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Abstract—The Canterbury earthquake sequence beginning

with the 2010 MW 7.2 Darfield earthquake is one of the most

notable and well-recorded crustal earthquake sequences in a low-

strain-rate region worldwide and as such provides a unique

opportunity to better understand earthquake source physics and

ground motion generation in such a tectonic setting. Ground

motions during this sequence ranged up to extreme values of 2.2 g,

recorded during the February 2011 MW 6.2 event beneath the city

of Christchurch. A better understanding of the seismic source

signature of this sequence, in particular the stress release and its

scaling with earthquake size, is crucial for future ground motion

prediction and hazard assessment in Canterbury, but also of high

interest for other low-to-moderate seismicity regions where high-

quality records of large earthquakes are lacking. Here we present a

source parameter study of more than 200 events of the Canterbury

sequence, covering the magnitude range MW 3–7.2. Source spectra

were derived using a generalized spectral inversion technique and

found to be well characterized by the x-2 source model. We find

that stress drops range between 1 and 20 MPa with a median value

of 5 MPa, which is a factor of 5 larger than the median stress drop

previously estimated with the same method for crustal earthquakes

in much more seismically active Japan. Stress drop scaling with

earthquake size is nearly self-similar, and we identify lateral

variations throughout Canterbury, in particular high stress drops at

the fault edges of the two major events, the MW 7.2 Darfield and

MW 6.2 Christchurch earthquakes.

1. Introduction

On 4 September 2010, the MW 7.2 Darfield

earthquake struck the Canterbury region on the South

Island of New Zealand, giving rise to the beginning

of the remarkable Canterbury earthquake sequence

(BANNISTER and GLEDHILL 2012). The Darfield event

occurred on the previously unmapped Greendale fault

in the Canterbury Plains (QUIGLEY et al. 2010), an

area of comparatively low seismicity prior to this

event. The area is located *100 km from the major

plate boundary through the South Island (Alpine

Fault; Fig. 1) and deformation rates over the

*120 km wide Canterbury Plains region are esti-

mated to be *2 mm/year based on GPS-derived

strain rates (WALLACE et al. 2007). For these reasons,

the source region of this sequence can be viewed as

an intra-plate tectonic setting.

On 22 February 2011, the Darfield event was

followed by a devastating aftershock of moment

magnitude MW 6.2, located almost immediately

below the city of Christchurch, and two further events

nearby on 13 June 2011 (MW 6.0) and 23 December

2011 (MW 5.9). In particular, the former event had

tragic consequences, claiming 185 lives and causing

large-scale destruction throughout the city, with over

9 billion US$ in damage (BANNISTER and GLEDHILL

2012).

The Canterbury earthquakes have produced

remarkably intense ground shaking (FRY et al. 2011)

and liquefaction phenomena have been widespread

throughout the region (ORENSE et al. 2011; KAISER

et al. 2012). During the MW 6.2 Christchurch event,

ground motions of up to 2.2 g (vertical, 1.7 g on the

horizontal components) were recorded close to the

epicenter (KAISER et al. 2012), and the records of this

event are characterized by a very rich high frequency

content evident on the vertical component of

recordings and at near-source rock site LPCC.

Clearly, site response phenomena play an important

role in the generation of strong ground motion (e.g.,
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FRY et al. 2011; BRADLEY 2012). However, previous

studies came to the conclusion that these features

observed for the largest Canterbury events are also

linked to particularly strong seismic energy radiation

relative to their seismic moment, and thus high

apparent stress (FRY and GERSTENBERGER 2011;

HOLDEN 2011).

The Canterbury earthquake sequence provides a

unique opportunity to learn more about the source

characteristics of major earthquakes in intra-plate

tectonic settings, where events such as the September

2010 Darfield or February 2011 Christchurch earth-

quakes represent extreme events with very low

probability of occurrence. As a consequence, very

few high-quality near-source recordings of such

events exist worldwide, and as FRY and GERSTENBER-

GER (2011) point out, it may well be the case that such

extreme ground motions could be a common feature

for these types of events. In this context, the source

characteristics of the large magnitude events are

clearly of interest, but in particular also the scaling of

these parameters between small and large events. Up-

scaling techniques using recordings of small earth-

quakes as empirical Green’s functions (e.g., IRIKURA

1986) are a key element in deterministic seismic

hazard assessment in regions where only very limited

data from past large magnitude events are available.

The aim of this study is therefore to make use of

the rich database of strong motion recordings within

the New Zealand GeoNet monitoring network (PET-

ERSEN et al. 2011) in order to provide an in-depth

analysis of the source spectral characteristics of the

Canterbury earthquakes. To this end, we use a spec-

tral inversion technique that allows for a separation of

source, path and site contributions within the recor-

ded ground motion spectra, and focus on the source

term in this article. We first provide a brief overview

of the dataset and the methods used, followed by a

Figure 1
Epicenters of earthquakes (stars) and stations (blue triangles) used in this study. Red stars indicate the September 2010 (MW 7.2, Darfield

earthquake), February 2011 (MW 6.2, Christchurch earthquake), June 2011 (MW 6.0) and December 2011 (MW 5.9) shocks. The Greendale

fault (main fault involved in the 2010 Darfield event) is indicated as a black line. Locations for the most significant events are derived from

additional double difference relocation analysis (e.g., BANNISTER and GLEDHILL 2012)
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discussion of the source spectra resulting from the

inversion and the calculated stress drops, with par-

ticular emphasis on their scaling behavior and lateral

variations.

2. Dataset and Spectra Calculation

The dataset under investigation consists of 2,415

accelerograms from 205 earthquakes that were

recorded at 64 stations throughout the Canterbury

Plains, with a particular density of recording sites in

the Christchurch urban area (Fig. 1). Of these 64

stations, five belong to the New Zealand National

Seismograph Network (NZNSN, PETERSEN et al.

2011), where broadband and strong-motion instru-

ments are collocated. Strong motion data are acquired

with Kinemetrics episensors and 24-bit Quanterra

Q330/Q4120 data loggers, sampled at 100 Hz. The

remaining stations are part of the New Zealand

National Strong Motion Network and are equipped

either with Kinemetrics episensors or Canterbury

Seismic Instruments (CSI) CUSP units, coupled with

24-bit Quanterra Q330/Q4120 or Kinemetrics Basalt

data loggers, most of these providing acceleration

records with 18-bit resolution. The sampling rate at

the strong motion stations is 200 Hz, and the full

recording range is ±4 g. Detailed information on the

seismic networks in New Zealand can be found on

the GeoNet website (www.geonet.org.nz).

All records are sourced from the GeoNet strong

motion catalogue (ftp://ftp.geonet.org.nz/strong/) and

have signal-to-noise ratio larger than 3 in the fre-

quency band of analysis, 0.5–20 Hz. During the data

selection process, only stations and earthquakes with

at least three recordings were considered, and records

with peak ground accelerations higher than 0.15 g

were excluded in order to avoid bias in the source

spectra due to the presence of strong non-linear site

effects (the applied spectral inversion scheme is

based on the assumption of linear soil response and

the occurrence of widespread liquefaction clearly

indicates the existence of non-linear soil behavior).

While seismic moments for all events except the

largest ones are determined through the analysis (see

following section), it is desirable to have access to

independent, robust magnitude estimates serving as

benchmarks. For this purpose, where available, we

utilize moment magnitude (MW) derived from

GeoNet regional moment tensor analysis (RISTAU

2008). For the remaining events where only GeoNet

local magnitudes (ML) (e.g., HAINES 1981) are

available, we estimate MW based on these values. In

New Zealand ML has been observed to be systemat-

ically biased upwards with respect to MW (RISTAU

2013). To account for this, we adjusted the ML

estimates using the following empirical relation-

ship derived for Canterbury earthquakes: MW =

ML - 0.34 (J. Ristau, personal communication).

These magnitude values (hereinafter referred to

MW,GeoNet) serve as a benchmark for crosschecking

the moment magnitudes derived from the spectral

fitting procedure detailed below.

Figure 2 shows the distribution of data points in

terms of magnitude with respect to hypocentral dis-

tance and focal depth. The MW-distance coverage is

excellent with very large numbers of ray path crossings

in the source region of the Canterbury earthquake

sequence, thereby fulfilling the fundamental prereq-

uisites for the application of the non-parametric

spectral inversion scheme outlined below. Most events

have focal depths ranging between 5 and 12 km.

For the spectral analysis, we calculated the Fou-

rier amplitude spectra of horizontal component

S-wave windows starting 0.5 s before the S-wave

onset and ending when 80 % of record’s energy has

been reached (OTH et al. 2011a, b), with a 5 % cosine

taper applied to the selected windows and a minimum

duration of 5 s in order to ensure enough spectral

resolution at lowest frequencies. With this approach,

the vast majority of records have window lengths

between 5 and 10 s. For the MW 7.2 Darfield earth-

quake that involved complex rupture on multiple

fault planes (BEAVAN et al. 2012), we allowed for a

maximum window length of 20 s, as a compromise

between ensuring the inclusion of the entire S-wave

window while avoiding too much contamination by

surface waves. The obtained spectra were smoothed

around 40 frequency points equidistant on log scale

between 0.5 and 20 Hz using the KONNO and

OHMACHI (1998) windowing function with b = 30

and combined into their root-mean-square average.

Two examples for this data processing procedure are

shown in Fig. 3.
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3. Spectral Inversion Approach

In order to isolate the earthquake source spectra

from the observed S-wave amplitude spectra, we

follow the one-step non-parametric generalized

inversion technique as outlined by OTH et al. (2011b).

We only provide a brief summary of the method here

and refer the reader to the above-mentioned article

and the references therein for further details.

Under the assumption of a convolutional ground

motion model, the amplitude spectrum of earthquake

ground motions can be written as:

Uijðf ;Mi;RijÞ ¼ Siðf ;MiÞ � Aðf ;RijÞ � Gjðf Þ; ð1Þ

where Uijðf ;Mi;RijÞ represents the observed spectral

amplitude at frequency f (in our case acceleration)

obtained at the jth station resulting from the ith

earthquake with magnitude Mi, Rij is the hypocentral

distance, Siðf ;MiÞ represents the source spectrum of

the ith earthquake, Aðf ;RijÞ accounts for the path

effects and Gjðf Þ is the site response function of the

jth station (assuming here that the instrument

response is corrected). We linearize Eq. (1) by taking

the logarithm:

log10 Uijðf ;Mi;RijÞ ¼ log10 Siðf ;MiÞ þ log10 Aðf ;RijÞ
þ log10 Gjðf Þ; ð2Þ

and obtain this way a linear system of the form

Ax = b, which can be solved using appropriate

algorithms (e.g., MENKE 1989).

If, as in the present case, a dataset with good

distance coverage is available, a non-parametric

inversion approach can be used rather than pre-

defining a functional form for Aðf ;RijÞ. In this case,

the non-parametric function Aðf ;RijÞ implicitly

includes all attenuation effects along the travel path

(geometrical spreading, anelastic and scattering

attenuation, refracted arrivals, etc.) in a 1D model,

and based on the idea that these properties vary

slowly with distance, Aðf ;RijÞ is only constrained to

be a smooth function of distance [see for instance

CASTRO et al. (1990), for the implementation of this

condition] and to take the value Aðf ;R0Þ ¼ 1 at some

reference distance R0, which is set to 5 km in this

work.

Finally, in order to resolve a remaining degree of

freedom (ANDREWS 1986), a reference condition

either for the source or site part needs to be set. A

common such reference is to fix the site response of a

single rock site or the average of a set of rock sites to

be equal to unity, independent of frequency. How-

ever, if not only the relative site terms (i.e.,

amplification relative to the given reference condi-

tion), but also the absolute source spectra derived in

the inversion are of interest, extreme care must be

taken that this reference condition is reasonably

chosen, in order to avoid bias in the source spectral

shape. Particularly in Canterbury this is a difficult

issue since most rock stations exhibit their own site

response (VAN HOUTTE et al. 2012). In order to choose

Figure 2
Dataset characteristics. a GeoNet moment magnitude (MW,GeoNet) versus hypocentral distance. b Magnitude versus event depth

2770 A. Oth, A. E. Kaiser Pure Appl. Geophys.



an appropriate reference condition, we, therefore,

took into consideration the geological setting of the

sites and the shape of the H/V ratios (calculated

directly from the amplitude spectra used in the

inversions), as well as the results from a range of trial

runs using various reference conditions. Since (a) the

NZNSN stations MQZ and RPZ (Fig. 1) are located

on rock, (b) the H/V spectral ratios for these stations

are reasonably flat over the entire frequency range of

analysis and (c) trial runs with these stations provided

results with reasonable spectral shapes of the source

and site terms in the inversion, we came to the

conclusion that imposing the average of the site

response at these two stations to be equal to one is the

most appropriate choice for our purposes. It should be

noted at this point that imposing a well-founded

reference condition is of crucial importance, since the

site response functions of all other sites as well as the

source spectra resulting from the inversion will be

relative to the imposed constraint. Therefore, if an

inappropriate reference condition were to be chosen,

all the source spectra would show a systematic bias

due to site amplification peaks or troughs of the ref-

erence site(s) not taken into account in the reference

Figure 3
Examples of the event recordings. Top left recording of the February 2011 Christchurch event (MW = 6.2) at station SCAC (NS and EW

components, hypocentral distance 73 km). The green lines indicate the selected time window. Top right corresponding Fourier amplitude

spectra, red lines indicate the smoothed spectra using the KONNO and OHMACHI (1998) filter with b = 30. Bottom same as top row for a

moderate (MW = 4.8) earthquake located at a distance of 51 km from station OXZ
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condition. The influence of potential high-frequency

diminution effects, which are commonly parameter-

ized by an exponential term expð�pjf Þ (e.g.,

ANDERSON and HOUGH 1984), will be discussed in the

following section. Finally, uncertainty estimates on

the various non-parametric components are derived

by running a set of 100 bootstrap inversions (OTH

et al. 2011b).

Figure 4 shows two examples for the site response

functions derived under this reference condition

assumption as well as an example for the 1D atten-

uation models obtained. As one would expect, the

deep soil site shows a lower fundamental frequency

(*2 Hz) than the shallow soil site (*3–4 Hz) as

well as high-frequency de-amplification. In terms of

attenuation, at each analyzed frequency, the spectral

data points corrected for their source and site con-

tributions follow the 1D-attenuation curves very well,

showing that these are well-constrained by the data.

The site response functions and non-linear soil

behavior issues, as well as the attenuation charac-

teristics will be discussed in detail in a dedicated

article, and in the following, we will concentrate on

the source components.

4. Source Spectra and Stress Drop Calculation

The isolated non-parametric Siðf ;MiÞ terms rep-

resent the earthquake acceleration source spectra at

the reference distance R0. These are not subject to any

specific assumption about functional form in terms of

either attenuation or source spectral shape, and can be

interpreted in the framework of an appropriate

earthquake source model. However, as mentioned

previously, their spectral shape is dependent on the

reliability of the constraint assumed for the site

response of the reference station(s).

Figure 5 shows four examples of these source

spectra (black lines, gray shaded area denotes stan-

dard deviation from bootstrap analysis). While for

instance the source spectrum of the MW 7.2 Darfield

event is nearly entirely flat over the bandwidth of

analysis, those of the smaller events (Fig. 5c, d) show

an increase at low frequencies approximately pro-

portional to f2 and a plateau at high frequencies,

consistent with the x-2 source model (AKI 1967).

Indeed, fitting the x-2-model (BRUNE 1970, 1971) to

the inverted source spectra using the following

equation (OTH et al. 2010):

Figure 4
a Two examples of site response functions resulting from the spectral inversion. REHS is a deep soil site in the Christchurch central city,

while HVSC is a shallow soil site in southern Christchurch. Note the lower predominant frequency for REHS as compared with the response at

HVSC. b Example for the non-parametric attenuation curves at frequency 10.3 Hz (black line, gray shaded area denotes one standard

deviation of the bootstrap analysis) and individual data points (corrected for source and site terms)
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Sðf Þ ¼ ð2pf Þ2 RhuVF

4pqv3
SR0

Mðf Þ; with Mðf Þ ¼ M0

1þ f=fCð Þ2
;

ð3Þ

we can see that the x-2 source model provides an

excellent fit to the source spectra (Fig. 5, dashed

black lines). In Eq. (3), M(f) denotes the moment rate

spectrum, Rhu represents the average radiation

pattern of S-waves set to 0.55 (BOORE and BOAT-

WRIGHT 1984), R0 = 5 km is the reference distance,

V ¼ 1=
ffiffiffi

2
p

accounts for the separation of S-wave

energy onto two horizontal components, F ¼ 2 is the

free surface factor and q and vS are density and shear

wave velocity estimates in the source region, for

which we adopted standard upper crustal density of

q = 2.7 g/cm3 and vS = 3.3 km/s (derived from the

Figure 5
Four examples of acceleration source spectra derived from GIT inversion (black line average; gray shaded area standard deviation from

bootstrap analysis) for four events. Dashed lines denote the best x-2 source spectral fit. White dots at frequencies larger than 10 Hz show the

high-frequency j correction (OTH et al. 2011b) (see also text and Fig. 6), which only has a negligibly small effect in this dataset. a Source

spectrum of the September 2010 Darfield earthquake, MW 7.2. Note that the source spectrum is practically flat over the entire bandwidth of

analysis, characteristic of an x-2 source spectrum of a large earthquake with corner frequency lower than the lower bandwidth limit.

b February 2011 Christchurch event, MW 6.2. c, d Two examples for lower magnitude events. The events show an excellent fit with the x2-

model and have nearly the same MW, but very different corner frequencies (indicated by the arrows) and, consequently, stress drops
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3D velocity model of FRY et al. 2013). With this

fitting procedure (using non-linear least squares), we

determine the seismic moment M0 (respectively,

moment magnitude MW, HANKS and KANAMORI 1979)

and corner frequency fC for each earthquake. One

restriction in this procedure applies to the larger

events of MW,GeoNet C5.5: for such events, fC is likely

to be smaller than the lowest frequency of our ana-

lysis bandwidth, and in this case, it is impossible to

reliably determine M0 and fC simultaneously (OTH

et al. 2010). For this reason, we constrained M0 to the

value given in the GeoNet database for those events,

which is well constrained by regional moment tensor

inversion. Because of the necessity of constraining

the moments for the largest events, it is important to

ensure that the MW values derived from the spectral

fits are consistent with the MW,GeoNet values, since

otherwise the scaling trend discussed below might be

biased due to inconsistencies between the magnitudes

of large and small events (OTH 2013, see also Fig. 9).

A further noteworthy observation is that the

source spectra do not show any significant decay at

high frequencies. It is well known that the Fourier

amplitude spectra of ground motion records usually

show a decay at high frequencies that can be

approximated with an exponential of the form

expð�pjf Þ. This j term is often associated with near-

surface attenuation at the observation sites (ANDERSON

and HOUGH 1984; BOORE 2003) and, therefore, is often

considered a site effect, even though some path and

source contributions to this high-frequency diminu-

tion effect are also under debate (e.g., HANKS 1982;

PAPAGEORGIOU and AKI 1983). OTH et al. (2011b)

showed that a site-related j effect at the reference

site, if not taken into account when imposing the

reference constraint, can be systematically moved

into the source spectra and may need to be taken into

account during their interpretation. Path-related high-

frequency diminution effects, in contrast, will flow

into the general attenuation effects that lead to the

non-parametric attenuation curves Aðf ;RijÞ.
Since indeed the reference condition in our

inversion does not include such a j decay, one might

expect that the high-frequency diminution effect

related to the reference site(s) is moved into the

source spectral estimates, as was previously observed

in Japan (OTH et al. 2011b). This effect, if present,

needs to be corrected in the framework of a source

spectral interpretation within the x-2 model. In order

to quantify how strongly this issue might affect our

source spectral estimates at high frequencies, we

systematically calculate j for our source spectra by

fitting the following relation to the high-frequency

part:

log10 Siðf [ fEÞ ¼ S0;i � log10 e � pjif ; ð4Þ

with fE being the lower frequency bound considered

(ANDERSON and HOUGH 1984). In view of the magni-

tude range of the events considered in this study, we

set fE = 10 Hz in order to be well beyond the corner

frequency range of the events (PAROLAI AND BINDI

2004), but strictly speaking, fE would have to be

appropriately chosen for each individual spectrum.

The distribution of source j values is shown in

Fig. 6. The obtained values are very small, with an

average of 0.006 s, and roughly normally distributed.

These values are in contrast to the rock site value of

0.03 s found in the source spectra obtained by OTH

et al. (2011b) in Japan and thus mean that the refer-

ence site condition of unity imposed on the average

of the sites MQZ and RPZ does not introduce a sig-

nificant high-frequency diminution effect in the

source spectra. Instead this implies that this effect, if

present, must have been completely taken up in the

attenuation operator Aðf ;RijÞ. In Fig. 5, the white

circles at high frequencies represent the high-fre-

quency source spectra (for frequencies higher than

10 Hz) following the automatic j-correction, show-

ing that the effect is overall negligible in the case of

the Canterbury dataset.

Stress drop estimates Dr are computed based on

the determined M0 and fC values following HANKS and

THATCHER (1972):

Dr ¼ 8:5M0

fC

vS

� �3

ð5Þ

These stress drop values relate to the model

introduced by BRUNE (1970, 1971), and it should be

noted here that using a different model, such as the

well-known MADARIAGA (1976) one, will result in

different stress drop values (higher by a factor of 5.5

in the case of the Madariaga model). Therefore,

before comparing stress drop estimates from different

studies, consistency in terms of underlying model

2774 A. Oth, A. E. Kaiser Pure Appl. Geophys.



assumptions should imperatively be verified. Also

note that the link between stress drop and the so-

called apparent stress, which is commonly deter-

mined through integration of the earthquake source

spectrum and is directly related to an estimate of the

radiated energy of the earthquake, is given via the

assumed source model. For source spectra that are

well characterized by the x-2-model, proportionality

between these two quantities is expected (see for

instance SINGH and ORDAZ 1994). However, this is not

necessarily always the case, and the terms apparent

stress and stress drop are not simply interchangeable.

In order to provide an uncertainty estimate of

seismic moment M0, corner frequency fC and stress

drop Dr, we follow the approach of VIEGAS et al.

(2010). This involves determining the bounds of the

range of values for M0 and fC where the variance of

the best fit between the observed and theoretical

source spectrum increases by 5 %.

One final concern that might be raised lies in the

fact that the attenuation model considered in this

work is only 1D. If strong 2D/3D attenuation heter-

ogeneities were present in the vicinity of the source

zones, they could in principle be mapped into the

source spectra and lead to biased stress drop esti-

mates, such that any lateral stress drop variations

would rather represent lateral attenuation variations.

While such a trade-off between source spectral level

and attenuation characteristics can never be fully

excluded, we can test whether or not the data points

from events with different stress drop ranges show

any systematic differences relative to the 1D attenu-

ation model derived from the entirety of the dataset.

At a given frequency, source spectral level is not

distant-dependent whereas attenuation definitely is,

and therefore, differing trends in the distance-

dependence of data points from earthquakes with

very low or very high stress drops might be expected

if such a trade-off was to bias the source spectra.

Figure 7 shows that source- and site-corrected data

points from events with different stress drop levels

follow the attenuation model overall equally well,

both at low and high frequency. It is only at the

largest distances that data points from the lowest and

highest stress drop events (lowest and highest 5 % of

stress drop distribution) show some slight deviation.

However, these data points are only very few and are

thus statistically not relevant. Therefore, this test does

not provide any indication that 2D/3D attenuation

effects not taken into account would significantly bias

the stress drops determined in this work.

5. Results and Discussion

Stress drop is the source parameter governing

high-frequency energy radiation during earthquakes

and, as such, is a key parameter for ground motion

prediction and seismic hazard assessment. In this

context, its variability in particular is of great

importance (COTTON et al. 2013). Studies involving

large datasets on global scales or covering large

regions usually come to the conclusion that stress

drop varies over at least three orders of magnitude, if

not more (e.g., SHEARER et al. 2006; ALLMANN and

SHEARER 2007; OTH et al. 2010).

Figure 5c and d provide an excellent illustration

of the effect of varying stress drop of two earthquakes

with nearly the same seismic moment. While the low-

frequency asymptote is nearly the same for these two

events, showing that they have approximately iden-

tical seismic moments, their corner frequencies and

high-frequency plateau levels vary considerably. The

Figure 6
Distribution of residual high-frequency decay parameter j in the

source spectra, estimated from the high-frequency decay for

f [ 10 Hz. Most values are well below 0.02 s, indicating that also

at highest frequencies the source spectra are approximately flat, as

expected for x-2 acceleration source spectra. The black line

indicates the fit of a normal distribution function to the data
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event in Fig. 5d has almost one order of magnitude

higher stress release (*9.5 MPa) than the one in

Fig. 5c (*1.5 MPa) and is hence significantly more

energetic.

Stress drops of the Canterbury earthquakes vary

between about 1–20 MPa (Fig. 8), thus covering a

little more than one order of magnitude variability.

This is considerably less than the above-mentioned

overall scatter of at least three orders of magnitude

observed on large-scale datasets. This observation of

lower stress release variability in individual earth-

quake sequences has also been made in Japan (OTH

2013) and provides indications that on local (regio-

nal) scales, stress release variability is only of about

one order of magnitude. However, significant varia-

tions in the average stress drop level between

different areas exist. In Canterbury, the median of the

stress drop distribution is about 5 MPa (Fig. 8b),

which is high compared to other regions where stress

drops of crustal earthquakes have been derived using

the methodology applied in this study. For crustal

earthquakes in Japan for instance, a median stress

drop of only *1 MPa was obtained (OTH et al.

2010), whereas for the L’Aquila sequence in Italy, the

average stress drop ranged around 3 MPa (AMERI

et al. 2011, all calculated using the same source

model). The high stress drops of Canterbury earth-

quakes obtained here are in good agreement with

previous findings of high apparent stress or implied

stress drop (FRY and GERSTENBERGER 2011; HOLDEN

2011) and most likely reflect the fact that these

earthquakes take place in an immature intra-plate

setting, with little seismic activity prior to this

sequence. As noted by FRY and GERSTENBERGER

(2011), the Canterbury events are most likely taking

place on strong faults characterized by high friction.

In contrast, Japan is overall characterized by much

higher seismicity rates and, therefore, also by more

mature crustal features. However, in contrast to the

apparent stress results of FRY and GERSTENBERGER

(2011) that are based on teleseismically estimated

radiated energy calculations, we obtain larger stress

drop for the MW 6.2 Christchurch event than for the

MW 7.2 Darfield one. A potential explanation for this

fact could lie in the focal mechanism correction

applied in the methodology of CHOY and BOATWRIGHT

(1995) for calculating radiated energy. As noted by

DI GIACOMO et al. (2010), teleseismic energy

Figure 7
Comparison of source and site-corrected spectral amplitude decay with distance from earthquakes with different stress drop ranges and the

inverted attenuation model at frequencies a 1 and b 10 Hz. Red triangles data from moderate stress drop events within the interquartile range.

Black circles data from 5 % lowest stress drop events. Blue triangles data from 5 % highest stress drop events. Magenta line 1D attenuation

model. Spectral amplitudes from events with different stress drop ranges follow the 1D attenuation model equally well. It is only at the largest

distances that data points from the highest stress drop events could be slightly biased relative to the attenuation curve, but these data points are

very few and thus have only very limited influence on the estimated stress drops
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magnitude estimates of strike-slip earthquakes

including this correction are systematically higher by

about 0.2–0.3 magnitude units than those without,

and this is only the case for strike-slip events. This

issue notwithstanding, this study clearly corroborates

that stress drops in Canterbury are indeed higher than

in other, higher strain-rate, regions.

As mentioned earlier, stress drop scaling with

earthquake size is a key aspect in seismic hazard

assessment. In particular, if earthquakes scale self-

similarly with seismic moment, stress drop is con-

stant and M0 / f�3
C (AKI 1967). Indeed, datasets

involving large earthquake populations usually do not

find a significant deviation from this scaling rule

(e.g., SHEARER et al. 2006; ALLMANN and SHEARER

2007; OTH et al. 2010). However, the findings of

some studies on individual earthquake sequences

indicate that significant breaks in self-similarity may

occur (e.g., MAYEDA and MALAGNINI 2010), even

though contradictory results have been obtained for

the same earthquake sequences (BALTAY et al. 2010).

KANAMORI and RIVERA (2004) proposed to quantify

deviations from the self-similarity principle through

the so-called e parameter, such that M0 � fC
-(3?e).

With this parameterization, e = 0 in the case of self-

similar scaling, while e[ 0 indicates increasing

stress drop with earthquake size and e\ 0 results in

the opposite trend.

The scaling characteristics of the Canterbury

earthquake sequence are shown in Fig. 9a in the form

of an M0 - fC plot. In the framework of the uncer-

tainty estimates calculated following the approach of

VIEGAS et al. (2010), the corner frequencies and

seismic moments are robustly constrained for almost

all events. The determination of e results in the value

e = 0.16 ± 0.17, where the uncertainty range given

is the standard deviation resulting from a bootstrap

analysis of 100 resampled datasets. This result indi-

cates that, if any, there is only a very weak increase of

stress drop with seismic moment, and self-similarity

is certainly an option within the uncertainty bounds.

As indicated in the previous section, it is important

that the moment magnitudes of the small/moderate

events derived from the spectral fitting procedure are

consistent with the ones fixed for the larger shocks.

Figure 9b shows the comparison of MW,GeoNet and

MW,spectral fit. In the MW range 4–5, the MW,GeoNet

values tend to be slightly larger than the values

derived from the spectral fit, while for the smallest

events, this trend reverses. However, the differences

Figure 8
Stress drops of the 2010–2011 Canterbury sequence. a Stress drop versus magnitude. Uncertainty ranges are determined following the

approach of VIEGAS et al. (2010). Values range from 1 to 20 MPa, with two outliers between 30 and 40 MPa at low magnitude. Note that the

2010 Darfield earthquake (largest event) shows a comparatively low stress drop relative to the 2011 February, June and December events

(magnitude range 5.9–6.2). b Stress drop distribution as a histogram plot. Tentative log-normal fit to the distribution is overlain as black line.

The median of the distribution (indicated by the dashed line) is *5 MPa
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are well within 0.1 magnitude units in most cases,

and thus we conclude that overall, the seismic

moments determined for the small/moderate events

are compatible with the values set for the large ones.

Therefore, we do not expect any significant bias of

the scaling results in that respect.

Finally, an important aspect of stress drop var-

iability lies in the question of whether there are

systematic lateral variations. Figure 10 shows the

stress drop measurements as given in Fig. 8a in map

view. There are several noteworthy clusters

appearing in the evolution of the Canterbury

sequence (BANNISTER and GLEDHILL 2012). The

MW 7.2 complex Darfield mainshock rupture began

on a subsidiary thrust fault, with a hypocenter about

4 km north of the near-vertical strike-slip Greendale

Fault that represents the main part of the rupture

(GLEDHILL et al. 2011). Aftershock activity decayed

relatively rapidly in the zone extending to the west

and north of the Greendale fault, whereas after-

shocks clustered persistently at the eastern edge of

the Greendale fault, including a significant number

of moderate events immediately following the

Darfield rupture (BANNISTER and GLEDHILL 2012).

On 22 February 2011, the MW 6.2 oblique-reverse

Christchurch event occurred. Aftershock activity

was triggered throughout the entire Canterbury

region, but particularly pronounced in the vicinity

of the MW 6.2 epicenter. The MW 6.0 June 2011

event, involving right-lateral strike-slip motion,

occurred on a fault plane thought to intersect the

eastern edge of the fault plane associated with the

February event, and was in turn followed by the

reverse faulting MW 5.9 December 2011 event off-

shore. Overall, strike-slip faulting dominated along

the trace of the Greendale Fault and its eastern edge,

while some reverse faulting mechanisms are

apparent to the west and north of the aftershock

zone, as well as offshore following the MW 5.9

December earthquake (RISTAU et al. 2013). Oblique

mechanisms are dominant throughout much of the

vicinity of Christchurch city (GLEDHILL et al. 2011).

In terms of stress drop variations, these clusters

show interesting features (Fig. 10). The MW 7.2

Darfield mainshock shows a slightly elevated stress

drop compared to the average, which, in view of the

significant uncertainties that are generally associated

with stress drop estimates, should, however, not be

over-interpreted. We also note at this point that the

stress drop estimate for the Darfield event showed a

non-negligible dependence on the maximum window

length allowed in the calculation of the spectra

Figure 9
Scaling characteristics of the 2010–2011 Canterbury earthquake sequence. a fC - M0 plot, with constant stress drop values indicated by

dashed lines. E is determined from the slope of the linear fit in log fC - log M0 (blue line), and the standard deviation is obtained from

bootstrap resampling. b Comparison of MW values derived from the spectral fitting procedure with the estimated GeoNet moment magnitudes,

MW,GeoNet (see text for explanations). Note that for events with MW,GeoNet C5.5, the moment for the spectral fits is set according to this value

(see text)
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(increasing with increasing window length up to

about 20 s). We, therefore, allowed for a maximum

of 20-second window length, since allowing windows

longer than this did not significantly increase the

stress drop further. However, a non-negligible portion

of surface wave energy in addition to S-wave energy

may therefore be included in the spectra, and, there-

fore, the stress drop estimate for the Darfield event

should most probably be considered as an upper

bound estimate. As a general rule, stress drop esti-

mates determined from the spectra of such large

events as the Darfield one, involving complex rup-

tures, are to be interpreted with caution. For

aftershocks of the Darfield event, stress drops were

particularly high in the cluster at the eastern edge of

the Greendale Fault.

Before moving on to the MW 6.2 Christchurch

event and its aftershocks, we also remind the reader

once more of the uncertainties that stress drop cal-

culations always involve. Indeed, besides the error

estimates derived from the regression analysis of the

inverted source spectra (which indicate that the

source spectra can robustly be modeled as x-2

sources, see Fig. 8a), other effects that are more

difficult to quantify should not be forgotten, such as

potential trade-offs between source terms and near-

source attenuation, or between source and site terms.

As discussed in the previous section, near-source

attenuation variations could, in principle, bias the

observed stress drop variations. We investigated this

possibility (Fig. 7) and could not find any significant

hints for such a bias. Because each station recorded

Figure 10
Lateral stress drop variations during the 2010–2011 Canterbury sequence (see also Fig. 1 for event locations). Dotted black lines in the center

indicate the location of the Greendale fault. Note that high stress drop events tend to cluster at the eastern edge of the Greendale fault and east

of the 2011 February (MW 6.2) hypocenter. The two white ellipses highlight two clusters of comparatively low stress drops, which are the

cluster of the Boxing Day events (northern ellipse, see inset and text) and the aftershocks of the MW 6.2 Christchurch events located southwest

of the event’s epicenter. Inset close-up of the Christchurch area, with fault rupture surface projections as estimated from geodetic inversion

(BEAVAN et al. 2012). The two black ellipses correspond to the white ones in the main figure. Red rectangle represents 2011 February

(MW 6.2), blue the 2011 June (MW 6.0) and green the 2011 December (MW 5.9) event. The epicenters of these three events are denoted by a

larger symbol than the remaining events. Note that the fault geometries of the June and December events are not very well constrained. Events

are represented by different symbols depending on their occurrence time (legend of inset)
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multiple events and each event was recorded at

multiple stations, the most significant danger for a

trade-off between source and site terms comes from

the choice of an inappropriate reference condition,

and as discussed in Sect. 3, we are confident for

several reasons that our choice is reasonable. The

source spectra also do not show any significant peaks

or troughs that would hint towards a contamination

with a residual site response effect. Nevertheless,

spectrally determined stress drop estimates inherently

involve many factors of uncertainty, and these should

be kept in mind during the discussion.

While the MW 6.2 Christchurch event shows very

high stress release, a notable feature is the compar-

atively low stress drops of aftershocks in two clusters

in its vicinity (marked by white ellipses and black

ellipses in the inset in Fig. 10). The cluster to the

north (\2 km away from the Christchurch city cen-

ter) actually occurred well before the MW 6.2 event in

February 2011, starting with a MW 4.7 event on 26

December 2010 that caused significant damage. This

earthquake was followed by a sequence including two

more events of magnitude larger than 4 within a

couple of hours (this sequence was termed the Boxing

Day earthquakes) and a series of events in the

vicinity within the following 3–4 weeks. Similarly,

the aftershocks of the MW 6.2 February 2011

Christchurch event southwest of its epicenter (par-

tially within the southwestern part of the estimated

fault plane projection for the MW 6.2 event, see inset

of Fig. 10) are also consistently lower stress drop,

and are clearly distinguished from the higher stress

drops to the east as well as at the eastern edge of the

Greendale Fault.

A cluster of high stress drop events also followed

the 2011 February MW 6.2 event and is located

between the estimated source areas of the 2011

February and the 2011 June (MW 6.0) events (inset of

Fig. 10). This cluster stands in contrast to the lower

stress drop aftershocks of the 2011 February event to

the southwest of the rupture plane mentioned previ-

ously. This apparent clustering of high stress drop

aftershocks both east of the Greendale fault and east

of the MW 6.2 Christchurch event may point to stress

concentration effects at the rupture edges of these

events as a result of loading due to their rupture

processes. Such effects are not easily discernible for

the 2011 June event, where some high stress drop

aftershocks occur well within the assumed rupture

plane projection (Fig. 10, inset). However, it should

also be noted that the extent of the 2011 June event

fault plane is not well constrained (BEAVAN et al.

2012). In order to shed light on the lateral stress drop

pattern of the 2011 June event’s aftershocks and to

better constrain the evolution of the stress drop off-

shore following the MW 5.9 December 2011 event,

the inclusion of more events in this area is necessary

in the future. Apart from these apparent clusters of

high and low stress drop mentioned above, we could

not find an evident temporal change of average stress

drop level among earthquakes occurring before and

after the MW 6.2 Christchurch and the 2011 MW 6.0

June event in their respective surroundings, in

agreement with the findings of SHEARER et al. (2006)

in southern California.

6. Conclusions

In this study, we investigated the stress release of

the Canterbury earthquake sequence within the

magnitude range MW 3–7.2, taking advantage of the

availability of a very dense set of recordings from the

GeoNet strong motion database. This earthquake

sequence provides a unique opportunity to improve

our understanding of the stress release mechanisms of

earthquakes in low-seismicity regions.

We showed that the source spectra of the Can-

terbury sequence are very well characterized by the

x-2 model, with on average close to self-similar

scaling of stress drop with earthquake size. Further-

more, the Canterbury earthquakes are characterized

by high stress drops, in the range 1–20 MPa, with a

median of *5 MPa. These values are high compared

to more seismically active regions such as Japan, as a

result of the Canterbury events taking place on more

immature crustal features (a similar analysis to the

one presented in this article using the same methods

determined a median stress drop for crustal earth-

quakes in Japan of the order of 1 MPa, OTH et al.

2010; OTH 2013). Of the larger earthquakes in the

sequence, the MW 6.2 Christchurch event that

occurred in February 2011 was particularly energetic,

which in addition to other factors such as directivity
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and site effects, certainly played a key role in its

destructiveness. Lateral variations in stress drops

during the aftershock sequence indicate that higher

stress events seem to occur at the edges of major fault

planes.

In contrast to large-scale earthquake populations

(global or covering large regions) that show stress

drop variations over three orders of magnitude, the

Canterbury sequence stress drops show variation over

little more than one order of magnitude. This vari-

ability range is in good agreement with the results

derived for individual earthquake sequences in Japan

(OTH 2013) and implies that the stress release vari-

ability on local/regional scales (such as in

Canterbury) is much smaller than the three orders of

magnitude obtained from global/large area datasets.

This means that narrower variability ranges, centered

on appropriate regional average stress drop values,

can be used for ground motion prediction and hazard

assessment.
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