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Abstract We investigate seismic signatures of fracturing in a newly ruptured strike-slip fault by determining
the wavefield polarization in the New Zealand Canterbury Plains area and across the Greendale Fault, which
was responsible for the 3 September 2010 Darfield Mw 7.1 earthquake. Previous studies suggested that
fractured rocks in fault damage zones cause directional amplification and ground motion polarization in the
fracture-perpendicular direction as an effect of stiffness anisotropy, and cause velocity anisotropy with shear
wave velocity larger in the fracture-parallel component. An array of 14 stations was installed following the
Darfield earthquake. We assess polarization both in the frequency and time domains through the
individual-station horizontal-to-vertical spectral ratio and covariance matrix analysis, respectively, and
compare the results to previously reported anisotropy measurements from shear wave splitting. Stations
installed in the Canterbury Plains have an amplification peak between 0.1 and 0.3 Hz for both earthquakes
and ambient noise. We relate the amplification to the resonance of a considerable thickness (c. 1 km) of soft
sediments lying over the metamorphic bedrock. Analysis of seismic events revealed the existence of
another peak in amplification between 2 and 5 Hz at two on-fault stations, which was not visible in the
noise analysis. In contrast to the lower frequency peak, the ones between 2 and 5 Hz are more strongly
anisotropic, attaining amplitudes up to a factor of 4 in the N52° direction. To interpret this effect we model
the fracture pattern in the fault damage zone produced by the fault kinematics. We conclude that the
horizontal polarization is orthogonal to extensional fractures, which predominate in the shallow layers
(<2 km) with an expected strike of N139°. Fracture orientation is consistent with coseismic surface rupture
observations, confirming the reliability of the model. S wave splitting is produced by velocity anisotropy in
the entire rock volume crossed along the seismic path; thus, it is affected by deeper material than the
amplification study. We explain the rotation of S wave fast component observed by Holt et al. (2013) near
the fault in terms of the dominant synthetic cleavages at greater depths (>2 km), expected in N101°
direction on the basis of the model. Thus, different fracture distribution at different depths may explain
different results for amplification compared to anisotropy. We propose polarization amplification analysis
as a complementary method to S wave splitting analysis. Polarization analysis is rapidly computed and
robust, and it can be applied to either earthquakes or ambient noise recordings, giving useful information
about the predominant fracture patterns at various depths.

1. Introduction

Fault zone structures and fabric may control the mode of propagation or the likelihood of breakage; there-
fore, studying them may help to understand how earthquakes occur and thus also determine seismic
hazards. Yet many, if not most, faults are buried and seismic methods are one of the few ways to probe them.
Differential amplifications of the horizontal ground motions can also cause unusual damage to buildings and
structures. Thus, the analysis of polarization and resonance effects can provide information on key properties
of the subsurface structure and expected shaking hazard [Bard, 1998; Panzera et al., 2014]. Yet polarization
studies have not been widely applied or compared to newly broken faults. Here we compare two methods
of measuring seismic wavefield polarization in a newly ruptured surface fault and relate them to fractures
and sheared fabric within the fault zone.

In the crust, seismic anisotropy is mostly caused by the orientation of microcracks aligned by the stress field
[e.g., Nur and Simmons, 1969; Crampin, 1994]. However, in fault zones, S wave fast directions, as measured by
shear wave splitting, are often controlled by the shear fabric of the fault damage zone [e.g., do Nascimento
et al., 2002; Peng and Ben-Zion, 2004; Balfour et al., 2005; Cochran et al., 2006]. Recently, directional
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amplification of horizontal ground motion has also been observed in fault zones [e.g., Falsaperla et al., 2010;
Pischiutta et al., 2012; Di Giulio et al., 2009, 2013] and has been associated with densely fractured rocks,
the predominant direction tending to be oriented perpendicularly to the predominant fracture field [e.g.,
Pischiutta et al., 2012, 2013].

Several authors studied seismic anisotropy in the San Andreas fault zone, finding near fault-parallel S wave
fast directions as well as high time delays, indicative of high anisotropy [Zhang and Schwartz, 1994; Liu
et al., 1997; Zinke and Zoback, 2000; Cochran et al., 2003; Paulssen, 2004; Boness and Zoback, 2004, 2006].
Cochran et al. [2006] ascribed these observations to densely fractured rocks in the fault zone.

Pischiutta et al. [2014] recently studied ground motion polarization in the Valdagri region, Italy, an area well
exploited by hydrocarbon exploration. They found an orthogonal relation between ground motion polariza-
tion and S wave fast direction that was interpreted as the effect of fracture orientations on both the velocity
anisotropy of seismic waves (they travel faster when the direction of propagation is parallel to fractures) and
on azimuthally dependent amplification, which leads to horizontal polarization (fractured rocks are more
compliant in the direction orthogonal to the fractures).

To see whether such effects are observable in a newly fractured strike-slip fault system, in this paper we study
groundmotion polarization in the Greendale Fault area, New Zealand, and compare results to the shear wave
splitting by Holt et al. [2013]. The orthogonal relation between polarization and anisotropy is confirmed at
one station located in the fault damage zone. Following the approach by Pischiutta et al. [2013], we also
model the predicted fracture field by using the package FRAP [Salvini et al., 1999] and interpret ground
motion polarization in terms of fractures and seismic anisotropy in the fault damage zone.

2. The Study Area

The right-lateral strike-slip Greendale Fault is located near the dextral-transpressional deformation zone
associated with the oblique collision of the Pacific plate with the Australian plate in New Zealand. This fault
was unknown before the 2010–2011 Canterbury earthquake sequence, which started on 3 September 2010
with the Darfield Mw 7.1 earthquake. GPS and InSAR data suggest that the rupture process involved the
failure of multiple fault segments [Beavan et al., 2011; Gledhill et al., 2011]. The rupture propagated upward
from the nucleation point at 6 km depth and to the south along strike [Holden, 2011], finally forming a rupture
surface extending east-west for ~30 km [Quigley et al., 2010]. Field evidence, aftershock locations, and focal
mechanisms confirm a dextral displacement consistent with pure strike-slip kinematics on a subvertical
surface [e.g., Beavan et al., 2011; Gledhill et al., 2011]. The displacement was observed symmetrically along
the fault in a ~30 to 300m wide zone, with an average horizontal slip of 2.5m. The morphological signature
of the rupture is represented by an en echelon series of E-W trending left-stepping surface traces [Van Dissen
et al., 2011] up to 1 kmwide. The distribution of aftershocks [Gledhill et al., 2011; Syracuse et al., 2013] indicates
a complex fault system that Sibson et al. [2011] described as “immature” considering (i) the presence of
conjugate fault sets and (ii) the coexistence of reactivated inherited basement faults and low-displacement
faults formed within the contemporary stress field. Moreover, the major E-W dextral trend is crosscut by
left-lateral strike-slip conjugate faults that create contractional jogs acting as high-strength asperities
[Sibson et al., 2011]. Modeling of fault zone trapped waves suggested that damage extends to a depth of
8 km or deeper, with a velocity reduction of 35–55% in a zone of 200–250m wide; the most highly damaged
core is 100m wide [Li et al., 2014]. Holt et al. [2013] determined focal mechanisms and shear wave splitting
from about 2000 earthquakes in the area, determining an average maximum horizontal stress direction of
116 ± 18°. They also found that in the upper 8 km of the crust, the stress field along the fault was rotated
to being more fault parallel, i.e., closer to E-W, and suggested that the rotation was caused by a high stress
drop of 40% during the earthquake, or else that the stress field was constant but severely misoriented for
rupture before the earthquake.

On 22 February 2011, a Mw 6.2 earthquake occurred beneath the city of Christchurch [Kaiser et al., 2012]. It
was generated by an oblique thrust fault located near the Banks peninsula [Ghisetti and Sibson, 2012]. In
contrast to the Darfield earthquake, which occurred in a sparsely populated area, the Christchurch earth-
quake caused severe damage throughout the city, causing loss of life and property. Serious damage due
to extensive soil liquefaction was associated with both these earthquakes [Cubrinovsky et al., 2011; Orense
et al., 2011]. No field evidence was found for the Christchurch earthquake causative fault due to the
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Holocene river gravels that hide any existence of past fault activity. These alluvial gravels are the youngest of
the several overlapping fans of glacier rivers descending from the Southern Alps (Figure 1), which have
produced the Canterbury Plains since Late Cretaceous [Forsyth et al., 2008, and references therein]. The cover
sequence consists of terrestrial-marine sedimentary units accumulated to over 1 km thickness [Ghisetti and
Sibson, 2012] and obscuring the geomorphic expression of slow slip rate active faults crossing the plains such
as the Greendale Fault [Van Dissen et al., 2011]. Nor was the Greendale Fault identified by previous seismic
reflection studies [e.g., Jongens et al., 2012]. Alluvial sediments derive from Mesozoic greywacke rocks
composing the Southern Alps and represent deposition during episodic glacial and interglacial periods
[e.g., Barnes, 1995]. They include interlayered formations of gravels and fine to very fine grained sediments
[e.g.,Moar and Gage, 1973; Browne and Naish, 2003]. Their thickness reaches 1.5 km across the 160 km long
and 50 km wide Canterbury Plains [Guidotti et al., 2011]. Thickness variations have been ascribed to syn-rift
deposition along the Gondwana margin during Late Cretaceous–Paleocene, with rifting imposing an
extensive fault fabric within the basement [Laird and Bradshaw, 2004]. These inherited fault systems were
reactivated during Neogene shortening [Sibson et al., 2011]. The basement consists of Mesozoic metamorphic
rocks (Torlesse composite terrane) largely outcropping in the mountains, which have undergone an intense
polyphase deformation (Figure 1) [e.g., MacKinnon, 1983]. Finally, Banks Peninsula is characterized by Late
Miocene basaltic volcanism [e.g., Herzer, 1979; Sewell, 1988; Hampton and Cole, 2008].

3. Data and Ground Motion Polarization Analysis
3.1. Data Set

Following the Darfield earthquake, Victoria University of Wellington, together with the University of Auckland
and the University of Wisconsin-Madison, deployed a temporary network of 14 stations which recorded after-
shocks during the period 8 September 2010 to 13 January 2011, of which over 2800 were located [Syracuse
et al., 2012, 2013]. The majority of these stations were installed on the flat Canterbury Plains (Figure 1), which
have sediment thicknesses varying slowly between 0.5 and 1.5 km [Ghisetti and Sibson, 2012; Savage et al.,
2013]. We add data recorded by three broadband permanent GNS Science stations (CRLZ, MQZ, and OXZ).

Figure 1. Geologic map of the Canterbury Plains [modified after Forsyth et al., 2008]. Black reverse triangles indicate the
location of seismic stations used in this study. The red star represents the epicenter of the M 7.1 Darfield 3 September
2010 earthquake. The yellow star represents the epicenter of the M 6.3 Christchurch 22 February 2011 earthquake. The red
line is the morphological signature of the rupture that was produced by the main shock [Van Dissen et al., 2011]. We
indicate the earthquake epicenters of seismic events used in this study through circles whose dimension is related to the
hypocentral depth (green = Cl-2; red = Cl-4; blue = Cl-41; white = Cl-56). We also show the stress inversion obtained by
Holt et al. [2013] for the four clusters. Stereonets represent the horizontal plane (red = σ1; green = σ2; blue = σ3; black dotted
line = SHmax).
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Across the 25 km length of the Greendale Fault, the basement changes depth by less than 0.5 km [Ghisetti and
Sibson, 2012], for an average slope of 1°. Holt et al. [2013] selected 2815 earthquakes and analyzed focal
mechanisms and anisotropy. Well-resolved stress inversions were determined from 56 clusters of
earthquakes. All shear wave splitting measurements reported were measured within the shear wave window,
a cone of about 35° from the vertical; outside of which, conversions from S to P can interfere with the
measurements [Crampin and Booth, 1985]. Corrections for angle of incidence due to surface topography
and basement dip are negligible. Focal mechanisms mostly indicated strike-slip motion and a relatively
uniform, strike-slip stress regime across the Canterbury Plains. Syracuse et al. [2013] also found that most of
seismicity occurred at shallow depths (3–15 km) and along eight distinct fault segments. We select four
clusters comprising 163 earthquakes, whose location is shown in Figure 1. This selection was determined
to investigate possible variations of polarization in relation to the seismic source and path. The green cluster
[Cl-2 in Holt et al., 2013] is located in the Rolleston faults [Syracuse et al., 2013] at the eastern edge of the
Greendale Fault. It is a broad area of intense seismicity where focal mechanisms indicate predominant
left-lateral motion and minor evidence of horizontal extension. It is almost directly under station Dar5, so
all its earthquakes are within a very strict interpretation of the shear wave window for a straight-line path
(i.e., assuming a homogeneous medium with no bending in the top layers) at station Dar5. The red cluster
(Cl-4) lies on the N-S trending Kirwee fault [Syracuse et al., 2013], which extends 18 km from the Greendale
Fault to the North. The Kirwee fault crosses the hypocenter of Darfield 3 September earthquake and experi-
enced left-lateral motion. The blue cluster (Cl-41) is located on the main Greendale Fault with right-lateral
strike-slip motion and is almost directly underneath station Dar6. The white cluster (Cl-54) is located in the
Eastern Hororata Fault [Beavan et al., 2011, 2012; Syracuse et al., 2013], which represents the westernmost
fault segment. Focal mechanisms indicate mainly reverse motion with minor strike-slip components.

Considering that in the analysis we used aftershocks with magnitudes between 1.8 and 4.8, with the major-
ity less than magnitude 3.0, we have decided to follow the common practice of neglecting directivity, as
well as any near-field effects. There is not much literature on the effects of rupture directivity on small
earthquakes [e.g., Kane et al., 2013, is one of the few ones to look at these effects on small earthquakes].
Using the scaling relations of Hanks and Bakun [2002, 2008], fault areas for earthquake magnitude from
2 to 4.8 would range from 0.01 to 6.6 km2. Earthquake depths are almost all between 5 and 10 km, and
so are at least 5 km from the sources. Finally, the average wavelengths are 0.8 km, calculated from the
dominant frequency of 3 Hz [Holt et al., 2013] and the surface velocity of 2.5 km/s [Syracuse et al., 2013].
We thus conclude that these small earthquakes are also not likely to be affected much by directivity since
their rupture length is small compared to their wavelength, and not in the near field since their wave-
lengths are small compared to the distance to the stations. We thus conclude that the earthquakes are
small enough to be treated as point sources.

3.2. Polarization Analysis Method

The polarization analysis is performed on the data set previously described. Before proceeding with the
analysis, signals are detrended and the mean is removed, and then they are tapered through a Hanning
window for the spectral analysis. We study periods shorter than the natural period of the sensor, and tests
showed little variation between raw and instrument-corrected data for the period ranges we investigated.
Therefore, we present results without instrumental correction applied.

We determine the wavefield polarization through the method of analysis proposed by Pischiutta et al. [2012],
which is performed in the frequency domain by computing the horizontal-to-vertical spectral ratios (HVSRs)
after rotating the horizontal components in the azimuth range 0°–180°, and in the time domain through diag-
onalization of the covariance matrix [Kanasewich, 1981; Jurkevics, 1988]. The 0° and 180° azimuths correspond
to geographic North and South, respectively. To evaluate directional amplification and horizontal ground
motion polarization, we combine results from these two methods of analysis. The HVSR computation allows
us to (i) identify the frequency band where directional amplification occurs and (ii) use the amplitude levels to
give an indication of the effective strength (amplitude should be higher than 2.5, meaning that the horizontal
component is more than 2.5 times as large as the vertical component for the peak under consideration). The
covariance matrix analysis allows us to (i) study polarization trends along signals (seismic phases or ambient
noise), (ii) better detect polarization directions, and (iii) observe the persistency of the effect on earthquakes
with different sources/paths by evaluating the standard deviation of the circular histogram.
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The use of spectral ratios after rotation of the horizontal components was first introduced by Spudich et al.
[1996], to investigate possible directional effects in the horizontal plane. HVSRs show to what extent horizon-
tal motions are amplified, compared to the vertical one, as a function of frequency and direction of motion.
The time windows used for the spectral analysis start from the P waves and include the S and coda waves.
After computing the fast fourier transform, amplitude spectra of the vertical and horizontal components
are smoothed with a running 0.1 Hz wide rectangular box. The HVSR values are calculated from 0° to 180°
at bins of 10°.

As an example of the polarization analysis, in Figure 2 we show results obtained from a M 3.0 earthquake
(#3406724 in Table 1, from cluster 2) recorded at station Dar6. Spectral ratios reveal an amplitude 6 peak
in the frequency band 3–4Hz. The unfiltered three-component seismic records are depicted in the second
panel and the filtered ones in the third panel.

In order to obtain a further estimate of the ground motion polarization we apply the covariance matrix
method [Kanasewich, 1981; Jurkevics, 1988] in the time domain. We bandpass filter seismograms in the
frequency band where the spectral peaks are observed, which is 1–6Hz at most stations. An exception is
made for stations Dar5, Cch2, and CRLZ for which we filter signals in the frequency bands 4–7Hz, 6–9Hz,
and 3–6Hz, respectively. The covariance matrix is computed along the filtered signals, beginning a few
seconds before the P wave arrival and including the late coda. A 0.5 s long sliding window with 0.1 s overlap
is run throughout the seismograms; in each window the polarization ellipsoid is estimated through the
eigenvalues and eigenvectors of the covariance matrix by solving the algebraic eigenvalue problem. The
eigenvalues and eigenvectors correspond, respectively, to the length and orientation of the polarization
ellipsoid, thus defining the polarization vector in 3D. According to Jurkevics [1988], the polarization ellipsoid
is characterized by three parameters: the rectilinearity “R” (varying from 0 for circular particle motions to 1 for
purely rectilinear ones), the angle “I” of the largest eigenvector from the vertical axis, and the polarization
angle “AZ” in the horizontal plane (measured from North). In order to give the most importance to time
windows associated with more horizontal and elongated polarization ellipsoids, we apply the hierarchical
criterion previously proposed by Pischiutta et al. [2012] and subsequently exploited by Pischiutta et al.
[2013, 2014]. We thus define four classes of increasing reliability based on R and I values: we exclude from
statistics values of AZ for which R< 0.5 and I< 45°, and linearly normalize between 0 and 1 the R and I values
ranging in the intervals 0.5< R< 1 and 45°< I< 90°, making linearized values Rl and Il. The weighted value in
each time window is obtained from the product WH= Rl * Il; thus, 0<WH< 1. WH is then used as a weight for
the horizontal AZ values contributing to the rose diagrams of horizontal polarization.

An example time domain analysis is given in the fourth panel of Figure 2. On the top of the fourth panel we
plot polarization azimuth values versus time, using a color scale related to WH associated with each time
window (black to light blue, as indicated in the figure). We select eight time windows (thus polarization
azimuth values) along the signals related to different seismic phases, in order to show some examples of
different shape (elongation, horizontality, and flatness) of the polarization ellipsoid depending on values of
reliability. In order to show the influence of the appliance of this hierarchical criterion on the final representa-
tion of ground motion azimuth results, we finally show two rose diagrams representing polarization azimuth
graphed from 0° to 360°, at bins of 10°. The “HC” rose diagram is made by applying the hierarchical criterion;
thus, each polarization azimuth value contributes to statistics in a percentage defined by its associated WH
value; conversely, the “NO-HC” one is produced, inserting polarization azimuth values with the same
weight (1).

3.3. Results From Seismic Events

As a first step we calculate the HVSRs separately for each event-station pair. Then at each station the
geometric mean is computed over the available events and spectral ratios are derived from the averages over
all the seismic events used. Results at each station are illustrated in Figure 3. A recurrent peak of HVSR at very
low frequencies (between 0.1 and 0.3 Hz) is evident at stations installed in the sedimentary basin (Cch4, Cch1,
Cch2, Dar2, Dar3, Dar4, Dar5, Dar6, Dar7, and Dar8), with HVSR amplitudes exceeding a factor of 2. Amplitudes
do not change much with the rotation angle (Figure 3). This low-frequency peak is absent on stations on
Banks peninsula (Bnk1, CRLZ, and MQZ) and at OXZ where rocks outcrop. An exception is station Dar1: even
though it is installed in the sedimentary basin [as determined by the geological map of Ghisetti and Sibson,
2012], this station does not show the previously mentioned low-frequency peak.
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Figure 2. Example of horizontal polarization analysis performed using one earthquake (#3406724 in Table 1). (a) HVSRs calculated over the entire seismogram length.
In the top panel, average spectral ratios are drawn separately for rotation angle from 0° to 180°. In the bottom panels the same spectral ratios are shown in a color
contour representation: the y axis and x axis represent rotation angle and frequency, respectively, and the color scale quantifies the H/V amplitudes; (b) unfiltered
three-component waveforms; (c) three-component waveforms filtered in the frequency band 1–6 Hz, where the amplification effect is evident in the HVSRs; and
(d) details of the wavefield polarization analysis. The polarization ellipsoids drawn at the bottom are representative of different time windows and seismic phases as
seen in the seismograms above. Their shape is indicative of the reliability class associated to the time window they belong to, with longer axes indicating higher
reliability. The polarization azimuth values are colored following the assigned reliability class. Azimuth values are also represented as rose diagram obtainedwith (HC)
and without (NO_HC) the appliance of the hierarchical criterion.
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Table 1. Dataset Used for the Analysis

Cuspid Latitude Longitude Depth Year Month Day Hour Minute Second

Cluster 2
3371554 !43,558,243 172,431,191 10,954 2010 9 13 11 7 34.91
3371710 !43,558,544 172,415,495 12,669 2010 9 13 18 34 6.75
3372899 !43,576,876 172,405,135 7,293 2010 9 16 2 21 9.00
3373646 !43,537,107 172,435,700 8,020 2010 9 17 10 5 45.61
3374575 !43,573,308 172,443,235 14,141 2010 9 19 2 14 49.92
3375800 !43,558,980 172,453,988 7,124 2010 9 21 5 5 3.94
3376090 !43,560,358 172,438,157 11,351 2010 9 21 18 50 29.88
3376566 !43,555,585 172,417,677 9,898 2010 9 22 15 27 34.00
3376639 !43,551,031 172,441,233 9,900 2010 9 22 18 22 25.73
3376732 !43,550,927 172,439,657 10,305 2010 9 22 22 24 30.69
3376993 !43,554,248 172,442,528 10,383 2010 9 23 8 19 28.72
3378613 !43,559,346 172,443,208 10,872 2010 9 26 6 9 21.76
3384281 !43,544,743 172,429,655 6,874 2010 10 7 15 40 43.60
3386411 !43,529,797 172,427,665 7,918 2010 10 11 15 0 55.94
3387281 !43,551,930 172,424,460 7,037 2010 10 12 9 33 13.75
3387496 !43,557,448 172,439,501 6,366 2010 10 12 20 27 55.96
3388817 !43,551,130 172,441,148 9,886 2010 9 22 18 22 25.06
3388937 !43,557,038 172,438,437 6,300 2010 10 14 1 51 51.83
3394421 !43,559,248 172,436,110 7,479 2010 10 23 17 44 43.87
3394865 !43,542,228 172,419,731 8,423 2010 10 24 16 20 34.73
3400620 !43,563,514 172,418,231 7,282 2010 11 1 6 19 54.83
3401272 !43,550,200 172,428,017 6,786 2010 11 2 14 36 21.73
3402024 !43,555,421 172,430,861 9,352 2010 11 4 1 35 52.57
3402144 !43,548,519 172,422,984 9,041 2010 11 4 6 50 45.84
3406724 !43,553,723 172,428,539 9,934 2010 11 13 13 10 44.05
3406855 !43,554,073 172,429,790 9,970 2010 11 13 19 38 46.72
3407078 !43,556,741 172,427,039 9,243 2010 11 14 6 21 5.07
3407087 !43,551,740 172,426,276 9,646 2010 11 14 6 42 43.85
3407093 !43,554,144 172,428,768 9,807 2010 11 14 6 56 45.79
3407143 !43,551,393 172,428,476 9,963 2010 11 14 9 14 2.92
3407152 !43,552,409 172,426,605 10,273 2010 11 14 6 58 46.78
3407383 !43,559,230 172,433,643 11,031 2010 11 14 7 1 46.74
3407403 !43,555,363 172,431,511 9,261 2010 11 14 21 56 48.84
3407405 !43,555,536 172,431,329 9,401 2010 11 14 22 1 6.80
3407521 !43,554,871 172,433,343 9,245 2010 11 13 12 35 42.92
3407827 !43,511,778 172,398,574 1,323 2010 11 15 18 42 36.66
3407827 !43,569,919 172,403,721 5,105 2010 11 15 18 42 37.06
3408645 !43,558,152 172,430,700 10,598 2010 11 17 8 53 3.78
3411965 !43,560,273 172,439,464 10,942 2010 9 18 18 29 17.79
3413135 !43,548,958 172,438,772 10,086 2010 11 26 11 29 35.02
3421300 !43,561,868 172,432,141 11,289 2010 12 13 18 51 12.79
3429569 !43,551,042 172,436,517 11,043 2010 12 18 12 27 43.88
3429697 !43,551,631 172,435,354 11,024 2010 12 18 19 9 17.84
3432134 !43,557,001 172,447,488 7,319 2010 12 21 16 3 31.76
3436443 !43,561,176 172,434,216 11,572 2010 12 24 9 54 39.95
3439223 !43,542,452 172,417,222 7,485 2010 12 30 7 56 55.75

Cluster 4
3369962 !43,461,025 172,158,612 7,862 2010 9 10 7 29 46.75
3370661 !43,471,797 172,123,655 10,912 2010 9 11 17 18 7.69
3370894 !43,499,732 172,161,934 9,321 2010 9 12 4 24 37.75
3371392 !43,464,346 172,167,103 6,695 2010 9 13 3 35 11.74
3372040 !43,460,796 172,157,744 7,996 2010 9 14 10 16 57.74
3372169 !43,463,034 172,153,408 7,527 2010 9 14 16 27 38.68
3372344 !43,467,539 172,144,121 10,123 2010 9 15 1 9 27.58
3373006 !43,499,056 172,176,901 6,307 2010 9 16 6 55 10.60
3373081 !43,487,535 172,123,152 10,521 2010 9 16 10 33 40.70
3373252 !43,492,012 172,183,157 8,104 2010 9 16 17 54 4.76
3373495 !43,484,824 172,124,508 9,416 2010 9 17 3 37 22.90
3374000 !43,504,654 172,160,962 10,415 2010 9 18 1 19 11.98
3374615 !43,443,472 172,146,717 8,999 2010 9 19 4 0 16.75
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Table 1. (continued)

Cuspid Latitude Longitude Depth Year Month Day Hour Minute Second

3374974 !43,488,353 172,123,805 10,351 2010 9 19 19 58 26.89
3375210 !43,451,078 172,157,280 7,621 2010 9 20 5 17 57.83
3376195 !43,461,050 172,144,687 6,718 2010 9 21 23 39 35.77
3382671 !43,472,020 172,168,696 7,062 2010 10 4 9 6 16.80
3383302 !43,462,433 172,153,308 7,303 2010 10 5 16 18 38.77
3384228 !43,460,128 172,143,418 6,691 2010 10 7 13 39 13.47
3389560 !43,481,228 172,161,854 8,277 2010 10 15 8 27 4.83
3391095 !43,491,926 172,150,610 9,774 2010 10 18 9 22 13.57
3392200 !43,472,481 172,165,989 6,647 2010 10 19 6 30 53.76
3392249 !43,481,165 172,161,427 8,315 2010 10 19 9 7 11.67
3392480 !43,443,434 172,141,674 10,157 2010 10 19 21 9 26.67
3395251 !43,466,448 172,160,230 6,810 2010 10 25 12 15 52.80
3398153 !43,488,249 172,123,496 10,175 2010 10 28 16 51 59.81
3398198 !43,472,192 172,166,789 6,882 2010 10 28 9 35 34.72
3399302 !43,469,906 172,167,756 7,105 2010 10 29 12 42 22.81
3399694 !43,471,659 172,168,101 6,954 2010 10 30 9 4 51.79
3399970 !43,443,273 172,139,955 9,137 2010 10 30 22 26 52.72
3402581 !43,472,364 172,166,459 6,745 2010 11 5 5 34 12.83
3410317 !43,477,963 172,158,486 7,484 2010 11 20 17 1 27.59
3412167 !43,459,321 172,151,486 6,814 2010 11 24 13 33 14.80
3412292 !43,464,759 172,155,778 6,211 2010 11 24 19 52 19.75
3413204 !43,465,903 172,140,494 8,269 2010 11 26 15 0 28.90
3417662 !43,462,078 172,158,083 7,722 2010 9 26 11 16 28.88
3434856 !43,452,215 172,148,563 7,480 2010 12 22 0 44 4.86

Cluster 41
3369944 !43,584,603 172,235,332 7,092 2010 9 10 6 39 42.60
3370015 !43,587,411 172,257,990 10,646 2010 9 10 9 32 13.90
3370443 !43,595,111 172,245,721 9,922 2010 9 11 6 8 42.91
3370461 !43,571,877 172,260,552 14,116 2010 9 11 7 8 23.90
3370754 !43,595,543 172,256,077 9,783 2010 9 11 21 49 59.80
3371448 !43,580,016 172,225,511 6,718 2010 9 13 5 59 54.79
3371575 !43,592,443 172,250,037 6,134 2010 9 13 12 7 46.86
3371644 !43,593,362 172,242,773 9,702 2010 9 13 15 16 24.92
3372395 !43,579,526 172,261,468 8,959 2010 9 15 3 11 26.22
3372533 !43,584,959 172,242,033 7,024 2010 9 15 9 24 25.43
3372593 !43,593,139 172,244,146 9,897 2010 9 15 12 15 14.28
3372927 !43,591,010 172,257,726 9,360 2010 9 16 3 23 49.04
3374044 !43,593,404 172,240,344 10,444 2010 9 18 3 13 33.77
3374699 !43,599,788 172,244,492 10,185 2010 9 19 7 20 14.90
3374885 !43,596,945 172,248,479 11,510 2010 9 19 15 49 8.93
3376421 !43,589,709 172,243,917 11,522 2010 9 22 9 21 33.97
3376671 !43,578,327 172,259,894 7,259 2010 9 22 19 59 43.24
3377119 !43,592,657 172,256,712 8,894 2010 9 23 14 23 28.03
3377340 !43,595,854 172,235,578 9,444 2010 9 24 0 3 58.24
3377627 !43,583,813 172,236,720 9,338 2010 9 24 11 10 31.01
3377863 !43,590,490 172,257,858 8,562 2010 9 24 20 37 58.27
3378176 !43,616,179 172,245,409 8,989 2010 9 25 10 14 26.28
3378788 !43,594,667 172,233,343 8,906 2010 9 26 13 56 30.09
3379093 !43,584,440 172,251,207 8,361 2010 9 27 4 43 4.27
3380326 !43,587,505 172,240,189 7,528 2010 9 29 14 58 36.67
3381485 !43,595,431 172,255,732 8,707 2010 10 1 23 23 4.61
3381640 !43,583,672 172,255,365 7,891 2010 10 2 7 8 17.09
3382741 !43,592,590 172,262,770 8,963 2010 10 4 12 31 37.91
3383597 !43,600,058 172,252,374 11,761 2010 10 6 6 12 31.91
3383984 !43,594,900 172,249,175 10,735 2010 10 7 1 40 34.92
3384007 !43,588,649 172,251,334 6,325 2010 10 7 2 40 54.82
3389856 !43,572,121 172,261,202 14,291 2010 10 16 0 7 29.81
3402340 !43,590,790 172,233,386 7,766 2010 11 4 17 36 44.11
3403127 !43,596,618 172,241,837 10,694 2010 11 6 9 7 51.51
3406534 !43,607,352 172,253,390 8,428 2010 11 13 3 15 2.98
3407384 !43,587,738 172,238,987 11,473 2010 11 14 21 6 43.00
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Another frequency band, between 2 and 5Hz, shows horizontal amplification. This is observed most strongly
at stations installed within tens of meters from the fault (Dar4, Dar6, Dar7, and Dar8). Horizontal motions tend
to exceed the vertical one with HVSR amplitudes up to a factor of 3.5. In contrast to the isotropic amplification
effect recognized at low frequency, HVSRs of the frequency band 2–5Hz at these stations are amplified
mostly along a specific azimuth, which forms a high angle with the E-W trending fault segment (maximum
variation between azimuths at these stations is a factor of 2 in this frequency band). In the same frequency
band, two stations (Cch1 and Cch4) show spectral peaks up to a factor of 3 that are more equally distributed
over the rotation angles (maximum variation of 0.5 between azimuths in this frequency band). The remaining
stations (ChT2, CRLZ, Dar2, Dar3, Dar5, and MQZ) do not show significant amplification effects, HVSR
amplitudes being lower than 2 at frequencies higher than 1Hz. Finally, at stations OXZ and Dar1, the HVSR
curves reach an amplitude of 2.7, with spectral peaks at 1Hz and 2Hz, respectively. They both show a

Table 1. (continued)

Cuspid Latitude Longitude Depth Year Month Day Hour Minute Second

3411056 !43,610,407 172,250,033 9,077 2,010 11 22 8 22 37.35
3412435 !43,586,119 172,232,811 7,612 2,010 11 24 12 2 9.36
3412914 !43,588,276 172,235,161 6,620 2,010 9 19 8 41 37.87
3413849 !43,593,608 172,243,440 8,637 2010 11 28 0 13 58.74
3418998 !43,605,110 172,237,048 8,837 2010 9 24 2 41 8.26
3443542 !43,587,125 172,234,381 7,335 2010 12 12 23 56 24.95

Cluster 54
3369807 !43,519,528 171,864,544 11,399 2010 9 10 0 57 31.05
3370040 !43,536,944 171,859,858 9,793 2010 9 10 10 36 41.96
3370088 !43,526,064 171,881,386 8,825 2010 9 10 12 46 38.69
3370475 !43,529,565 171,873,208 10,545 2010 9 11 7 53 16.72
3370670 !43,525,725 171,896,138 11,374 2010 9 11 17 44 29.10
3370794 !43,518,892 171,864,733 11,449 2010 9 11 23 39 9.58
3371678 !43,535,051 171,871,053 8,352 2010 9 13 16 54 0.03
3371991 !43,522,311 171,887,075 9,725 2010 9 14 8 2 59.37
3372524 !43,521,421 171,857,163 11,206 2010 9 15 8 53 45.02
3374113 !43,535,338 171,843,924 9,154 2010 9 18 5 57 33.98
3374132 !43,516,393 171,860,995 8,920 2010 9 18 6 48 58.85
3374895 !43,521,426 171,873,772 9,475 2010 9 19 16 14 34.03
3375395 !43,513,355 171,858,923 8,524 2010 9 20 12 44 30.98
3375833 !43,523,179 171,891,826 7,264 2010 9 21 6 28 7.57
3375993 !43,544,306 171,866,584 7,741 2010 9 21 14 20 49.80
3376420 !43,519,979 171,892,773 6,877 2010 9 22 9 18 50.56
3377037 !43,515,841 171,872,854 10,063 2010 9 23 10 25 9.51
3377039 !43,528,019 171,872,853 10,299 2010 9 23 10 34 1.15
3377096 !43,534,643 171,875,679 8,721 2010 9 23 13 17 23.26
3377204 !43,515,269 171,869,604 10,810 2010 9 23 18 10 42.24
3378933 !43,534,770 171,875,103 8,731 2010 9 26 20 53 25.41
3381629 !43,527,973 171,871,802 10,171 2010 10 2 6 40 33.04
3382247 !43,510,069 171,877,165 7,984 2010 10 3 13 13 44.82
3383037 !43,537,209 171,897,326 7,397 2010 9 10 7 12 17.69
3383353 !43,538,210 171,846,880 9,069 2010 10 5 18 47 37.02
3384190 !43,530,619 171,862,067 8,555 2010 10 7 11 8 12.87
3384261 !43,544,630 171,873,528 8,152 2010 10 7 14 36 7.03
3384665 !43,529,175 171,872,250 9,711 2010 10 8 10 8 51.93
3384666 !43,529,561 171,872,923 9,759 2010 10 8 10 13 10.13
3386123 !43,516,321 171,873,346 10,527 2010 9 11 6 30 44.97
3387551 !43,550,493 171,866,128 5,979 2010 10 12 23 17 43.77
3394643 !43,524,301 171,875,364 9,494 2010 10 24 5 35 15.12
3396469 !43,522,304 171,877,136 9,536 2010 10 27 21 1 46.01
3400023 !43,525,764 171,894,868 7,329 2010 10 31 1 4 54.87
3401516 !43,524,472 171,868,943 9,978 2010 9 15 14 12 1.01
3402177 !43,538,597 171,854,835 7,406 2010 11 4 8 44 10.94
3402224 !43,538,598 171,855,667 7,405 2010 11 4 11 24 55.06
3407481 !43,524,743 171,874,724 9,506 2010 10 24 4 10 50.95
3429940 !43,526,689 171,880,730 8,448 2010 12 19 8 6 36.01
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Figure 3. Average horizontal-to-vertical spectral ratios of stations. The geometricmean is computed over the ensemble of analyzed seismic events. The representation is
the same as that in Figure 2a.
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directional amplification effect. Even though the amplified frequency band is station dependent, we observe
a common tendency of stations to show amplification in the band 2–5Hz. Thus, we bandpass signals in the fre-
quency band 1–6Hz before proceeding with the covariance matrix analysis in the time domain. The analysis is
repeated for all of the events of the four selected clusters, and then we aggregate the polarization azimuths of
each station for the whole data set. We finally produce a circular histogram for each station where the statistical
contribution to each polarization azimuth value is defined by its associated value of WH (0<WH< 1), which
depends on polarization ellipsoid shape (rectilinearity and elongation), as explained in section 3.2.

The pattern of horizontal ground motion inferred from the covariance matrix analysis is shown in Figure 4
together with the Darfield strike-slip fault. In order to estimate the mean and the standard deviation of the

Figure 4. Horizontal polarization at each station obtained by analyzing earthquakes selected among four clusters. The black line represents the morphological
signature of the Darfield main rupture [Van Dissen et al., 2011]. The top insets show horizontal polarization at four selected stations for the different clusters (Cl-2,
Cl-4, Cl-41, and Cl-56): each cyan rose diagram is obtained by aggregating polarization results of earthquakes belonging to the same cluster. The orange circular
histograms in the main figure are obtained by aggregating results of the whole data set.
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polarization, circular histograms are fit with a Gaussian curve using the Daisy Package [Salvini et al., 1999,
available at http://host.uniroma3.it/progetti/fralab/]. The mean direction of the horizontal polarization as well
as the standard deviation is listed in Figure 4. Two stations installed on the fault, Dar6 and Dar7, show narrow
rose diagrams peaked in N52° ± 27° and N53° ± 24° directions, respectively (red rose diagrams in Figure 4),
which result from consistent polarization of the analyzed clusters of seismic events (cyan rose diagrams on
the top of Figure 4). The other station installed on the fault, Dar 8, has highly complex results, with polariza-
tion being much more affected by the seismic path. All the other stations installed in the Canterbury Plains
and at distances in the order of kilometers from Greendale Fault (Dar1, Dar2, Dar3, Dar4, Dar5, Cch1, Cch2,
Cch4, CRLZ, and MQZ) show very scattered rose diagrams, with ground motion showing no horizontal
polarization (orange rose diagrams in Figure 4). Station OXZ is the exception, exhibiting a polarization effect
consistent with the two on-fault stations, as previously mentioned. Also, station Bank shows a polarization
rose diagram peaked at N29° ± 23°, but because the HVSR amplitude is lower than 2 we do not consider this
station to be affected by directional amplification.

Figure 5. (top) Horizontal-to-vertical spectral ratios calculated at on-fault stations Dar6 and Dar7 on ambient noise and as an average of the analyzed seismic events.
The orange rose diagrams represent, as in Figure 4, the horizontal polarization calculated on the whole data set, bandpass filtering data from 1 to 6 Hz. (bottom)
Horizontal-to-vertical spectral ratios calculated at stations Dar2, Dar3, and Dar4 on ambient noise.
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3.4. Results From Ambient Noise

In order to check the role of the sedimentary deposits beneath many stations, we repeat the spectral analysis
using ambient noise that was continuously recorded for 72 days after 19 September 2010. For each day we
select 1 h during night time (from 4 to 5AM) to minimize the influence of cultural sources. Before the
horizontal-to-vertical noise spectral ratio (HVNSR) computation we eliminate nonstationary disturbances
using the antitrigger algorithm proposed in the SESAME (site effects assessment using ambient excitations
—http://sesame-fp5.obs.ujf-grenoble.fr/index.htm) guidelines, in order to select the stationary parts to
avoid transients associated with very close disturbances such as aftershocks, vehicles, and other kinds of
cultural noise.

The analysis results are shown in Figure 5. In the top panel we compare themean HVNSRs of ambient noise at
on-fault stations Dar6 and Dar7 with the HVSRs derived from earthquakes. We observe that the directional
amplification effect that is persistent on earthquake records at frequencies between 2 and 6Hz disappears
in the ambient noise analysis. Nevertheless, the amplification peak at (0.1–0.3 Hz) is also strong on the
ambient noise. This low-frequency peak is isotropic, maintaining the same amplitude at all rotation angles.
The same feature is found at other stations in the Canterbury basin. In the bottom panel of Figure 5 we show
HVNSRs of stations Dar2, Dar3, and Dar4 using the same contour plot representation. The average spectral
ratios for each rotation angle are drawn separately to better visualize the absence of amplitude variations
at different azimuths. All stations show an amplitude 3–4 peak at low frequency.

4. Discussion
4.1. The Sedimentary Basin Resonance Effect

The Greendale Fault is buried under the Canterbury Plains, which are composed of poorly consolidated
alluvial gravel with a considerable thickness (around 1 km) [e.g., Ghisetti and Sibson, 2012]. We consider that
the presence of thick low-velocity soft sediments over the bedrock with higher velocity in the Canterbury
sedimentary basin is responsible for the amplification effects that are observed on ambient noise and
earthquakes at frequencies lower than 1Hz (0.1–0.3 Hz in Figures 3 and 5). The isotropic peak of a factor of
3 at 2–5Hz at stations Cch1 and Cch4 (Figure 3) might be caused by a second shallower velocity contrast
in the sedimentary basin succession. Savage et al. [2013] carried out noise cross correlation of the same data
set described in section 3.3 to calculate surface waves traveling between each set of stations. At periods of
1–3 s, radial-radial cross-correlation functions had energy traveling at speeds greater than 1.1 km/s. This peak
was nearly absent in the vertical-vertical cross-correlation function, implying longitudinal motion and a high
H/V ratio. A one-dimensional regional velocity model incorporating an ~1.5 km thick sedimentary layer fits
both the observed H/V ratio and Rayleigh wave group velocity.

Surprisingly, the peak of 2.5 s, or 0.4 Hz, for the H/V ratio of this higher mode surface wave is not strong on the
noise analysis here. Instead, a peak between 0.1 and 0.3 Hz (3–10 s) is observed in this study, which
corresponds to the broad peak of 4–10 s of the fundamental mode in both the measured and synthetic
seismograms in the Savage et al. [2013] surface wave propagation study. It thus appears that the H/V spectral
ratio of the noise in this study is controlled dominantly by the fundamental mode of the surface waves in the
area. The H/V ratio studied here is calculated for all waves (P, S, and surface waves) coming in at all azimuths
to a single station, whereas the Savage et al. [2013] study was considering only surface waves traveling within
limited velocity ranges and at given polarizations between stations. The Savage et al. [2013] study also found
that Love waves arrived close in time to the Rayleigh waves, and that amplitudes of Love waves were similar
regardless of azimuth, while Rayleigh waves were stronger on paths from the ocean. Synthetic models (not
shown here) with the same parameters as those in the Savage et al. [2013] study also yield fundamental
resonance of Love waves at 0.2 Hz with amplitude levels higher than 3. We therefore conclude that the
H/V ratios measured here could be caused by higher excitation of Love waves compared to Rayleigh waves,
as well as by amplification of the fundamental Rayleigh waves.

4.2. Directional Amplification in the Fault Damage Zone

In addition to the amplification at lower frequency, two on-fault stations (Dar6 and Dar7) show another
amplitude 4 peak at higher frequencies (2–5Hz; Figure 3). This effect is evident only when using seismic
events for the analysis. In the supporting information we show that the high frequency peak is present in
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the earthquake coda waves and is amplified at the same N50° azimuth, independently of focal mechanism,
while the amplification from the Swaves alone occurs at variable azimuths that depend on focal mechanism.
Because the noise is likely caused by surface waves traveling long distances through the Canterbury basin,
while the earthquake coda includes body and surface waves that have traveled a smaller distance, this
suggests that rocks buried beneath the sediments near the stations cause this high frequency peak. This peak
does not attain the same amplitude for all the azimuths, appearing strongly anisotropic with ground motion
polarization occurring in the ≈N50° direction.

We finally stress that the 2–5Hz peak around N50° direction is evident only at on-fault stations, suggesting a
role of the fault damage zone. Fault damage zones [Caine et al., 1996] are characterized by the presence of
organized sets of brittle deformations and dilations (i.e., fracture systems or cracks) showing a predominant
orientation. They are produced by the near-fault local stress field accumulated by friction during the fault
activity [Riedel, 1929; Harding, 1974; Hobbs et al., 1976; Harding and Lowell, 1979] and by its interaction with
the tectonic stress field. Individual fractures can reach up to several meters with spacing down to one tenth of
their dimension. They can include synthetic cleavages [i.e., R planes according to the definition by Riedel,
1929], antithetic cleavages (R′ planes), extensional fractures (T planes), and pressure solution surfaces (P planes).
One set is usually the most common because its development inhibits further significant elastic stress
accumulation as well as the growth of other sets.

In order to interpret our finding, following Pischiutta et al. [2012, 2013], we model the fracture field associated
with the Darfield fault damage zone, using the in-house software FRAP [Salvini et al., 1999], which uses a
combined numeric and analytic approach to determine fracture distribution patterns given fault zone
physical parameters and kinematically related and/or dynamic fault slip values. The physical parameters
chosen for the model are computed by averaging the values for the poorly consolidated sediments and
the basement metamorphic rocks [Turcotte and Shubert, 1982]: density 2600 kg/m3, cohesion 5MPa,
Poisson ratio 0.25, friction angle 30°, and clay content 10%.

The model sensitivity was tested in Pischiutta et al. [2013] by varying the rheological parameters within
realistic ranges, resulting in negligible strike variations (≈5°) of the predicted fracture patterns. This indicated
that fracture type and orientation mostly depend on the acting stress.

According to the fault geometry in the investigated sector, the Greendale Fault is modeled as a near-vertical
surface striking in the N85° direction (Figure 7) with dimensions 20 km (along strike)× 9 km (along dip).

The fault surface is discretized into a grid of quadrangular cells of about 250× 60m. The software computes
the stress components in each cell, which include the overburden σV, the fluid isotropic pressure within the
rock pores PV (i.e., lithostatic at hydrostatic pressure, both linearly increasing with depth), the regional stress
tensor σR, and the “kinematic stress” σK that represents the elastic stress accumulation due to frictional
motion related to the fault activity.

We consider two models. In the first we model fracture distribution produced only by the fault kinematics,
which is fixed to be purely right-lateral strike slip with a total displacement of 500m. This value is chosen
on the basis of fault dimension [Walsh and Watterson, 1988]. Consistent with the fault kinematics [e.g.,
Gledhill et al., 2011], we orient the slip vector to N85° with 0° plunge, fault slip occurring parallel to the fault
plane. The sum of all the stress components (σV, PV, and σK) gives the resulting stress tensor σA, which is
compared to the Coulomb-Navier Failure Criterion [Mandl, 2000]: fractures develop in a given cell of the
model when the resulting stress tensor exceeds the strength. This model predicts that extensional fracture
predominates with an average strike of N139° ± 3.7° (Figure 7b). Standard deviation values are small because
the model is analytic and not deterministic. Their azimuthal distribution is computed using the Daisy Package
[Salvini et al., 1999; available at http://host.uniroma3.it/progetti/fralab/], and their strike is visualized through
a wind-rose diagram. Synthetic cleavage can also develop with an average strike of N101° ± 3.6°. Secondarily,
antithetic cleavages and pressure solution surfaces are expected in N161° ± 3.7° and N39° ± 3.6° directions,
respectively (see Table 2). The predominance of extensional fractures can be explained in terms of fluid
pressure in the Quaternary basin that decreases the value of the effective stress (i.e., a left shift in the Mohr
circle diagrams). This contrasts with results from other environments such as in the Hayward fault case study,
where an orthogonal relation between the horizontal polarization and the predominant synthetic cleavage
was found [Pischiutta et al., 2012]. This discrepancy might be related to different geological contexts: in the
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Canterbury basin the presence of fluids in recent sediments plays a significant role, decreasing the effective
stress in the fault damage zone; in the San Andreas fault, on the other hand, erosional processes lift to
the surface portions of the rocks that were deformed (fractured) at depths by the long-lasting San Andreas
fault system.

In order to assess the reliability of the modeled fracture orientations, we use coseismic surface rupture
observations by Quigley et al. [2012]. These authors documented the Greendale Fault surface rupture during
the 2010 Darfield earthquake using GPS surveying, tapemeasurements, and lidar. They foundWNW synthetic
Riedel (i.e., synthetic cleavage) dextral shear fractures, NNW antithetic sinistral shear fractures (i.e., antithetic
cleavage), NW-SE tension fractures (i.e., extensional fracture), and NE-SW folds and thrust (compressional
features compatible with pressure solutions). The consistency of the observed fracture pattern supports
the reliability of the proposed fracturing model (see also Table 2).

We perform a second model where we predict the fracture pattern associated only with the regional
stress field σR. The regional stress orientation (red arrows in Figure 7) is set to be consistent with the fault
development and with findings by Sibson et al. [2011] and Holt et al. [2013]. It is oriented with σ1 at N115°
and σ3 at N25°, both lying on the horizontal plane, and vertical null σ2 axis. The regional stress amplitudes
are fixed as 30MPa for σ1 and!10MPa for σ3, values required to reach the fault failure conditions with the
chosen rheological parameters. We use the same σR, PV, and σV stress components to calculate σA. This
second model yields predominant synthetic cleavage striking N85° ± 3.7° and N115° ± 3.7°. Extensional
fracture, antithetic cleavage, and pressure solution would develop in N113° ± 3.6°, N145° ± 3.6°, and
N23° ± 3.6° directions, respectively (see also Table 3). These directions are consistent with those predicted
by Sibson et al. [2011], Townend et al. [2012], and Holt et al. [2013], who all considered an Andersonian
wrench regime.

We found that observed polarization better agrees with the first model where fractures are produced by the
kinematical-induced elastic stress accumulation on the fault surface. First, fracture orientation is confirmed by
the earthquake-induced fracturing at the surface observed after the Darfield 2010 earthquake [Quigley et al.,
2012]. Second, the horizontal polarization (N52° ± 27° and N53± 23° at stations Dar6 and Dar7, respectively)

shows an overall orthogonal relation
with the orientation of the predomi-
nant fracture field that is represented
in this case by extensional fractures
(N139° ± 3.7°) in the kinematic stress
model, with a difference of 86°. In
the regional stress model, this angle
reduces to 60°. The orthogonal
relation between ground motion
polarization and fractures in fault
damage zone has been determined

Table 2. Results From the Kinematic Stress Modela

Kinematic Stress Model

Fracture Strike
Comparison With Quigley et al.

[2010] Surface Rupture Most Probable
Comparison With

Seismic Observations

Extensional fracture (EF) 139° ± 3.7° NW-SE tension fractures Depth< 2 km Orthogonal relation with the
horizontal polarization

N52 ± 22° (Dar6)
N53 ± 23° (Dar7)

Synthetic cleavage (SC) 101° ± 3.6° WNW-ESE Riedel (R) shear fractures Depth> 2 km Parallel relation with S wave
fast component
N100° ± 31° (Dar6)

Antithetic cleavage (AC) 161° ± 3.7° NNW-SSE Antithetic Riedel (R′) shear fractures
Pressure solution (PS) 39° ± 3.6° NE-SW folds/reverse faults

aFracture type and strike are compared with surface ruptures measured by Quigley et al. [2010]. The most probable fracture type is reported as well as the
comparison with seismic observation (i.e., horizontal polarization and seismic anisotropy).

Table 3. Results From the Regional Stress Model: Fracture Type and Strike

Regional Stress Model

Fracture Strike

Extensional fracture (EF) 113° ± 3.6°
Synthetic 85° ± 3.7°
Cleavage (SC) 115° ± 3.7°
Antithetic cleavage (AC) 145° ± 3.6°
Pressure solution (PS) 23° ± 3.6°
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in previous studies [Pischiutta et al., 2012, 2013] and was explained as the effect of the higher compliance of
fractured rocks in the strike-transverse direction. Moreover, Pischiutta et al. [2014] found a recurrent orthogo-
nal relation between horizontal polarization and seismic anisotropy in the Val d’Agri area. They postulated
that the existence of an anisotropic medium represented by fractured rocks causes shear wave velocity to
be larger in the crack-parallel component (making S wave velocity to be higher in fracture-parallel direction)
and compliance to be larger perpendicular to the crack strike (causing ground motion polarization in the
fracture-perpendicular direction). To test these findings, we follow Pischiutta et al. [2014], and in the next sec-
tion, we compare ground motion polarization with the seismic anisotropy study by Holt et al. [2013].

4.3. Comparison Between Ground Motion Polarization and Seismic Anisotropy

Shear wave splitting was calculated for the stations in this study as well as for a set of short period stations
operated by the GeoNet network [Holt et al., 2013]. The general trend of fast orientations of anisotropy in
the Canterbury Plains area is nearly parallel to the maximum horizontal stress (SHmax) of 116 ± 18° determined
from focal mechanism inversion. For earthquakes and stations near the middle sector of the fault, both the
fast orientation of anisotropy and SHmax tend to rotate 25° anticlockwise in a more fault-parallel direction.

In order to compare anisotropy and the horizontal polarization we consider fast directions obtained at single
stations. In Figure 6 we plot the rose diagrams representing the horizontal polarization (orange) together
with rose diagrams of the shear wave splitting fast direction analysis by Holt et al. [2013] (yellow). We do
not consider stations with scattered rose diagrams of ground motion polarization (stdev Pol> 30°).

On-fault stations Dar 6 and Dar7 and rock-sited stations OXZ in the Canterbury Plains and Bnk1 on Banks
Peninsula yield the strongest polarization of ground motion. Those stations also yield strongly aligned fast
shear wave splitting.

At Dar7, S wave fast directions follow the general trend, being aligned parallel to SHmax (Φ=138°) even
though the station lies in the fault damage zone. This station shows a nearly orthogonal relation (85°)
between the horizontal polarization (N53° ± 24°) and S wave splitting fast direction (N138° ± 41°). At station
Dar6, the S wave splitting fast direction is rotated in a counterclockwise direction (N100° ± 31°), tending to
be more fault parallel. Holt et al. [2013] interpreted the rotation of the fast orientation of anisotropy in terms
of stress and fractures in the fault damage zone. These fractures can most likely be represented by the
synthetic cleavages (N101° ± 3.6°) produced by the kinematic stress, which are expected to predominate at
higher depths (Figure 7b). S wave splitting is controlled by the seismic path and is affected by rock volumes
at depths that depend on the hypocentral depth. On the other hand, we consider that ground motion
polarization is mainly affected by the uppermost layers, as it is strongly site dependent, independent of
earthquake source and path.

Figure 6. Fast directions from shear wave splitting measurements (yellow rose diagrams) and horizontal ground motion
polarization (orange rose diagrams).

Journal of Geophysical Research: Solid Earth 10.1002/2014JB011560

PISCHIUTTA ET AL. FRACTURE-RELATED WAVEFIELD POLARIZATION 7063



Thus, the nonorthogonal relation between polarization and seismic anisotropy at Dar6 may be related to the
different sensitivity at depth of the two methods and to the different fracture distribution (i.e., extensional
fractures up to 2 km and synthetic cleavage at higher depths), as determined by the model.

Finally, stations OXZ and Bnk1, located tens of kilometers from the fault also show a nearly orthogonal
relation (84° and 78°, respectively) between horizontal polarization (N44° ± 27° and N29° ± 23°, respectively)
and fast direction (N128° ± 40° andN107°± 50°). This may indicate that the shear wave splitting and polarization
amplification at these two stations are both controlled by the same near-surface fracture distribution.

Conversely to Pischiutta et al. [2014], here the comparison between seismic anisotropy and ground motion
polarization is more tentative because (i) only two of the four total stations installed in the fault damage

Figure 7. Fracturemodels of the Greendale Fault yielding the orientation of the expected fracture fields. (a) Map of the Greendale Fault and direction of the observed
polarization. The parameters chosen for the model are reported as well. (b) Fault fracture model performed considering the influence of the kinematic stress
alone. (c) Fault fracture model considering the influence of the regional stress alone. Red arrows represent the tectonic stress orientation; purple arrows represent
the kinematic stress orientation; AC., antithetic cleavage; SC, synthetic cleavage; EF, extensional fracture; PS, pressure solution.
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zone (Dar6 and Dar7) show a clear directional amplification effect and (ii) S wave fast directions vary
between these stations.

5. Concluding Remarks

Polarization analysis performed with both ambient noise and earthquake recordings at stations installed in
Canterbury showed an amplitude 4, low-frequency (0.2–0.3 Hz) peak in the ratio of horizontal to vertical
components. This is in agreement with results obtained by Savage et al. [2013], who applied the
cross-correlation technique on the same data set and found a fundamental mode amplification of 4–10 s
(0.1–0.25 Hz), which was modeled as surface waves generated in a considerable thickness (1–1.5 km) of
unconsolidated sediments over metamorphic bedrock.

Another amplitude peak at higher frequencies (2–5Hz) was found at two stations installed in the damage
zone of the Greendale Fault (Dar6 and Dar7), with amplitudes up to 4. This amplification is strongly anisotro-
pic, with ground motion polarization occurring in the ≈N50° direction. Because this effect is evident only at
on-fault stations, it is likely caused by fractured rocks in the fault damage zone, in agreement with previous
studies in other regions [Pischiutta et al., 2012, 2013, 2014], which confirms that the process is ubiquitous in
fault zones. This directional amplification is not observed on the ambient noise analysis. According to the
velocity profile of Guidotti et al. [2011], seismic noise in Canterbury is made up of horizontally traveling
surface waves with wavelengths of 60–150m at frequencies of 2–5Hz. Therefore, directional amplification
is not due to shallow heterogeneities throughout the region, but it must be ascribed to fault zone fractured
rocks beneath the sediment cover that are sampled by vertically incident body waves of earthquakes and
their coda.

In order to interpret results we model the fracture field expected from the Greendale Fault damage zone. We
found that fracture orientations produced by kinematic stress accumulation in the fault damage zone agree
with the earthquake-induced fracturing at the surface observed after the Darfield 2010 earthquake [Quigley
et al., 2012], confirming the reliability of the model. We conclude that the horizontal polarization shows an
orthogonal relation with the orientation of the predominant fracture field in the shallow layers (<2 km) of
the fault damage zone, which is represented by extensional fractures striking in N139° direction.
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