and (b) shows the inverted slip distribution, calculated as described
in the text. The tests show that with the available data distribution the method can resolve features of 20-30 km and larger scale in the epicentral region.
Resolution gradually deteriorates towards the left of the image (southwest part of fault surface) especially near the up-dip and down-dip limits.
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In Figs S4-S9 of the Supporting Information we investigate the
sensitivity of the model solution to (1) different values of the hyper-
parameters (using smaller and larger values of k2 and setting A% to 0),
(2) increasing the area of the model fault surface and (3) changing
the relative weighting of the GPS and DInSAR data. These tests
give us confidence in our model results.

6 RESULTS

Figs 8, 9 and 11(c) show the inversion results and the fit to the data
for model CP3, where we have weighted the individual data sets
so that each has approximately the same reduced x? (Table 3). The
majority of slip occurs in the region where the model resolution is
good (Figs 7 and 11c¢). In particular, several features are well defined:
the fairly sharp cut-off of slip at the NNE end of the rupture; the
~5 m maximum slip centred at ~17 km depth about 30 km SW of
the epicentre; the maximum depth of significant slip at about 35—
40 km depth in the epicentral region and the reduction of slip at
shallow depth towards the upper end of the fault surface.

Fig. 11 shows the slip distribution on the subduction interface for
the various models. Most slip has already occurred by the time of
model CP1 (Fig. 11a, Table 3). Given the resolution test of Fig. 7 it is
hard to be sure whether the differences between CP1, CP2 and CP3
(Figs 11a—c) are significant. However, the cGPS data clearly show
that post-seismic deformation is occurring and the interferograms
between the post-seismic July and August/September images do
suggest a signal associated with the quake, though orbital errors
may also contribute to the signal (Fig. 10).

Models PP and PQ (Figs 10, 11d and e) attempt to isolate the
afterslip pattern that caused the July 15—August 21 post-seismic
deformation. If all the data were noise-free and the inversions per-
fect, then models PP and PQ (Figs 11d and e) should give identical
slip distributions, which in turn should be the same as the differ-
ence between the CP3 and CP1 slip distributions, which we show
in Fig. 11(f). There are some similarities: there is post-seismic
slip below and/or to the right (NNE) of the epicentre in all cases
and there is post-seismic slip to the left (SSW) of the main slip
patch. However, in models PP and PQ the slip patch to the SSW
is 5-10 km deeper than in the difference between CP3 and CP1.
We note that modelling the difference between two observed data
sets is a more stable procedure than taking the difference between
two independently-calculated models, so we prefer the post-seismic
models of Figs 11(d) and (e) over that of Fig. 11(¥).

The inferred moments and maximum slip estimates increase ap-
proximately monotonically from model CP1 to CP3, which is con-
sistent with true post-seismic deformation being recorded in the
data. Also the moments from models PP and PQ are only about
25 percent greater than the difference between models CP3 and
CP1 (Table 3) which gives further confidence that the DInSAR 1is
detecting post-seismic motion even though the details are not very
well resolved.

In the Supplementary Information (Figs S10-S13) we show sim-
ilar DInSAR images to those in Figs 9-10, but for models CP1, CP2
and PP and for the track 348 image used in model CP3.

7 DISCUSSION

7.1 Model verification

The observed and modelled subsidence in the vicinity of Resolu-
tion Island and Dusky Sound are both in the 200-250 mm range.

Initial field surveys in the region for coastal uplift and subsidence
detected inundation of salt marsh plants indicating the possibility
of 100-150 mm subsidence, with 300 mm the maximum possible
subsidence compatible with the observations (Wilson et al. 2009).
These observations are in good agreement with the geodetic data
and models.

Tsunami waveforms have been predicted by Prasetya ez al. (2010)
using a coseismic geodetic model very similar to the ones described
here. The model matches the observed waveforms at DART buoy
55015 in the Tasman Sea very well without any additional tuning,
which also supports the accuracy of our coseismic displacement
model.

7.2 Model fit to data

None of our model fits achieve a x2 of 1. The best we achieve is
x2 ~ 2 for model CP1 and x? &~ 3—4 for models CP3, PP and
PQ. This suggests that our data uncertainties are underestimated
by factors of 40—100 per cent and/or that there are systematic in-
consistencies between the data types. This level of fit is, however,
similar to that observed in many other studies of coseismic slip us-
ing geodetic data. The fit for model CP2 is worse, with x? ~ 8-11
when we balance the fit to the cGPS and DInSAR data sets. The
reason for this may be that the DInSAR descending data for 2009
July 23 contains more noise signals than the similar data for August
30.

Fig. S5 in the Supporting Information shows a solution using
the same data and hyper-parameters as model CP3 but with the
DInSAR data down-weighted by a factor of ~30 compared to CP3.
A comparison of Fig. 11(c) (which is also redrawn as Fig. S4) and
Fig. S5 shows some small variations in slip direction and magnitude,
with the location of the major slip patch quite similar in the two
cases. This indicates that the GPS and DInSAR data contain similar
but not identical information about the ground deformation. We
prefer the solution that combines the GPS and DInSAR data sets
with comparable x? values, as we have no way to know which is
the more reliable data set.

This comparison also indicates that for model CP3 the DInSAR
data add only a small amount of information that is not already
available in the combined continuous and campaign GPS data sets.
This might at first sight be seen as an argument against the need
for DInSAR data. However, it is the DInSAR data, with assistance
from the sparse continuous GPS, that defines models CP1 and CP2
and thus gives us what information we have about the early post-
seismic processes. Also, in this particular example the majority of
the deformation signal is offshore and thus unavailable to either
GPS or DInSAR; the relative advantages of DInSAR in measur-
ing the near-field ground deformation at high spatial resolution are
thus less apparent in this case than for earthquakes that are primar-
ily on land. Finally, this is an example where a reasonably dense
campaign GPS network is available; in regions where this is not
the case, DInSAR is still able to provide a ground deformation
measurement.

7.3 Coseismic slip and implications for regional tectonics

The 2009 earthquake provides the first unequivocal evidence for
slip on the Puysegur subduction interface and can thus be used
to test previous hypotheses for how slip partitioning is occurring
at the plate boundary adjacent to Fiordland (Lebrun et al. 2000;
Sutherland et al. 2000; Reyners et al. 2002).
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Figure 8. (a) Observed and modelled horizontal displacements at GPS sites and inferred slip on the subduction interface for model CP3. The white arrow
shows the average slip direction over the region of the model with slip >2 m; the slip on each patch is rotated to horizontal about the strike of the model fault
plane before averaging to allow a direct comparison with relative plate motion. The average slip direction is almost parallel to relative plate motion. The relative
plate motion vector plotted is from Beavan et al. (2002); the MORVEL (DeMets et al. 2010) plate motion model has the same rate with a direction 4° closer to
north. (b) Same as (a) for the vertical displacements. A more detailed plot of the distribution of slip on the fault surface is shown in Fig. 11(c).
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Figure 9. Observed (top), modelled (middle) and residual (lower) DInSAR images for model CP3, for the August 30 ascending path (track 349, left) and
the September 7 descending path (track 639, right). The images show the observed interferogram after reconstruction from the several hundred points in the
quadtree decomposition, which is why the top images look slightly different to those in Fig. 4. Note that the colour range is 600—700 mm on the observed and
model images, ~200 mm on the ascending residual and only ~60 mm on the descending residual. The poorer fit to the ascending image may be because the
baseline length is significantly longer than in the descending image, so that coherence is lower and phase unwrapping followed by interpolation is less accurate.

© 2010 The Authors, GJI, 183, 1265-1286
Geophysical Journal International © 2010 RAS



Oblique slip on Puysegur subduction interface

1279

-45.0 — -45.0 —
-45.2 -45.2
-45.4 — -45.4 —
-45.6 - -45.6 —
0
-45.8 —| -45.8 —| &
3
-46.0 —| -46.0 |
-46.2 -46.2
T T 1 ' 1 | | | -
166.4 166.8 167.2 167.6 166.4 166.8 1672 167.6
-45.0 — -45.0 —
-45.2 -45.2
-45.4 — -45.4 —
-45.6 | -45.6 —|
-45.8 - -45.8 —
-46.0 | -46.0 —|
-46.2 | -46.2
T T ' 1 ' T 7 | | | -
1664 166.8 167.2 167.6 166.4 166.8 1672 167.6
-45.0 —| )% -45.0 —
-45.2 -45.2
-45.4 - o -45.4 -
o
3
-45.6 —| 3 -45.6 —|
40
0
-45.8 -45.8 - 20 1
0 3
3
-46.0 —| -46.0 —| -20
-46.2 | -46.2 |
' T ' 1 ' T 7 | | | -
1664 166.8 1672 167.6 166.4 166.8 1672 167.6

Figure 10. Observed (top), modelled (middle) and residual (lower) DInSAR images for post-seismic model PQ, for the July 15—-August 30 ascending path
(track 349, left) and the July 23—September 7 descending path (track 639, right). It is likely that there is a significant orbital ramp in the observed images,
which has been estimated along with quadratic terms in the inversion. The presence of these relatively large orbital terms makes it difficult to be confident of
the inversion for post-seismic slip (e.g. Figs 11d—f below).
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Figure 11. Magnitude and direction of slip on the fault surface for various models. Each image is looking down on the fault surface from the east-southeast;
the southern end of the fault is to the left and the up-dip edge is at the top. See Fig. 8(a) for the map location of the fault surface. The red and white star is
the GeoNet location of the hypocentre at 30.1 km depth. The left scale shows the distance down-dip from the centre of the uppermost fault patch, while the
right scale shows the depth to the centre of each patch. We show coseismic (with some component of post-seismic) models (a) CP1 (a few hours after the
earthquake), (b) CP2 (a week after the earthquake) and (c) CP3 (5 weeks after the earthquake). We show post-seismic models (note the change of scale) (d) PQ
and (e) PP, while (f) shows the difference between models CP1 and CP3. Panels (d) through (f) would be identical if all the data and inversions were perfect;
their differences are an indication of the uncertainty in the post-seismic inversions. Panel (c) does show additional slip to the southwest (left) of the main slip
patch in (a), but the additional slip occurs deeper in post-seismic images (d) and (e).
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Figure 11. (Continued.)

The region that we model to have a slip of more than 3 m oc-
curred at 10-30 km depth on an interface that dips 25-35° (Fig.
6). Our best-fitting model of slip direction has a rake of 141+6°
within this zone of maximum slip (Fig. 8). The expected rake
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of the plate motion on this interface, accounting for rotation to
this plane (bending of the slab), is 146 + 1° for the MORVEL
model (DeMets et al. 2010) or 142 + 2° from regional GPS data
(Beavan ef al. 2002). Therefore, the slip direction during the 2009
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Figure 12. Perspective view showing the subduction tectonics of the region and the 2009 slip patch. The black line across the upper diagram is the line along
which the lower diagram is cut away. The 2009 slip took place obliquely between Eocene—Miocene ocean crust and the overriding Pacific Plate. Updip of the
2010 slip area, the plate motion is partitioned between right lateral strike-slip on the Alpine Fault and shortening within Australian Plate continental crust. The
arrows on the plate interface and alongside the Alpine Fault show the direction of motion of the Australian Plate relative to the Pacific Plate at these locations.
In the 2009 slip region the Alpine Fault meets the subduction interface at only ~10 km depth and this gets shallower to the south and deeper to the north. At the
location of the nearly pure thrusting 2003 earthquake about 100 km to the NNE, the Alpine Fault probably dips southeast and meets the subduction interface

deeper than the main area of slip in that earthquake.

earthquake was, within uncertainty, the same as that expected if all
plate motion were occurring on the subduction interface. If all plate
motion were occurring on the interface, the maximum model slip
of ~5.4 m represents ~140 years of accumulated plate motion.
The direction of slip in the 2009 earthquake is consistent with no
slip partitioning on the plate boundary at 10-30 km depth beneath
Dusky Sound, but this is in very obvious contrast to the situation
100 km farther north near Doubtful Sound. Seabed mapping of

fault traces (Delteil ez al. 1996; Barnes et al. 2002, 2005) and earth-
quake focal mechanisms (Anderson et al. 1993; Moore et al. 2000;
Reyners & Webb 2002; Reyners et al. 2003; Robinson et al. 2003;
McGinty & Robinson 2007) reveal that shallow crustal deformation
near Doubtful Sound is partitioned between strike-slip motion on
a steeply dipping Alpine Fault and dip-slip thrust or reverse fault-
ing on the subduction interface. The distribution of slip that we
calculate during the 2009 earthquake is illustrated in Fig. 12 and
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provides an explanation for this significant spatial change in defor-
mation style. Slip during the 2009 earthquake was on the interface
between Eocene—Miocene ocean crust and the overlying Pacific
Plate and was (within uncertainty) entirely down-dip of the Eocene
rift boundary in the Australian Plate. This inherited Eocene crustal
boundary on the surface of the subducted plate plunges to lower
crustal depths (ca. 30 km) near Doubtful Sound, so crustal fault-
ing in that region is entirely within an oblique continental collision
zone, even though slip on the subduction interface is presumably
not partitioned at depths below where the Alpine Fault meets the
subduction interface.

The geometry of deformation that we propose in Fig. 12 requires
northwestwards advection of continental crust and the Alpine Fault,
which is the boundary between Australian Plate and Pacific Plate
continental crust, relative to the Australian Plate. This is required
because shortening of Australian Plate crust is known to occur at the
plate boundary. Barnes et al. (2002) estimate ca. 7 km of shortening
within the Fiordland basin near Dusky Sound since 3 Ma. The
Eocene crustal boundary within the Australian Plate beneath the
subduction interface must, therefore, be progressively offset down-
dip relative to the surface trace of the Alpine Fault, and this may lead
to a smearing of the Alpine Fault at depth to moderate southeast
dips. This is in contrast to the subvertical plane mapped at the
surface (Barnes et al. 2005), but is consistent with the distribution
of dip-slip focal mechanisms and specifically the 2003 Secretary
Island event, which had a dip-slip down-dip rupture extent that was
significantly southeast of the Alpine Fault surface trace (Reyners
et al. 2003; McGinty & Robinson 2007).

Our preferred model has the up-dip extent of the 2009 rupture
approximately beneath the surface trace of the Alpine Fault, but
we cannot rule out the possibility that rupture continued up-dip into
Australian Plate crust on fault splays that meet the surface within the
Fiordland Basin (Barnes et al. 2002). We do not require strike-slip
motion on the Alpine Fault to explain our GPS observations, but we
ran forward models of right-lateral slip on the Alpine Fault to see
if the predicted signal would be observable at our GPS stations. To
generate a displacement signal larger than the observed differences
between observations and model (Fig. 8) would require several
metres of slip over tens of kilometres fault length, so we cannot
rule out small amounts of slip over a limited region (e.g. 1 m over
a 10 km length) of the Alpine Fault. Preliminary aftershock studies
do not reveal strike-slip mechanisms or greater hypocentre density
near to the Alpine Fault. The Alpine Fault surface trace has not been
reobserved since the 2009 rupture.

Was any secondary surface faulting triggered in Fiordland during
the 2009 earthquake? We examined by eye the differences between
observed interferograms (before down-sampling) and the models,
to see if any ‘fault-like’ signals are evident in the residuals. Our
characterization of the resulting images is that we see noise sig-
nals with amplitudes up to about +10 cm at various spatial scales
(some of which are visible in the residual plots of Figs 9-10), but
we found no signals that are clearly indicative of on-land crustal
faulting.

7.4 Post-seismic slip

With only one ¢GPS station in the near field it is not possible to
place strong constraints on the DInSAR images to solve for a reliable
history of post-seismic deformation from July 15-July 23—August
21. However, our models PP and PQ and the differences between
models CP1 and CP3 do provide a somewhat consistent view of
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the afterslip that caused the observed post-seismic deformation. We
assume that the majority of post-seismic deformation in the first few
weeks is due to afterslip as has been widely observed elsewhere,
but expect that ongoing post-seismic deformation may be due to
longer-term viscoelastic or other effects (e.g. Freed 2005). Though
the details are not well resolved, the inferred afterslip is located
around the edges of the main coseismic slip patch, particularly near
its southwest end and below and northeast of the epicentre. The
inferred afterslip is also located in the same regions as the majority
of aftershocks, suggesting that both are a response to stress changes
caused by the earthquake.

7.5 Stress changes on the Alpine Fault

Barnes (2009) has established that the offshore Alpine Fault has a
long-term average slip rate of ~30 mm yr ' at least as far south
as Doubtful Sound. Assuming that the Alpine Fault continues at
~30 mm yr ! south of Doubtful Sound (Barnes, personal commu-
nication 2010, suspects it does because of its strong geomorphic
expression, though no offsets have been dated south of Doubtful
Sound) there is potential for a future earthquake on this part of the
fault. Fry et al. (2010) used a simplified preliminary model of the
slip distribution to show that the Coulomb failure stress increases
on parts of the Alpine Fault. We have repeated that calculation using
a close approximation to the CP3 slip distribution and the results
are presented in Fig. 13. The Coulomb stress for right-lateral fail-
ure on the Alpine Fault increases along a ~100 km length of the
fault between Resolution Ridge and south of Doubtful Sound by an
average of 0.55 MPa in the 0-15 km depth range and 0.68 MPa in
the 0—10 km range that is likely to be relevant towards the southern
end of the fault. This ~100 km section of the fault has therefore
been brought closer to failure; however, it is not known when an
earthquake last occurred on this fault section.

8 CONCLUSIONS

We have shown that L-band DInSAR is a valuable technique for
measuring coseismic ground displacement, even in a region like
Fiordland that has rugged and steep topography with substantial ar-
eas of dense vegetation. Together with GPS data, differential InNSAR
provides a powerful method to invert for coseismic slip distributions
even when ground deformation data are available on only one side
of the earthquake.

Our results demonstrate oblique subduction in action. In the
region of the 2009 earthquake nearly all the plate motion below
10 km depth is taken up by oblique slip on the plate interface. Only
at depths shallower than 10 km is slip partitioned between strike-slip
motion on the right-lateral Alpine Fault and a few mm yr~' shorten-
ing across the Fiordland Basin to its west. This is in sharp contrast
to the situation 100 km further north where slip is partitioned be-
tween strike-slip on the Alpine Fault and nearly pure thrusting on the
subduction interface to depths of at least ~25 km. We explain the
difference as a result of evolution of the Alpine Fault as Challenger
Plateau continental crust on the Australian Plate moves north and
resists subduction beneath the continental rocks of New Zealand.
If the 2009 earthquake is a typical example of how plate motion is
accommodated in this region, we would expect similar events on
average about every 150 yr.

We observe post-seismic surface displacements in the 5 weeks
following the earthquake. Assuming that these are due to
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Figure 13. (a) Coulomb stress change induced by the 2009 earthquake for
right-lateral slip at 10 km depth on vertical planes striking N48°E. For
this calculation the 2009 slip pattern was approximated by 20 uniform-
slip rectangles outlined in black. The image was smoothed to attenuate the
edge effects of this approximation. The colour scale saturates beyond 0.5
MPa. (b) As for (a), but for right-lateral slip resolved on the Alpine Fault
plane, which is assumed to dip at 90°. The left end of the image is where
the Alpine Fault terminates at Resolution Ridge and the right end is near
Doubtful Sound, as shown by the profile A-B in (a). The average Coulomb
stress increase over this image is 0.55 MPa. The average over the 0-10 km
depth range is 0.68 MPa.

afterslip on the main fault surface we find (though with low resolu-
tion) that the afterslip occurs in regions surrounding the main slip
patch, which also coincides with the majority of aftershock activity.
This pattern is similar to that observed in a number of other cases
worldwide.

The coseimic deformation has caused an increase in Coulomb
stress promoting right-lateral strike-slip failure on a ~100-km long
section of the offshore Alpine Fault. The increase averages ~0.6
MPa, but it is not known when this fault last ruptured nor whether
rupture typically initiates on this section of the fault.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Tables S1-S4. These give the parameters of the dislocation mod-
els and the resulting displacement values that we used to cor-
rect the campaign GPS time-series for coseismic offsets due to
the 2003 Secretary Island (Fiordland), 2004 Macquarie and 2007
Fiordland (George Sound) earthquakes. These models provide a
reasonable to good fit to observed data, but they are not necessar-
ily the best dislocation model approximations obtainable for these
earthquakes.

Tables S5-S7. These give the parameters of our variable-
slip dislocation solutions CP1, CP2 and CP3 for the 2009
Dusky Sound earthquake. These are provided in separate tab-
delimited text files: Beavan_DuskySound_TableS5_CP1.txt, Bea-
van_DuskySound_TableS6_CP2.txt and Beavan_DuskySound_
TableS7_CP3.txt.
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Figures S1-S2. These show the quadtree partitioning of the DIn-
SAR images used in our analysis.

Figure S3. This shows the trade-off curve between solution misfit
and solution roughness that is used to select the value of the &2
hyper-parameter.

Figures S4-S9. These show variations in the CP3 solution as
the «? and A? hyper-parameters are varied, the dimensions of the
fault surface are increased and the DInSAR data are down-weighted
compared to the GPS data.

Figures S10-S13. These contain plots of the quadtree-sampled
DInSAR images, model fits and residuals used in our analysis but
not included in the main paper.

Please note: Wiley-Blackwell are not responsible for the content or
functionality of any supporting materials supplied by the authors.
Any queries (other than missing material) should be directed to the
corresponding author for the article.
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