


Relocation Analysis of the Christchurch City
“Boxing Day” Earthquakes

Stephen Bannister

GNS Science Consultancy Report 2011/36
March 2011




Project Number: 4

DISCLAIMER

This report has been prepared by the Institute of Geological and
Nuclear Sciences Limited (GNS Science) exclusively for and under
contract to the Earthquake Commission (EQC). Unless otherwise
agreed in writing by GNS Science, GNS Science accepts no
responsibility for any use of, or reliance on any contents of this
Report by any person other than EQC and shall not be liable to any
person other than EQC, on any ground, for any loss, damage or
expense arising from such use or reliance.

The data presented in this Report are available to GNS Science
for other use from April 2011.

BIBLIOGRAPHIC REFERENCE

Bannister, S.; 2011. Relocation analysis of the Christchurch City
“Boxing Day” earthquakes, GNS Science Consultancy Report
2011/36. 10 p.




Confidential 2011

CONTENTS
EXECU LIVE SUMBIRIY o it monsmimsmns i s s oo e aisas A massanses Il
1.0 INTIRODUCTION oo cinamenssssraissusmeaammarasassspnsnenspsssdspssnensssnsssssesnniasssmssmbsn s hAs BAsSATAR 3
2.0 BOXING-DAY SEQUENCE .....ciasnmserrmiii i s s mmsaammeiissssasapni 4
2.1 Analysis of Boxing Day SeQUONGCE .....xaisssisisiisimissrmimsimsisisiisgssiaiion 5
3.0 REFERENCES i it s il iessssei ks siisie sasaaaiass s ssoaves 9
FIGURES

Figure 1 All catalogued earthquakes in the Christchurch region between September 4" 2010 and
February 5" 2011. The earthquake symbol sizes are scaled with magnitude. The earthquake
epicentres shown in this figure were refined from the standard GeoNet locations by using
the differential travel times of the P and S seismic phases, together with a 1-d velocity
model, using the double-difference location procedure of Waldhauser and Ellsworth (2000).

The focus of this report is the earthquakes beneath Christchurch city centre — the built-up
area of the city is visible as a light grey patch on the right hand side of the figure. The yellow
line marks the surface rupture of the September M7.1 mainshock, which was subsequently
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Figure 2 Locations of all earthquakes (catalogued by GeoNet) that occurred beneath Christchurch
city between 25/12/2010 00:00 UTC and 5/2/2011 23:59 UTC. The main cluster of
earthquakes, with more than 25 events, lies directly beneath central Christchurch city; the
epicentres of this cluster are less than 1 km from Christchurch cathedral and the
hypocenters are between 3.5 and 7 kKm deep. ..o e 4
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km to the west of the main cluster of events (which include events of magnitude M 4.6 and
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EXECUTIVE SUMMARY

All earthquakes catalogued by GeoNet that occurred near and beneath Christchurch city
between Christmas Day 2010 and 5" February 2011, were relocated using a “double-
difference” location procedure, in order to examine their absolute and relative hypocentre
locations. The location analysis of these events may possibly assist interpretation of fault
structure beneath the city.

The sequence, termed here the “Boxing Day sequence”, began with a local magnitude (M)
4.9 earthquake on Boxing Day 2010, with M 4.6 and M, 4.4 events just a few hours later.
More than 30 events followed in close spatial proximity over the subsequent 3-4 weeks. The
relocation analysis indicates that the M 4.9 event was located at ~4.0 km depth with an
epicentre 1.8 km NW from Christchurch cathedral. Most of the subsequent events occurred
at depths between 3.5 and 7 km, and occurred in a single patch less than 1 km? in area, with
epicentres ~1 km NE of Christchurch cathedral. Projections of the events indicate a steeply
dipping cluster, which is consistent with one of the nodal planes of the M 4.9 event (strike
74°, dip 84°, rake 153°). These relocations suggest that the events represent strike-slip
rupture on a steeply dipping fault with strike ~74°, with activity on that fault spread over a
distance of ~2.5 km.
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1.0 INTRODUCTION

The M,7.1 Darfield earthquake occurred at 16:35 September 3" UT, 2010, within 40 km of
Christchurch city. The event was well recorded by the broadband and strong-motion
national-scale GeoNet network (Petersen et al., 2011) as well as by the Canterbury regional
strong-motion network (Avery et al., 2004). A surface rupture, now named the Greendale
fault, was observed 4 km south of the epicentre. The rupture is consistent with strike-slip
faulting with an average horizontal displacement of ~2.5 m (Quigley et al., 2010), extending
for ~29.5 km. However, seismological, geodetic and InSAR information all suggest that the
earthquake rupture process involved rupture of multiple fault segments (Caroline Francois
Holden pers. comm., Martin Reyners pers. comm., Beavan et al., 2010, Gledhill et al., 2011).
Research currently in progress at GNS Science will likely resolve the full complexity of the
rupture process of the Darfield earthquake.

The Darfield earthquake has since been followed by more than 4000 located aftershocks (as
of the end of January 2011) (Figure 1). There have been more than 14 aftershocks of local
magnitude (M) 5.0 or greater and 155 aftershocks with M, 4.0-5.0. The majority of
aftershocks are shallow, at less than 15 km depth. Figure 1 shows that many of the
aftershocks are near the surface trace of the Greendale fault, but that there are also intense
clusters of activity west of the western end of the fault trace, and also at the eastern end of
the fault trace. There is also a “finger” of aftershocks trending NNW from the mainshock
epicentre.

Figure1  All catalogued earthquakes in the Christchurch region between September 4" 2010 and
February 5" 2011. The earthquake symbol sizes are scaled with magnitude. The earthquake
epicentres shown in this figure were refined from the standard GeoNet locations by using the
differential travel times of the P and S seismic phases, together with a 1-d velocity model, using the
double-difference location procedure of Waldhauser and Ellsworth (2000). The focus of this report is
the earthquakes beneath Christchurch city centre — the built-up area of the city is visible as a light grey
patch on the right hand side of the figure. The yellow line marks the surface rupture of the September
M7.1 mainshock, which was subsequently named the Greendale fault.

GNS Science Consultancy Report 2011/36 3



Confidential 2011

On February 22™ 2011, a M6.3 earthquake occurred, with a hypocentre ~ 7 km south-east
of the centre of Christchurch city. There were 165 known fatalities (as of 7" March), and at
least 300 aftershocks, including several events with magnitudes greater than 5. This report
will not examine this earthquake or the subsequent aftershocks, but will instead focus on the
2010 Boxing Day sequence.

2.0 BOXING-DAY SEQUENCE

On 26 December 2010, as part of the ongoing aftershock activity, a cluster of shallow
aftershocks occurred near the Christchurch city centre. The largest of these events had a
local magnitude of M 4.9, and caused a significant amount of damage in the city centre.
Figure 2 shows the locations of earthquakes catalogued by GeoNet that occurred between
December 25" 2010 and February 5th 2011 beneath the city. The main cluster of
earthquakes lies directly beneath central Christchurch city.

Figure2 Locations of all earthquakes (catalogued by GeoNet) that occurred beneath Christchurch
city between 25/12/2010 00:00 UTC and 5/2/2011 23:59 UTC. The main cluster of earthquakes, with
more than 25 events, lies directly beneath central Christchurch city; the epicentres of this cluster are
less than 1 km from Christchurch cathedral and the hypocenters are between 3.5 and 7 km deep.

The earthquake epicentres shown here are those derived from re-analysis and relocation of
waveform data originally recorded by GeoNet. Arrival times of P and S seismic phases were
manually examined for all events shown in this figure. The events were then relocated using
the most recent version of the 3-D New Zealand velocity model (Eberhart-Phillips et al.,
2010) using the double-difference tomography approach of Zhang et al. (2009).
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2.1 Analysis of Boxing Day sequence

The event locations shown in Figure 2 were derived from re-analysis and relocation of data
obtained from GeoNet. The picks of all events shown in this figure were re-examined
manually. The events were then relocated using the most recent version of the 3-D New
Zealand velocity model (Eberhart-Phillips et al.,, 2010) using the double-difference
tomography approach of Zhang et al. (2009), which built on earlier work by Zhang and
Thurber (2003). The technique in their approach minimises the residuals between observed
and calculated arrival-time differences for pairs of closely located earthquakes, while also
minimising the residuals of absolute arrival times. The algorithm solves for the hypocentral
parameters of the earthquakes, allowing some modification of the regional P-wave and S-
wave velocities used for travel-time calculation. Initial hypocentre locations for the analysis
were those determined by GeoNet. Most events were only well recorded by 3 or 4 GeoNet
stations if they were below the threshold for detection by the Canterbury strong-motion
network — more than 49 events had less than 8 phase picks. Larger magnitude events were
recorded by the Canterbury strong motion network — more than 30 events had 20 or more
phase picks.

Catalogue-based differential times (CTDT) were calculated between events initially
separated by less than 10 km, for all stations less than 150 km from the cluster centroid,
using the manually picked P- and S- arrival times (Figure 3).

- -43°

a _44“

171° 172° 173°

Figure3  Seismometer stations for which data was used in the double-difference location analysis.
Seismic waveforms from all Boxing Day events observed at these stations were cross-correlated, for
use in the relocation. Data from stations at larger distances (e.g. >150 km) do not greatly assist in
constraining the relative locations of the earthquakes.
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In addition, cross-correlation and bispectrum (BS) (Du et al., 2004) methods were then used
to calculate the waveform-based differential times (WBDT) for all event-station pairs, after
pre-filtering, following the technique of Du et al. (2004). These derived differential times were
weighted based on the quality of the arrival time measurements.

Absolute travel times and the two types of differential times (CTDT and WBDT) were then
combined and simultaneously inverted using the approach of Zhang et al. (2009) in an
iterative least-squares procedure which utilises the LSQR method (Paige and Saunders,
1982). The final full data set was comprised of 444 events with 114984 differential times of
which 25400 were cross-correlation differential times.

The velocity structure used as the 3-D velocity model for the relocation was based on the
velocity model of Eberhart-Phillips et al. (2010), which is publicly accessible in the
supplement of that article. For this analysis, that New Zealand-wide velocity model was
linearly interpolated to a new dense rectilinear grid centred on Christchurch city, specifically
for the purposes of this relocation analysis. Interpolation of the velocity model was carried out
using the python milab routine mlab.pipeline.delaunay3d, which calculates delauney
triangulation, so allowing the velocity volume to be probed for a velocity value at any point of
interest (Python web reference, 2011). Our finer velocity model grid has a minimum grid
spacing of 10 km along the x- and y-axes, in the section of the volume near the Boxing Day
events, and grid layers at 0, 2, 4, 8, 12, 24, and 30 km depth, fully encompassing the Boxing
Day sequence.

The relocated epicentres are shown in Figure 2. Figure 4 shows the same data set, but
displaying a greater spatial area.

Figure4  Event locations, as for figure 2 above, but displaying a greater spatial area. The majority
of events west of the city boundaries occurred in January 2011, and were scattered in time.
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Figure 5 Earthquake hypocentres plotted onto a vertical plane with strike 344 degrees. The P-
wave velocity structure used in the earthquake relocation is also shown, with P-wave speeds ranging
from 4 to 6 km/s in the depth range 2 to 8 km. The ‘beachball’ is a representation of the M, 4.9 Boxing
Day earthquake (cuspid 3437105) as a side view, using a view angle of N76E. The dipping events
have a similar dip to the nodal plane of the M 4.9 event. The details of the moment tensor solution for
this event can be found in the GeoNet moment tensor data repository (2011).
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Figure 6 Earthquake hypocentres projected onto a vertical plane with strike 74 degrees. The P-
wave velocity structure used in the earthquake relocation is also shown. The M 4.9 event is ~1.5 km to
the west of the main cluster of events (which include events of magnitude M 4.6 and M 4.4).

The relocation analysis, represented in Figures 2, 4, 5 and 6, indicates that the initial Boxing
Day M4.9 event was located at ~4.0 km depth with an epicentre 1.8 km NW from
Christchurch cathedral. Most of the subsequent events occurred over a depth range
between 3.5 and 7 km, and occurred in a single patch less than 1 km? in area, with
epicentres ~1 km NE of Christchurch cathedral. Projections of the events indicate a steeply
dipping cluster, which is consistent with one of the nodal planes of the M, 4.9 event (strike
74°, dip 84°, rake 153°) previously inferred from moment tensor analysis (GeoNet repository
2011). These earthquake relocations suggest that the events represent strike-slip rupture on
a steeply dipping fault with strike ~74°, with activity on that fault spread over a lateral
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distance of ~2.5 km. To the east of Christchurch city the visual alignment of locations of (less
than 25 ) earthquakes suggest that the M, 4.9 fault noted above may possibly extend up to
7 km ENE of the city.

For further context, Figure 7 shows the full distribution of the Darfield aftershocks, as well as
the first week of aftershocks following the February 22" M6.3 earthquake. The Boxing Day
sequence lies ca. 4 km north of the large sequence of aftershocks following the February
22" earthquake. It is clear that the full sequence following the September mainshock is
incredibly complex, and that the Boxing Day events represent only a small part of the
redistribution of stress following that mainshock.

L] 1725°
Figure 7 The full distribution of the Darfield aftershocks, together with the relocations of the Boxing
Day sequence, as well as the first week of aftershocks following the February 22™ M6.3 earthquake
(shown in blue). The Boxing Day sequence is the small cluster of events immediately (~ 4 km) to the
north of the February aftershocks.
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