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THE My, 7.6 DUSKY SOUND EARTHQUAKE OF 2009:
PRELIMINARY REPORT

Bill Fry !, Stephen Bannistet, John Beavan, Lara Bland®,
Brendon Bradley" %, Simon CoX, Jim Cousins', Nora Gale',
Graham Hancox', Caroline Holden', Richard Jongens,
William Power!, GegarPrasetyd, Martin Reyners®,
John Ristau', Russel Robinsont, Sergey Samsonav?,

Kate Wilson' and the GeoNet team.

SUMMARY

The M, 7.6 Dusky Sound earthquake of July 15th, 2009, was the largest magnitude earthquake in New
Zealand since the devastating 1935 wk e 6 s B a ¥.8).8heearthquakeMisas sufficiently large

to generate taleast a 2.3n wave at Passage Poifltespite itslarge magnitude, this event resulted in
relatively minimal damage when compared to worldwide events of a similar size. MHig explained

as a fortunate combination of the sparse population of the area and the specific physical characteristics of
the earthquake. Centroid Moment Tensor (CMT) solutions define the rupture surface asrgllew

plane and finite fault inversionsoefirm the slip occurred on thenterface between the eastward
subducting Australian plate and overriding Pacific platgiating at about 3&km depthand rupturing

upward and southwestward to about 15 depth The oceanwardupturedirectivity likely contributed

to the lower intensity of measured ground motion than might be expected for such a large, shallow event.
The amount of radiated seismic energy from the earthquake was relatively smafir afedver
landslides were triggered from this event tifrmm the 2003 N} 7.2 Fiordland event.

zone, suggesting that this latest event has filled a gap in

TECTONIC SETTING AND RECENT SEISMICIT Y interplate slip along the subduction zone

In the Fiordland region, the motion of the Australian plate

relative to the Pacific plate is ¢. 34 mm/yr at 062° (Dehéts GEONET MONITORING

al., 1994; Figire 1). Thus the plate boundary isachcterised

by highly oblique convergence. The convergent component of )

the relative plate motion is being accommodated largely by Rapid Response

southeasterly subduction of the Australian plate, while the The initial Gedet analysis placed the earthaked s
alongstrike component of motion is mostly accommodated by pyhocentrein Dusky Sound underneath Resolution Island in

the Alpine fault. The detailed morphology of the dipping
seismic zone associated with the subducted Australian plate
has been revealed by earthquakes relocated by Eberhart
Phillips & Reyners (2001). The dipping seismic zone steepens
from south to north, becomingearvertical below about 75

km depth north of Doubtful Sound. This steepening is

Fiordland with a local magnitude of 6.8bout an hour after

the main shock, the USGS released a new moment magnitude
for the earthquake placing it at 7.8. This was a revision from
their orignal estimation of 8.0. The USGS value was based on
teleseismic data, and as such, was not affected by saturation
effects which yield spuriously low magnitudes when solving

accompanied by a sharp change in strike of the subduction o higherfrequency data measured close to the epiceTitre.
zone. South of Doubtful Sound, the average strike is 023° GegNet website prodied the public with information about

whereas north of Doubtful Sound it is 040°.

The focal

earthquakes in Fiordland have been determined by Rosdr

the earthquake, peaking at two million hits per hour within the
mehanisms and depths of large historical first hour of the event.
The Dusky Sound main shock was very well recorded on the

(1999). In the period 19182, none of these large events  sggNet seisngraph and GPS network®f the 47 National

appears to have occurred at the shallow part of the plate
interface. Rather, they appear to hdeen associated with

Network stations which each contain acontinuously
recording broadband seismometer and a strong motion

complex deformation within both the subducted and overlying acelerometer, 45 of the broadband seismomesac 18 of

plates. However, in the last 30 years there has been a series ofiha accelerometers recorded the ev&ighty one of the 94
large earthquakes in the Fiordland region, many of which have continuously recording sheperiod seismic staties and 60 of

been interpreted as shallanterplate thrust\ents (Figurel).

the 232 triggered strong motion accelerometers also recorded

These events surround the Dusky Sound earthquake rupture
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Figure 1:

Tectonic setting of the Dusky Sound earthquake. The epicentre of the earthquake is shown by the largerre:

and the rupture zone is approximated by the distribution of the first five days of aftershocks (large pink reg
The beachball shows the USGS centroid moment tensor solution for the mainshock, and the arrow indicate
velocity of the Australiarplate relative to the Pacific plate (DeMets et al., 1998j)led squares indicate GeoNe!
seismographs and strong motion recorders which recorded the earthquake. Large earthquakes in the le
years surrounding the Dusky Sound event are also shown eithetheir aftershock zones, or by stars markin
their epicentres in the offshore southwestern region where aftershock distributions are poorly determined.
denotes events interpreted as interplate, and green denotes intraslab events.

the event. Eight of the 137 continuous GPS sites had
permanent cgeismic displacements of greater than 5 mm.

GeoNet seismic monitoring in the Fiordland region consists of
two Naional Network seismic stations, Puysegur Point (PYZ)
and Deep Cove (DCZ)n order to more precibe locate
aftershock, GeoNet deployed six portablshort period
instruments close to the epicentfégure 3. The coastal sites,
Dagg Sound, Breaksea Soummljck Cove, and Lake Frazer,
were positioned along a coastal transect proximal to the
offshore Puysegur subduction zone with spacing of ~20 km.
The inland stations, Supper Cove and Last Cove, farm a
inland transect between PYZ and DCZ that provides a two
dimensional geometry to the array with spacing of k80

The precise locations of the aftershocks will be used to infer
local fault structure and provide insight into the naturehef t
Fiordland subduction zone.

Felt reports and damage

The earthquake as felt widely across New Zealand, and
generated considerable interest from scientisessmedia, and
the public The GeoNet WebsiteMvw.geonet.org.nzwas &
important tool in the distribution and collectioninformation
about the earthquak®n July 1%' the website was visited by
over 47,000 individual users, ten times the daily average for
the week preceding the quak#&lithin 12 hours ofthe main

shockalmost 1900 people had registeted e | t .Imtetgd, o r t

over 3000 felt reports were submitiefdom as far away as
Orewa, north of AucklandHowever, a M5.5 earthquake
occurred near Taranaki in the North Island about 15 minutes

after the main Dusky Sound shock. Consequently, some of the

166°30"' 167°00' 167°30'
.
Dagg Sound
_45'30' 22k -45'30'
.
| Breaksea Sound
l2uck Cove e Supper Cove
Lake Frazer
.
-46°00' .Last Cove -46°00'
|
Opvz
20 km
_n
166°30' 167°00' 167°30'
Figure 2: Six portable short period seismic station

(black circles) were deployed in the sout
western Fiordland region to comgment
the existing GeoNet national network
stations (grey circles), which each contain
broadband seismometer and a stron
motion accelerometer.

North Island felt rports cannot be unambiguously assigned to

the Dusky Sound everithe information given in each of the

reports submitted was used to assign a Modified Mercalli


http://www.geonet.org.nz/
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(MM) value to the intensity of the shaking experienced. The
intensities ranged from MM3 in the p@r North Island
(Auckl and, Bay of Pl enty
Invercargill, where a number of houses were damaged.

THE MAINSHOCK RUPTURE DETERMINED FROM
SEISMOLOGICAL STUDIE S

To solvefor a detailed sligime distribution ofearthquake
rupture, weinverted data fron¥% strong motionsites of the
GeoNet network (Figure 3. Seismograms were baipass
filtered between 0.01 and 0.1 Hz and integratedyield
velocity data. We modelled one fault plane2@fdegree strike,
33 degree dip as defined byur preferred momenttensor
solution. This fault plane attitude corresponds closely with the
strike (27°) of the southern Fiordland subduction zone and the
average dip of the plate interface across the ruptur® (Ihe
fault plane areds 140 by 80 km2. Itis divided into700 4x4
km? subfaults. Wesolved for two elliptical rupture aresm
distributed randomlywithin the fault planewith variable
rupture velocity, slipand rake(FrancoisHoldenet al., 2007)
Our bestfitting slip digribution derived from thestrong
motion observations (Figur8) is characterized by &rge
rupture area afibout 36y 44 km with a maximum slipf 8.9

m at 23 km depth on the main fault planeccurring 16
seconds after the rupture begahe rupture starts downdip at
about 38 kn depth and propagates upwarelaching a depth of

Figure 3:

http://www.eri.u
tokyo.ac.jp/topics/200907_NewZealand/index_e.htnThese

a n dhverbiansals well as ouBiavgrdion geadetidibth{discussed

later) confirm that the low angle nodal plane of the ceidtr
moment tensor solutiors¢eFigurel) corresponds to the fault
plane. We can thus be confident that the earthquake involved
thrusting on tle shallow part of the plate interface.

STRESS ANALYSIS

Previous workers have proposed that a peasracceleration

of seismic moment release (AMR) pegles large earthquakes
(Bowman and King, 2001; Bowmaet al., 1998, Jaume and
Sykes, 1999 Under this heory, seismicity and stress
distributions behave in a predictable wayroughout the
seismic cycle surroundinbig earthquake (Robinsonet al.,
2005). In retrospect, it is clear that the 2009 eartiaqu
marked the culmination of at least a 40 ygmwerlaw
distribution of accelerating moment release in théder
Fiordland region (Figurd). Also, the thrusting that occurred
during the Resolution Ege earthquake of 1985 (see Figlire
for location) may also be precursory, insofar as such
compressional oetrise events tend to occur seaward of
seismic gaps in seismically coupled subduction zones, or
equivalently just prior to large subduction thrust earthquakes
(Christensen & Ruff, 1983).

One gable feature of the rupture was the relatively small
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Left, the rectangle is the surfze projection of the modelled fault plane. Black diamonds show strong mot

stations used in the inversion for source modelling. Righhafl slip and rupture timedistribution on a140 by
80 km fault plane. The slip distribution is characterizdaly patchof high slip occurring south and updip of the

hypocentrewith a reverse type mechanism.

8 km. The rupture velocity obtained from the inversion is 2.62
km/s. The inverted slip direction (or rake angle) is 154
degees The momentvalue calculated for our preferred
solution is2.72x1G° Nm.

Finite fault inversions for themainshock rupture using
teleseismic data are in geneegreementind arereasonably
compatible with our solution based on strong motion (lata
http://earthquake.usgs.gov/eqcenter/eqinthenews/2009/us2009

jcap/#scitech

amount ofradiated seismic enerdythe corresponding energy
magnitude ) determined by the USGS was only 7.3. This
indicates an apparent stress of only 0.2 MPa, on the low side
of the average for subduction thrust events (0.3 MPa; @hoy
al.,, 2006). By way of ontrast,the 2003M,, 7.2 Fiordland
interplate earthquake which caused significantly more
landslides than the Dusky Sound earthquake, had an apparent
stress of0.5 MPa However, the redistribution of stresses
following this event likely increased the stesn the offshore
portion of the Alpine Fault at depth. Stagdiwith the rupture


http://earthquake.usgs.gov/eqcenter/eqinthenews/2009/us2009jcap/#scitech
http://earthquake.usgs.gov/eqcenter/eqinthenews/2009/us2009jcap/#scitech
http://www.eri.u-tokyo.ac.jp/topics/200907_NewZealand/index_e.html
http://www.eri.u-tokyo.ac.jp/topics/200907_NewZealand/index_e.html
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Black crosses show accumulated moment release (AMR) over the last 40 years of epicentres within a rac

344 km of the Dusky Sound epicentre. AMR following the Dusky Sound earthquake is plotted as a circle
green line is the best linear fit. The red ocue is the best exponential fit. The moment of the main shock was

used in the fitting. Over the past 40 years, AMR in Fiordland is well fit with a po¥esv distribution.

model generated from inversions of geodetic daise
calculate static strain resulting from the earthquake. This strain
is then transformed to a regional stress field usimgoHk e 0 ¢
Law. The resultig stress tensor is subsequently rotated to
define the induced Coul omb
planar geometric model of the southernmost Alpine Fault
(Figureb). These calculationshow a posi ti ve
2 bars on deeper areas of the fault,levtshallower regions
experienced a nega tThis alculat®f S,
is in good agreement with results obtained frgepdetic
studies discussed later in this papEne effect of the stress
loading on the lower portions of the fault is difflt to
interpret(e.g., Stein, 1999; King and Cocco, 200@ne large
and outstanding question relating to the increased likelihood
of a major Alpine Fault rupture resulting from the loading is
the present stress state of the Alpine Fault at depth.

0 SW-NE 100
0
20
Vertical Alpine Fault
0195 MPa 0195
Figure 5: Calculated change in Coulomb Failure

Stress (dCFS) on the southernntoAlpine
Fault as a result of the redistribution of
stresses released during the Dusky Sout
earthquake. Red areas experienced &
increase of stress of approximately 2 bar:
Areas in blue experienced a negative dCF!
or stress drop.
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Figure 6:

Locations of strongmotion sensors at the time
of the Dusky Sound Earthquake of ¥5July
2009, with peak ground acceleration level
indicated where strongnotion (acceleration)
recordings were obtained. More acceleratio
data are potentially available because 35tbe

finneaccel erogr amo

seismograph sites that are

sites
likely to hav

provided velocity records from the earthauake.
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STRONG GROUND MOTION SERIES west of Tuatapere and a little over 80 km from fhalt
rupture surface (Table 1). ThmeasuredPGA from the
accelerograms closest to the sourdeedp Cove and
Manapouri at source distances of 40 and 45r&spectively)

Seventyfour strong ground motion sensors were triggenaed
recorded the event (Figurg). The strongest peak ground
acceleration (PGA) of 0.t4was from Rarakau located 17 km

Table 1: Strong-motion data recorded within 400 km source distance of the Dusky Sound Earthquake of*13uly
2009.The ground subsoil categories are as defined in NZS1170.5 (Standards New Zealand, 2004).

S_OUVCG Peak Ground Acceleration (g) Site Ground
Distance Name of Recording Site Subsoil
(km) Vertical | Horiz.1 | Horiz. 2 Code Category

40 0.049 0.068 0.067 DCz Deep Cove A
45 0.024 0.044 0.033 MANS Manapouri A
82 0.060 0.110 0.148 RRKS Rarakau C
65 0.034 0.078 0.091 TAFS Te Anau Fire Station D
96 0.013 0.023 0.019 MLZ Mavora Lakes B
106 0.027 0.041 0.031 MOSS Mossburn School D
151 0.012 0.024 0.026 ICCS Invercargill City Council C
110 0.016 0.023 0.029 MSz Milford Sound A
162 0.013 0.023 0.026 NZAS New Zealand Aluminium Smelter D
138 0.035 0.032 0.048 QTPS Queenstown Police Station D
173 0.017 0.034 0.024 GORS Gore District Council D
170 0.011 0.010 0.015 WKZ Wanaka B
182 0.006 0.008 0.009 EAZ Earnscleugh B
185 0.021 0.029 0.038 WNPS Wanaka National Park Headquarters | D
216 0.004 0.004 0.004 TUZ Tuapeka B
233 0.003 0.005 0.000 BDCS Balclutha District Council B
202 0.004 0.008 0.009 JCz Jackson Bay A
202 0.019 0.070 0.049 NSBS Neils Beach D
261 0.004 0.009 0.010 TMBS Taieri Mouth Beach School C
231 0.013 0.028 0.031 HDWS Haast DOC Workshop D
277 0.005 0.007 0.006 DUNS Dunedin Delta Substation B
278 0.003 0.004 0.006 DCDS Dunedin Civil Defence C
278 0.006 0.015 0.018 DKHS Dunedin Kings High School D?
279 0.010 0.024 0.021 SKFS St Kilda Fire Station D
279 0.003 0.004 0.005 DGNS Dunedin GNS Cc
286 0.002 0.002 0.003 OPZz Otago Peninsula B
266 0.003 0.005 0.004 BENS Benmore B
266 0.009 0.013 0.022 LPLS Lake Paringa Lodge D
275 0.002 0.003 0.003 AVIS Aviemore B
273 0.003 0.005 0.003 LBZ Lake Benmore B
274 0.003 0.008 0.006 TWAS Twizel Area School D
280 0.004 0.007 0.004 PKIS Pukaki B
312 0.004 0.005 0.005 OAMS Oamaru North Otago Museum C
302 0.005 0.005 0.005 FOz Fox Glacier B
305 0.004 0.008 0.010 MCNS Mount Cook Annex C-D
312 0.002 0.005 0.004 TKAS Tekapo A B
319 0.006 0.010 0.011 FGPS Fox Glacier DOC D
333 0.004 0.008 0.006 FDCS Fairlie District Council D
335 0.007 0.011 0.009 FIDS Franz Josef DOC D
350 0.003 0.005 0.007 TRCS Timaru Roncalli College Cc
375 0.006 0.011 0.011 HAFS Harihari Fire Station D
391 0.003 0.007 0.006 WVAS Waitaha Valley D
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Figure 7: Attenuation of peak ground acceleration and 0.5 secondp@sse spectral ordinates with sourte-site distanceThe

prediction was onlv developed for sourt@site distances up to 400 km.

were 0.07 and 0.04cAttenuation of PGA and 0.5 second
spectral acceleration (S@®.5)) with sourceto-site distance
observed in strong ground motion recordigsre predicted
using theMcVerry et al (2006)prediction equatiotiFigure?).

Both PGA and S€0.5) tend to be ovepredicted by the model

for site classes A and B (hard rock andkjo For site classes

C and D, which are predominately those sites whose previous
recordings were used to develop the model, the model

prediction is notably more accurate.

Due to the remoteness of the earthqualkere was a paucity

of proximal strong grund motion measurements. Orflye
stations were locatedithin 100km of the earthquake rupture.
This lack of strong motion recordingdoseto the rupture is

the primary reason for the absence of intense ground motion

recordings from this earthquaked sensitivity of the model to
PGA values near the epicent&ur strong ground motion
model overpredicts thebserved horizontal response speatra
periods longer than 0.3 seconfds the four ground motions
recorded closest to the faultpture (Figure8). Ther is an
improved comparisorat periods shorter than 0.15 seconds
(Figure 8b and8c), and there seems to be evide of rich
frequency contengffecting the 0.70.9s spectral alinates.
The Rarakau ground motion is very similar to the predicted
median ground motion at periods beyond 0.3 seconds, and
above the predicted values for shorter periggtigure 8c). At

Te Anau (a site class D sitehe ground motions contain
considerable sitspecific effects, with the predominant period
of the response spga around 3 seconds. Such sipecific
effects, presumablyesulting fromthe neasrsurface geologic
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Figure 9: Compaison of the attenuation of peak ground acceleration (PGA) with soutossite distance (R,) for the 2003

and 2009 Fiordland earthquakes(a) 2003 event assumed to have a reverse crustal focal mechanism; lgnd
2003 event assumed to have a subductioteiface focal mechanism.

structure of the site, cannot be accurately predicted by the (reverse asstal and subduction interface) are shown in Figures
current model. 9a and 9b, respectively. The predictedmedian ground
motions from the modelglearly indicate the sensitivity of the

The measured PGA resulting from the 2009 and 2003 modeling of ground motions fource mechanism

Fiordland earthgakes a very similar (Figure9). Some
uncertainty exists as to the mechanism of the 2003 eVaet
median ground motiompredictions of the two likely options
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SOURCE CHARACTERIZAT ION

Moment tensor solutiors

High quality seismic broadband data recorded by the GeoNet
network were used to lcalate regional moment tensor
(RMT) solutions for a large number of aftershocks. A brief
description of the moment tensor method is given here; Ristau
(2008) provides a detailed overview of the RMT method in )
New Zealand. In 2003 the GeoNet project begamajor ] 50 km g @ 50 km
upgrade to the New Zealand seismograph network, and
currently there are more than 40 themponent broadband
seismometers in New Zealand which provide high quality
seismic data suitable for RMT analysis. It is now possible to
routinely calculaé moment tensor solutions for New Zealand
earthquakes W0t RMTMelutidds at GeoNet
are calculated using code developed by Doug Dreger at the
University of California, Berkeley Seismological Laboratory
(Dreger and Helmberger, 1993; Pasyaebal.,1996; Dreger,
2003). RMT analysis differs from teleseismic moment tensor
analysis (e.g. Global CMT Project or USGS moment tensor
solutions) in two important ways. First, only regional
waveform data (soureeeceiver distances of 1000 km or less)  Figure 11: RMT solutions separated into depth ranges of

are used, and second, we employ regipecific velocity 0-5 km, 612 km, 1319 km and 2630 km.
models. For MO5.0, there is little very lovfrequency energy The 2630 km depth range alsshows one
in the waveforms and the velocity model used to calculate the solution with a depth of 72 km. The
. 1o mainshock is shown in grey in each plot. The
— % ; D“m o | os0BZOOS 0BT UT sz focal mechanisms show patterns which vary
< » 3 £ with depth as described in the text.
é 85 » vy A waz
2 il Green's functions becomes more important. Because the
2% = . ® A £~ inversion utilizes full wavedrms from all three components, it
8 5 @ 2 can be done using only a few stations, although a greater
= 2 YN . . . . - -
£ | i e Bis O number of stations with a good azimuthal distribution are
> 0] e S T3 5 2l preferred to reduce the effects of 3D structure.
i 166 168 170 172
10 20 30 More than 100 RMT solutions for aftershocks were calea
Dfpth (kT) . - with the vast majority being within the first fodays of the
noente o o mainshock. Figure 18hows waveform fits and changes in
o St AAA— variance reduction and focal mechanism with depth for the
W S \/\/\,\# largest aftershock for which a RMT solution could be
o calculated (\, 6.1). The observed wavefor ms
ASB—— \/\/\N: functions were typically bandpass filtered at 0i0R.05 Hz,

0.027 0.06 Hz, 0.03 0.08 Hz or 0.05 0.10 Hz depending

on the signato-noise ratio. For all events solutions are
calculated over a range of depths to fiheé depth with the
largest variance reduction between the observed and synthetic
waveforms. Most of the aftershocks have a variance reduction
of >~ 70% for the bedit solution and many have a well
defined maximum for the depth. This is very useful

’\/\/\—.‘
‘\/\/\~—: information as focal depths in the Fiordland region are often
—\/\/\N»:—-‘
"\/\/\/\/\/"—4

MSZ, 165km, 56", VR=89

poorly constrained using standard location methods.

Figure 11shows the RMT solutions plotted in four separate
depth ranges. The focal mechanism used for the mainshock is
taken from the Global CMProject catalogue. The shallowest
solutions (85 km depth) are all normal faulting mechanisms
I with one neawertical fault plane and one nelaorizontal. In
——~ synthetic the 612 km depth range the mechanisms are mainly reverse or
strike-slip faulting with a Paxis aiented approximately &V
similar to the mainshock. Many of the strigkip faulting
mechanisms are located near the offshore extension of the
Alpine Fault. Whether these events are on the Alpine Fault
and induced by the Dusky Sound event or are uncktatéhe
Alpine Fault is an important question which will be examined
in detail in future studies. The few normal faulting
mechanisms in the-62 km depth range are quite shallow (~ 6
km) and are more related to the group-&tKm depth. At 13
19 km themechanisms are mainly reverse faulting and very
similar to the mainshock; therefore, they may also have
occurred on the plate interface. At-20 km the mechanisms
are a mixture of reverse, normal and stskp faulting

JCZ. 260 kg 53 VR=BB

LBZ. 340 km, 70", VR=02

OPZ. 345 km, 98", VR=89

Figure 10: RMT solution for the largest aftershock (i
6.1) for which it was possible to calculate a
RMT solution. Top left shows the variaec
reduction versus depth and the change in
focal mechanism with depth. The beft is
has a well defined maximum at 6 km and
parameters for the bedit solution are
indicated in the figure. Top right shows the
location of the event and the stations usé&
calculate the solution. Bottom shows the
waveform fits for each station for the be#t
solution.
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suggesting that the tectonic &&dt at greater depths becomes
more complicated. Some events may be occurring in the crust
above the plate interface and others within the subducting
plate. Only one event is deeper ti&th km (as indicated in
Figure 1) and is also the farthest east edteck.

GeodeticData

A wealth of geodetic data has been collected for measuring the
permanent ground deformation associated with the earthquake.
Using these data we can model the magnitude and distribution
of slip on the fault surface that ruptured dgrthe earthquake,
and therefore better understand the implications of the
earthquake for the tectonics of the Fiordland region and its
effect on nearby faults.

All continuous GPS (cGPS) stations in the southern half of the
South Island recorded displacerteenat the time of the
earthquake, with the movement exceeding 300 mm at the
nearest station (PYGR, Puysegur Point) and exceeding ~10
mm at eight stations as far away as Haast and Waimate
(Figures 2 and B). Only PYGR is in the nedield 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 earthqéake.
number of previoushpccupied campaign GPS sites exist in

the vicinity of the earthuake, and 27 of these were reoccupied
over a 6day period five weeks after the earthquake&re
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Figure 12: Continuous GPS sites (blue) that recorded

more than 100 mm of permanent ground
displacement as a result of the Dusky Sound
earthquake. @mpaign GPS sites (red) that
were reoccupied 5 weeks after the
earthquake.

Satellite radar images have been taken over the earthquake

region by the Synthetic Aperture Radar (SAR) instrument

(PALSAR) on board the Japane
Land Obseving Satellite (ALOS). We have so far processed

three different posearthquake scenes and combined them

with preearthquake scenes to provide images of ground
deformation during the earthquake, using the Differential

Interferometric Synthetic Apertureaar (DINSAR) technique
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Figure 13: Time series of daily solutions for the east and

north components of the six cGPS 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 southward displacements
(except at BLUF, which moves slightly north)

are clearly visible, as is postseismic motion
that continues for several weeks at some sites.

(Massonnett al, 1998, Roseret al, 2000). As an example,

one of these images is shown kigure 14. The DInSAR
system measures displacement along the line of sight from the
ground to the satellite, so the measurement contains a mix of
vertical displacement together with horizontal displacgme
along the azimuth from the ground to the satellite. The radar
Befim 1o PALEARES S EndI ot incladhde dF'36eSsd the
instrument is about 20% more sensitive to vertical than to
horizontal displacement.

DInSAR images (interferograms) are subject touaber of
noise sources, in particular the following four. (1) Leng
wavelength errors occur if the satellite orbit is not known
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differences of satellitegground distance before
and after the earthquake.The upperimage
shows the original interferogram, where each
coloured fringe
apparent ground motion in the direction
between the ground and the satellite. The
lower image shows the same data after
Aunwrappingo, i ndiamat e
away from the satellite in the vicinity of the
This implies a mix of ground
subsidence and WNW horizontal motion.

epicentre.

radar

interferogram  showing

represents 118 mm of

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 DEM
provided by Land Information New Zealand (LINZ). The
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when the before and after iges are taken. For the images
we have processed so far the baselines are betweehl1900

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 owapin the
atmosphere, and these delays are indistinguishable from true
ground displacement when only a pair of images is used to
form an interferogram. (4) The nature of the ground surface
causes changes in the phase of the reflected radar beam, and
thee are also indistinguishable from true ground
displacement. This is of some concern for the Dusky Sound
images, as they have been taken at different times of year,
when snow depths in the more elevated regions of Fiordland
are likely to be quite variableHowever, 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
signal.

GeodeticData Processing

The displacements at the cGPS sites are easily estimated as we
havedaily position solutions for these sites, and can take the
difference between their positions on 14 July and 15 July. For
the 15 July cGPS analysis we used only data following the
earthquake, from 10:04:00 UT, for sites in the southern
half of the Souh Island. It can be seen from Figut@ that
significant postseismic 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 theam rupture area, but triggered
slow slip on other nearby faults could also be an explanation.
In measuring the coseismic offsets, we used regiofililyed
(Wdowinski et al., 1997) versions of the cGPS time series in
order to reduce commemode signalsand thus allow a more
precise estimate of the offsets.

The displacements at campaign GPS sites are harder to
estimate because of the severehr gap between the pre
earthquake and pestarthquake observations. In the case of
the Fiordland region we aréucky to have several pre
earthquake observations at most sites that we can use to
estimate the prearthquake motion of the site. However,
many of these sites have been displaced by previous
earthquakes, notablghe 2003 M, 7.2 Secretary Island
earthquak, the 2004 N, 8.1 Macquarie earthquake, and the
2007 My 6.7 Fiordland earthquake. We have made corrections
to the preearthquake station positions based on (unpublished)
dislocation models of these earthquakes. We then estimate the
2009 coseismic displaments by fitting a straight line to the
pre-earthquake data, as shown by two exampldsigare B.

For each site we project the line and the uncertainty of the fit
forward to the time of the postarthquake GPS campaign,
then subtract the measured piosit from the projected
position to give the displacements shoimnFigure B. The
maximum observed horizontal displacement is over 800 mm
and the maximum vertical is more than 200 mm subsidence,
both in the vicinity of Resolution Island.

We analysed the SAdata with Gamma softwargvegmuller

and Werner, 1997)sing standard DInSAR processing from
raw format L1.0. The topographic signal was removed using
the~LING 40 mBEM. ®fbits were not corrected. Information
on the images is provided rable2. We slow an example of
one of the images inFigure 14. The image shows a
lengthening of the apparent distance between the ground and
the satellite that reaches more than 700 mm near Resolution
Island. This represents a mixture of ground subsidence and
horizontd ground displacement towards the weetthwest,

and as such is qualitatively similar to the campaign GPS
observations.
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Figure 15: Two examples of the linear fit to prearthquake
GPS site positions (east, north and up
components), from which we esiate the
displacement at the time of the earthquake taking
into account the uncertainty in the forward
projected linear fit. Site A17W is near Te Anau
and experienced about 200 mm displacement,
while site DF4J is near Resolution Island and
experienced mar than 600 mm displacement.

Table 2. Collection information for SAR images.

Path

Frame

Direction

Date 1

Date 2

Baseline, m

349

62406250

Ascending

20090112

20090715

1129

639

45304550

Descending

20080720

20090723

420

348

62406250

Ascending

20090628

20090821

394

M odelling of Geodetic Data

We model the cGPS, campaign GPS and DInSAR data
together to estimate the slip distribution and magnitude on the
fault plane, which we assume from initial geodetic and seismic
models to be the subduction interface bemvéhe obliquely
descending Australian plate and the overlying Pacific plate.
We use a profile of the subduction interface through the
Dusky Sound epicentre as estimated from relocated
microseismicity Figure 16, M. E. Reyners, pers. comm.,
2009) and exted this profile 120 km along strike to form the
model fault surface. We divide the fault surface between 5 and
50 km depth into &m square cells and solve for the slip in
each cell. We use linear inversion, closely following the
methods adated by Jonssoast al. (2002).We use Laplacian
smoothing to stabilise the solution, choosing the weighting
parameter for an optimum tradé between misfit and
solution roughness. We weight the slip magnitude towards
zero at the lateral and lower boundaries of thet fauiface,

but put no cortsaints on the upper boundaffhis is because
we wish to test if the data can constrain the upper depth o
significant slip.

Each interferogram contains millions of pixels, with nearby
regions of the interferogram being highlyregated 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.,

Jonssoret al., 2002) to further reduce the number of pixels
while retaining the statistically significant part of the signal.
The resulting data for inversion consist of: (1) 27 3D
displacements from campaign GPS; (2) 14 3D displacements
from cGPS (most of these are in the-fiatd so do not
contribute much to thesariable slip solution); (3) several
hundred points in each of three INSAR images.
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Figure 16: Subduction interface surface near the epicentre
estimated from microseismicity relocated with a
3-D velocity mode We solve for slip betweeh
and 50 km dpth (red curve) and 120 km along
strike assuming the interface geometry remains
the same along that length.

In the modelling, we solve for an offset of each interferogram
and also for a planar slope. The offset is essential as we do
not know the zergoint on the interferogram. The plane is
intended to allow for any orbit errors, and also for the fact that
the actamdl!l €d oforkom the ground
by several degrees across the image. We have also

Figure 17 Modelled slip showig the magnitude and
direction of slip on the fault surface. The image is looking
down on the fault surface from the easbutheast; the
southern end of the fault is to the left and the ip edge is



