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Rupture directivity of small earthquakes at Parkfield
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[1] Theoretical modeling of strike-slip ruptures along a bimaterial interface suggests

that earthquakes initiating on the interface will have a preferred rupture direction.

We test this model with 450 small earthquakes (2 < M < 5) from Parkfield, California,

to look for evidence of consistent rupture directivity along the San Andreas Fault.

We analyze azimuthal variations in earthquake source spectra after applying an iterative
correction for wave propagation effects. Our approach avoids directly modeling source
spectra because these models generally assume symmetric rupture; instead, we look for
azimuthal variations in the amplitudes of the source spectra over specified frequency bands.
Our overall results show similar proportions of events exhibiting characteristics of rupture
directivity toward either the southeast or northwest. However, the proportion of events
with southeast rupture directivity increases as we limit the data set to larger magnitudes,
with 70% of the 46 events M > 3 exhibiting southeast rupture characteristics. Some spatial
and temporal variability in rupture directivity is also apparent. We observe a higher
proportion of northwest directivity ruptures following the 2004 M 6 Parkfield earthquake,
which ruptured toward the northwest. Our results are generally consistent with the
preferred southeast rupture directivity model but suggest that directivity is likely due

to several contributing factors.

Citation: Kane, D. L., P. M. Shearer, B. P. Goertz-Allmann, and F. L. Vernon (2013), Rupture directivity of small
earthquakes at Parkfield, J. Geophys. Res. Solid Earth, 118, doi:10.1029/2012JB009675.

1. Introduction

[2] Fault rupture during an earthquake does not occur
instantaneously. Rupture propagates from a site of nucleation
with rupture velocities commonly estimated to be a substan-
tial fraction of the shear wave velocity. When rupture propa-
gates predominately in a single direction from nucleation, the
resulting ground motion can be subject to dramatic azimuthal
effects [Ben-Menahem, 1961].

[3] Commonly used models for small earthquake sources
often assume simple radially symmetric rupture at a constant
rupture velocity without allowing for more complex rupture
propagation (e.g., expanding circular crack model and variations
described by Eshelby [1957], Brune [1970], and Madariaga
[1976]). However, observations of large earthquakes have
shown that ruptures often propagate asymmetrically [McGuire
et al., 2002]. Several seismological studies have analyzed
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rupture propagation with respect to hypocenter location and
have established the predominance of unilateral rupture prop-
agation for large earthquakes [e.g., McGuire et al., 2002;
Henry and Das, 2001; Mai et al., 2005]. Rupture propagation
of smaller earthquakes, however, is much more difficult to
observe due to insufficient seismic data resolution and
azimuthal coverage; definitive observations of unilateral rup-
ture propagation are limited [e.g., Domanski et al., 2002;
Boatwright, 2007]. Source property variations of such small
events are more commonly treated with radially symmetric
source models [e.g., Allmann and Shearer, 2007].

[4] One hypothesized mechanism of unilateral rupture
propagation is due to the presence of a bimaterial interface
at the fault, where two blocks of different rheological prop-
erties are positioned adjacently due to long-term slip. In
some theoretical models of shear (mode II) ruptures along
a bimaterial interface, slip occurs as asymmetric ruptures
with a preferred rupture direction controlled by the proper-
ties of the two blocks [e.g., Shi and Ben-Zion, 2006]. Similar
models incorporating different assumptions produce bilateral
ruptures (e.g., Andrews and Harris [2005]; see Yamashita
[2009] for an extensive discussion of model differences).
Whether such a bimaterial model applies to the three-dimen-
sional interfaces of natural faults has yet to be conclusively
determined. Some researchers have argued that this model
does not apply to natural faults because of the fault geometry
and that localized stress heterogeneities will exert greater
control over rupture propagation [Harris and Day, 2005,
and references therein]. Earthquake relocation studies have
produced much more clearly defined faults highlighted by
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Figure 1. Stations (triangles) and earthquakes (dots) along
the Parkfield segment of the San Andreas Fault (SAF) used
in this analysis. The locations of the 1966 and 2004 M 6
events are indicated with stars.

locations of smaller earthquakes [e.g., Thurber et al., 2006;
Lin et al., 2007], but whether these faults can be adequately
modeled by a planar surface or whether a more complex ge-
ometry is dominant remains unclear.

[5] The San Andreas Fault (SAF) at Parkfield, California,
is a close natural approximation to a bimaterial interface.
The seismicity along the fault is distributed along a vertical
plane (Figure 1) and previous studies at Parkfield concluded
that the fault represents a distinct, natural barrier between
blocks of different characteristics [Eberhart-Phillips and
Michael, 1993; Thurber et al., 2006; Zhao et al., 2009]. Ap-
plying the asymmetric rupture model [e.g., Shi and Ben-Zion,
2006] to this region of the SAF by considering the fault as a
barrier between two single blocks predicts a preferred rupture
direction along the fault strike toward the southeast [Ben-Zion,
2006]. The SAF is therefore a good candidate fault for testing
whether the computational model is applicable to the complex
three-dimensional structure exhibited in real faults, and for
determining if this model offers an explanation for variability
in rupture direction. The observation of a preferred rupture di-
rection and the subsequent effects on ground motion would
have widespread implications for both earthquake source
physics and for earthquake hazard analysis on mature faults
because ground motion amplified by unilateral rupture direc-
tivity could produce greater damage than might otherwise
be expected.

[6] The SAF at Parkfield had its long-awaited M 6 earth-
quake in September 2004 after 38 years following the previ-
ous 1966 M 6 earthquake. This recent large event at Parkfield
sparked considerable interest and debate in the bimaterial
interface model. Harris and Day [2005] reviewed studies of
prior M 4 to 6 earthquakes at Parkfield and summarized the
rupture directions of this set of events: the two previous M
6 Parkfield earthquakes in 1934 and 1966 ruptured toward

the southeast and matched the prediction of the bimaterial in-
terface model, but five M 4 to 5 events did not match the pre-
diction. The 2004 event nucleated near the southeast end of
the Parkfield section and propagated toward the northwest
[Bakun et al., 2005; Langbein et al., 2005; Fletcher et al.,
2006]. Harris and Day [2005, 2006] presented this observa-
tional evidence along with a review of numerical simulations
and concluded that the bimaterial interface was likely not
the primary effect controlling rupture direction. A subse-
quent comment by Ben-Zion [2006] attributed the earthquake
nucleation to a subfault and suggested that the rupture direc-
tion matched the preferred direction for this subfault. The
SAF at Parkfield has been extensively studied, but it is clear
that the complexities of the fault either obscure a rupture di-
rectivity preference due to smaller scale structure or allow
other effects to control rupture direction.

[7] Additional studies of smaller earthquakes at Parkfield
have contributed further to this debate through observations
of asymmetric distributions of small earthquake locations
[Rubin and Gillard, 2000; Rubin, 2002] and asymmetric af-
tershock locations [Zaliapin and Ben-Zion, 2011]. A recent
study [Lengliné and Got, 2011] used repeating earthquake
sequences (M 1.0 to 3.2) to observe a predominance of
southeast rupture propagation in the region of the fault with
the largest velocity contrasts across the fault boundary. An-
other study [Wang and Rubin, 2011] estimated rupture direc-
tivity of earthquakes (M 0.5 to 3.0) at Parkfield by modeling
synthetic spectral ratios and found that of the best-resolved
events, ~40% exhibited bilateral rupture characteristics and
more than 80% of the remaining unilateral events showed
southeast rupture directivity.

[8] In this study, we seek to constrain the presence or ab-
sence of a preferred rupture direction along the fault by
studying small earthquakes at Parkfield while minimizing
the analysis assumptions. We look for evidence that small
(M < 5) earthquakes at Parkfield exhibit characteristics of
unilateral rupture directivity along the strike of the fault.
We do not use common point-source earthquake models in
our analysis because such models generally assume symmet-
ric rupture. Instead, we look for azimuthal differences in
spectral amplitudes of P-wave displacement spectra to con-
strain the rupture direction. For a model earthquake with uni-
lateral rupture directivity along the fault strike, we expect to
see larger spectral amplitudes at higher frequencies in the
direction of rupture and smaller spectral amplitudes in the
opposite direction. However, these directivity effects are
easily masked by differences in the spectra caused by propa-
gation path and station site effects, which are particularly
strong at high frequencies. As a result, rupture directivity is
usually difficult to resolve for individual earthquakes smaller
than magnitude 3 to 4. Because these path effects are nearly
the same among nearby earthquakes, directivity for small
events can be resolved more reliably by comparing spectra
among different events within spatially compact clusters
and this is the approach we adopt here.

[v] By processing records from a large number of events,
we are able to estimate empirical station and path correction
terms for each cluster and isolate the source contributions.
Azimuthal differences in the amplitudes of corrected spectra
at a particular reference frequency can then be used to
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estimate the significance and direction of any directivity sig-
nals. We obtain directivity signals for the majority of the 450
earthquakes that we analyze and compare these results with
predictions of the bimaterial interface model.

2. Data: Parkfield Seismicity

[10] At Parkfield, a distinct section of the SAF is defined
by boundaries separating the locked section toward the
southeast from the creeping section toward the northwest
[Wallace, 1990]. The recurrence of M ~ 6 earthquakes at
Parkfield has led to extensive studies of local seismicity
and fault structure. Earthquakes at Parkfield generally occur
along a vertical plane [Eberhart-Phillips and Michael, 1993;
Thurber et al., 2006].

[11] Application of various earthquake relocation techni-
ques has produced detailed images of fine fault structure while
highlighting relatively shallow (~5 km depth) earthquake clus-
ters broadly distributed to the northwest and distinctly separate
bands of seismicity at somewhat greater depths (5 to 12 km) to
the southeast [ Waldhauser et al., 2004; Thurber et al., 2006].
Seismicity appears to occur along a single plane at depth, but
two surface traces have been observed and the exact connec-
tion to the structure at depth remains unclear [Thurber et al.,
2006; Simpson et al., 2006].

[12] The fault divides blocks of varying seismic velocities.
Past tomographic studies have quantified across-fault velocity
variations with contrasts of up to ~5-20% [Eberhart-Phillips
and Michael, 1993; Thurber et al., 2006]. Velocity heterogene-
ities along the strike of the fault are clearly present. A fault-
zone head-wave study resolved sharp contrasts of 5—10% near
the epicenter of the 1966 Parkfield earthquake but very little
contrast near the epicenter of the 2004 Parkfield earthquake
[Zhao et al., 2009].

[13] We use a dataset of 2263 earthquakes recorded at
108 stations in central California to look for evidence of
rupture directivity of small earthquakes on the SAF at Park-
field (Figure 1). This waveform data set is from the Northern
California Earthquake Data Center and represents a subset of
earthquakes recorded from 1984 to 2005. We use earthquake
locations used in Allmann and Shearer [2007], which were
relocated using the shrinking box method of Lin and Shearer
[2005]. Allmann and Shearer [2007] previously used this
data set to investigate spatial variability in coseismic stress
drop prior to and following the 2004 M 6 Parkfield earth-
quake. We use the multitaper displacement P-wave spectra
computed by Allmann and Shearer [2007] over 1.28s win-
dows for 100 sps data, and we maintain their defined signal-
to-noise ratio constraints. The full data set consists of 31,432
displacement spectra.

3. Methods

3.1. [Iterative Separation of Source and Path Spectral
Contributions

[14] The close spacing of events, combined with a wide
range of source-station distances (<1km to 100km) and
source-station azimuths in this data set, present an opportu-
nity to separate the effects of seismic wave propagation from
the signal of the seismic sources. We assume that the ray
paths between each of two closely located earthquakes and
a given station will be approximately identical [Hartzell,

1978]. Thus, any effects of scattering and attenuation will
also be similar along these paths. This assumption can be ex-
tended to a cluster of events with similar hypocentral loca-
tions recorded by any station, as long as the separation
distance between the sources and a given station is suffi-
ciently large compared to the interevent separation distances
of the cluster. We use these similarities to our advantage by
employing an iterative separation process to identify and iso-
late contributions from the individual earthquake sources and
from the path effects. Previous studies have used this tech-
nique to determine average path effects for correcting source
spectra [e.g., Warren and Shearer, 2002; Prieto et al., 2004;
Shearer et al., 2006].

[15] The spatial distribution of events in this region is not
sufficiently small to approximate all events as being from a
single source location, and we must divide the events spa-
tially to meet the conditions of our assumptions. We use the
k-means clustering algorithm [Lloyd, 1982] to split the
cataloged events into twenty clusters based on hypocentral
locations by minimizing the distance separating a given event
hypocenter from the centroid of a cluster of events (Figure 2).
We initiate the clustering routine with cluster centroids cho-
sen from a trial clustering of a subset of the data. K-means
clustering tends to produce clusters of similar spatial scale,
and trials using different numbers of clusters do not notice-
ably change the results.

[16] We perform the iterative separation of average
source, path, and residual effects for each cluster of events
following the method described in Prieto et al. [2004]. This
process results in decomposing each log-displacement fre-
quency spectrum, u;;, into three spectral components:

ui(f) = si(f) +pi(f) +r5(f) )

Here s; represents the source spectrum for event i averaged
over all stations; p; represents the effects due to travel path,
local site response, and instrument response averaged over
all events at station j; and r;; represents the residual spectrum
for each record. The travel path terms between each cluster
and a given station are similar for adjacent clusters. We re-
move the resulting path terms, p;, from the recorded dis-
placement spectra, u;, to correct the records for path
effects and leave only the source and residuals for further
analysis (hereafter referred to as ‘corrected’ displacement
spectra). These corrected spectra should retain signals due
to rupture directivity, unless all events in a cluster rupture
in the same direction. In this case, the directivity signal would
be nearly identical for all events and would largely be
absorbed into the path and station terms; the remaining direc-
tivity signal would be either absent or randomly distributed
among the events. However, because the directivity effect
on the spectrum also depends upon corner frequency (which
decreases with increasing event size), this canceling effect
will be most complete for the smaller, more numerous earth-
quakes in our analysis, and we may nonetheless obtain reli-
able directivity results for the larger magnitude earthquakes.

3.2. Measuring Directivity

[17] Unilateral rupture directivity will produce earthquake
source pulses and source spectra that vary with azimuth
[Ben-Menahem, 1961]. This effect can be observed as shorter
duration, higher amplitude source time functions in the
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Figure 2. (a) Map view and (b) profile view of events con-

sidered in this study with spatial clustering indicated by
color. The locations of the 1966 and 2004 events are in-
cluded for reference.

direction of rupture, and longer duration, lower amplitude
source time functions in the opposite direction. This depen-
dence of duration on azimuth can be formulated using a sim-
ple model [e.g., Haskell, 1964] as

L Lcost

vy c

7(0) 70 (1 - % cos 0) . )

Here 1 represents the apparent duration of the source pulse
and @ is the azimuth measured between the direction of rup-
ture and the recording station. 7, is equivalent to the rupture
length, L, divided by the rupture velocity v,; this reference
source pulse duration corresponds to the case where € is zero
or the rupture is bilateral. The seismic wave velocity is
represented by c.

[18] In the frequency domain, this azimuthal variation
appears as higher spectral amplitudes at higher frequencies
in the direction of rupture and a lack of such high frequency
signal in the opposite direction (Figure 3). Low frequency
amplitudes of source spectra remain unchanged with azi-
muth. This effect on corner frequency is inversely related
to the effect on source pulse duration and can be described
by the azimuthal variation in apparent corner frequency of
the source spectrum

1
fE,app = fc v,

. 3)
1 ——cos @
c
Here the apparent corner frequency of the source spectrum
Jeapp» 18 a function of the true corner frequency, f., the rupture
velocity, the seismic wave velocity, and the angle between
the direction of rupture and the direction of the recording
station. If we assume that each earthquake ruptures in a direc-
tion along the strike of the fault, then we can determine
rupture direction by comparing the source spectra observed
in each along-strike direction.
[19] We apply this concept to the Parkfield data set using
the corrected P-wave displacement spectra for each cataloged
earthquake. For each event, we select records from stations

PARKFIELD RUPTURE DIRECTIVITY

within a £45° window of the SAF trace. The £45° window
will include apparent corner frequencies of ~0.75f; or less
in the opposite direction of rupture, and ~1.5f; or greater in
the direction of rupture (assuming a constant rupture velocity
of 80% of the S-wave velocity and a P-wave velocity equiv-
alent to /3 times the S-wave velocity). This window includes
180° of the total azimuthal directions, and preserves a large
portion of the data for further analysis while assuring that
several stations are likely to have adequate signal-to-noise ra-
tios for each event. For each azimuthal window (to the south-
east and to the northwest), we compute the mean corrected
spectrum (Figure 4). We quantify the directivity as the log-
difference of the mean spectral amplitude to the southeast
direction and the mean spectral amplitude to the northwest
direction over a specified frequency band (e.g., 15-20 Hz).
This processing converts a set of spectra for each event into
a single scalar value describing the rupture direction based
on the assumptions of along-strike unilateral rupture. A pos-
itive value indicates higher average spectral amplitudes to the
southeast while a negative value indicates higher average
spectral amplitudes to the northwest. To obtain uncertainty
estimates for these directivity measurements, we use
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Figure 3. (a) Cartoon of earthquake rupture toward the

northwest and (b) the resulting azimuthal behavior of the
source spectra recorded by stations at various azimuths.
Station coloring in Figure 3a indicates corresponding spec-
trum in Figure 3b.
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Figure 4. Example processing for an event. (a) Recorded displacement amplitude spectra (dark blue) are
shown with noise spectra from time immediately preceding the P-wave arrival (light blue). (b) The spectra
have been corrected by the iteratively computed path terms. (c) The spectra from stations falling within the
defined azimuthal wedges from the event are color coded, with spectra recorded at stations to the southeast
plotted in red and spectra recorded at stations to the northwest plotted in purple. (d) The mean spectrum in
each of the two azimuthal wedges and highlight of the frequency band used to estimate the directivity. The
positive directivity result indicates rupture directivity toward the southeast. (e) Histogram shows the dis-
tribution of directivity results obtained from bootstrap resampling; this event has a significant southeast
directivity result because >90 out of 100 of the trial estimates produced a southeast directivity result.

statistical bootstrapping to resample the selection of spectra
for each event 100 times with replacement. We consider the
result to be significant if 90 or more of these estimates indi-
cate the same rupture directivity (Figure 4).

[20] This method has a few limitations due to data avail-
ability and initial assumptions. We assume that unilateral
rupture directivity will occur in a horizontal direction aligned
with the trace of the fault. Any component of vertical rupture
directivity or directivity misaligned from the fault strike will
result in values that do not correspond with the true rupture
direction. This method may not work well if there are too
few records in either azimuthal direction because the averag-
ing of the spectra may not result in sufficiently smooth spec-
tra for measuring mean differences in spectral amplitudes.
We limit our study to events with a minimum of three records

toward the northwest and three records toward the southeast
to minimize such effects.

[21] We use a single frequency band for analysis for earth-
quakes over a range of magnitudes, and the resulting direc-
tivity values will exhibit a dependence on magnitude because
the true corner frequencies are related to magnitude (e.g., an
M 4 event will have a higher directivity value than an
M 3 event if all other conditions are equal because the
true corner frequency of the M 4 event will be much
lower than the band used to measure directivity). This ef-
fect can make it difficult to choose an appropriate fre-
quency band to use for all events because the band needs to
be beyond the corner frequencies of the events in order to
resolve a separation of the spectra in each direction while
staying within the limits of adequate signal-to-noise ratios.
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Figure 5. Distribution of events as a function of magnitude
for all events tested (dashed line) and for all events meeting
processing criteria and resulting in directivity estimates
(solid line). Almost all events M > 2.5 produced directivity
results, but events M < 2 rarely produced results. We define
M 2 as a threshold for reliable results.

Variations in rupture velocity can also affect the resulting
measurements because lower rupture velocities will produce
smaller variations in corner frequency and directivity esti-
mates at a given frequency band than would be expected at
higher rupture velocities.

[22] Our method measures mean values of spectra and is
appropriate to use in bands above the event corner frequen-
cies. Because we limit our observations to a single frequency
band, we are likely unable to resolve rupture directivity in
events M < 2 for which the expected corner frequencies will
be above our selected band (even when the directivity contri-
bution is strong). We are limited in selection of higher fre-
quency bands by the sampling rates of the data and by di-
minished signal-to-noise ratios. We confirm that the
directivity value results are consistent across several fre-
quency bands and not dependent on the band chosen for
analysis by repeating our analysis using three different fre-
quency bands of 5 Hz width (15 to 20 Hz, 20 to 25 Hz, and
25 to 30 Hz) and verifying that the results are consistent. In
the following results, we focus on the 15 to 20 Hz band.

[23] Finally, recall that our method examines relative di-
rectivity signals among different events within compact
event clusters and will work best if these clusters contain a
mixture of unilateral ruptures in opposing directions. If all
the events rupture in the same direction, then the directivity
signal will be largely absorbed into the station and path
terms in our spectral decomposition. In this case, the remain-
ing directivity signal for events in the cluster would contain
random fluctuations that could favor either rupture direction,
which might lead us to falsely conclude that both rupture
directions are present. We address this possibility in two
ways. First, we perform statistical tests to verify that our
inferred rupture directions are statistically significant with
respect to random variations in the recording stations. Sec-
ond, we compare the results obtained for larger magnitude
events, for which the directivity signal is stronger and cannot

be completely removed with the station and path corrections,
with those for the smaller events.

4. Results

[24] Of the 2263 events (1 <M < 5) in our data set, 839
events met the minimum processing requirement of three
records in each azimuthal wedge. The percentage of events
meeting this criterion decreases rapidly for magnitudes be-
low M ~2 (Figure 5). Results for the smallest events (1 <M
< 2) show a slight preference for northwest directivity (53%
of events); we note that these are likely poorly resolved and
we do not include them in further analysis. The set of 450
earthquakes 2 < M < 5 has similar proportions of events with
directivity estimates toward the southeast and northwest. We
observe 241 (54%) exhibiting rupture toward the southeast
and 209 (46%) exhibiting rupture toward the northwest.

[25] The applied path correction between each cluster and
each station removes the average propagation effects for the
events in the cluster, but it does not account for any smaller
scale propagation differences due to event location within a
given cluster. We fit a simple one-dimensional along-strike
model to the directivity results in each cluster to estimate a
constant attenuation term (Qp) for within the cluster. We
do not estimate a frequency-dependent Op because the direc-
tivity results are measured over a narrow frequency band.
Not all clusters show effects of local attenuation, and the
estimates of Qp range from ~70 to ~3000. Most Qp values
are consistent with the three-dimensional QOp model pre-
sented by Bennington et al. [2008]; the higher values de-
scribe clusters with minimal trend in directivity estimates
within the cluster. We apply the resulting attenuation correc-
tions to the clusters. These corrections do not change the
resulting rupture directivity in any of the events.

[26] We define a subset of our results for further analysis
by selecting events in which the directivity to the northwest
or southeast is significant at the 90% confidence level based
on the uncertainty limits obtained with the bootstrap tech-
nique. It is important to note that a higher absolute value
of directivity does not indicate a more significant result. Of
these 243 significant events (54% of the total 450 directivity
estimates), we find that 131 events (54%) exhibit southeast
rupture and 112 events (46%) exhibit northwest rupture.
These proportions change minimally if we decrease the sig-
nificance cutoff to the 85% confidence level or if we increase
the cutoff to the 95% confidence level, confirming that our
results are robust. These results indicate that a preferred rup-
ture direction does not seem to be a dominant effect overall
in the seismogenic zone at Parkfield. We do not observe a
strong preference for rupture direction over the full magni-
tude range considered, but it is necessary to further investi-
gate characteristics of these events to find or rule out direc-
tivity on smaller spatial scales or over subsets of the data.

4.1. Effect of Location

[27] Figure 6 displays a map and profile view of the loca-
tions of these 243 significant events. Spatial variability in
rupture direction is apparent, and rupture direction seems
to show a preference within small groupings of event loca-
tions. These variations may represent true spatial differences
in directivity properties related to smaller-scale rheological
or stress variations along the fault.
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Figure 6.

(a) Map and (b) profile views showing rupture directivity results. Events without significant

results are indicated with a gray dot. Events with significant results are plotted as red ‘plus’ (SE rupture)

and as blue ‘open circle’ (NW rupture).

[28] To confirm any true spatial variability in event rup-
ture directivity, we first establish the independence of our
results from the initial subgroups obtained in the clustering
process. We investigate this visually by looking at the direc-
tivity results for individual clusters of events and comparing
these with adjacent clusters. Within individual clusters, the
directivity of events appears to be spatially grouped rather
than randomly distributed. Because path corrections are uni-
formly applied to all events in each cluster and the interevent
spacing differences are accounted for by the Op correction,
such a signal is due to either inappropriate path corrections
for some events or due to true variability in rupture directiv-
ity. Erroneous effects are also possible in the case where all
events in a cluster rupture in the same direction, as discussed
in consideration of the approach.

[29] We perform two simple tests to verify the indepen-
dence of our results from the clustering process. First, we
repeat the analysis using 30 smaller clusters instead of the
initial 20. We find that the results of the overall data set
change only minimally by decreasing the size of the clus-
ters. Second, for two sets of adjacent clusters, we combine
the adjacent clusters into a single larger cluster and repeat
the analysis. We find that of the events processed in both
the original 20 cluster analysis and in the combined clusters
analysis, no events show a change in the rupture directivity
result. These tests demonstrate that the spatial variability we
observe in the rupture directivity results is not due to the
clustering process and possibly represents true spatial vari-
ability in preferred rupture directivity.

4.2. Effect of the 2004 M 6 Parkfield Earthquake

[30] We compare the data from events prior to the 2004 M
6 earthquake with the data from events following the main-
shock to determine if any rupture directivity preference
exists that may be related to the interseismic period or to
the aftershock sequence (Figure 7). The events prior to the
2004 earthquake exhibit a distribution of rupture direction
similar to the overall data set, with 56% of events with sig-
nificant unilateral directivity rupturing toward the southeast.
Notably, the events following the 2004 earthquake exhibit a
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Figure 7. Comparison of directivity estimates for events
prior to the 2004 M 6 mainshock with those following the
mainshock; estimates are plotted by magnitude. Inset histo-
grams show the overall distribution of estimates in each pop-
ulation. We observe a temporal change in the proportion of
events with northwest rupture directivity.
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Figure 8. Percentage of results (a) above a given threshold magnitude exhibiting southeast rupture direc-
tivity (red line marked by ‘o’ symbols), northwest rupture directivity (blue line marked by ‘x’ symbols), or
nonsignificant directivity results (green line marked by “*’ symbols). (b), The total number of events con-

sidered at each threshold magnitude.

stronger preference for northwest directivity, with only 37%
of events rupturing toward southeast and the remaining 63%
toward northwest. The aftershocks seem to preferentially
match the rupture direction of the mainshock, similar to
comparisons of other mainshock source properties (e.g.,
focal mechanism orientation) with those of aftershocks.
Allmann and Shearer [2007] used this data set to measure
changes in attenuation following the 2004 mainshock. To test
whether a coseismic attenuation change could be affecting
our results, we perform a second set of attenuation correc-
tions to allow for a change in local attenuation following
the mainshock. We do not observe a significant difference
in results when using a single attenuation correction for each
cluster or separate time-dependent attenuation corrections.

4.3. Effect of Earthquake Magnitude

[31] Our method of measuring rupture directivity includes
an inherent bias with event magnitude due to the limitations
of using a single frequency band for all events. Smaller magni-
tude events will have higher spectral comer frequencies than
larger magnitude events, and a smaller difference between
southeast and northwest station spectra will subsequently occur.
Because of this bias, it is necessary to consider the effects of
earthquake magnitude on the results of the directivity estimates
and to determine if any magnitude variation of directivity is due
to the measurement bias or is a true difference among earth-
quake rupture size.

[32] Larger earthquakes are more likely to produce direc-
tivity estimates in our analysis because these events are gen-
erally recorded by more stations at greater distances and at
higher signal-to-noise ratios than comparably located smal-
ler earthquakes (Figure 5). The greater rupture area of larger
magnitude events will also produce an effectively lower cor-
ner frequency in the source spectrum as compared to a smal-
ler earthquake, and this effect will make the difference in
spectral amplitudes greater at a given higher frequency than
can be observed for a smaller earthquake. The effect of such
difference is to obtain a higher number of significant direc-
tivity estimates for larger earthquakes. We do not observe

a strong dependence of absolute value of directivity with
magnitude as might be expected based on this bias
(Figure 7).

[33] The proportion of events with southeast directivity
increases relative to those with northwest directivity as larger
magnitude earthquakes are considered (Figure 8). In Figure 9,
we again plot the depth profile of events with significant
results. We overlay this plot with a separate representation
showing the rupture direction for events of magnitude greater
than M 3. We observe a clear discrepancy in rupture directiv-
ity for events at these magnitudes. Instead of comparable pro-
portions of events with rupture in either direction, we observe
70% of events with M > 3 exhibiting rupture toward the
southeast and only 30% with rupture toward the northwest.
This subset of data contains 46 events. Fourteen of these
events occurred in the aftershock sequence of the 2004 M 6
Parkfield earthquake. For the events following the 2004
earthquake, 6 out of 14 exhibit rupture toward the southeast
and the remaining 8 exhibit rupture toward the northwest.

5. Discussion and Conclusions

[34] We use a simple comparison of displacement spectra
to estimate rupture directivity of small earthquakes at Park-
field. This method is best suited for cases of unilateral
rupture directivity along the strike of the fault toward the north-
west or the southeast, and cannot resolve rupture directivity in
cases of bilateral rupture or for events without statistically
significant rupture directivity results. A lack of available data
with adequate frequency content or poor geographic distribu-
tion of stations can also obscure rupture directivity effects
within the overall dataset. Although the effects of these lim-
itations are important to consider for rupture directivity esti-
mates of individual events, we expect this simple method to
be sufficient when working with a large set of data.

[35] Our analysis considers 2263 events (1 <M <5) at
Parkfield and produces 450 directivity estimates (2 < M < 5)
after removing events with insufficient azimuthal data cover-
age, applying corrections for propagation paths, applying
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Figure 9. Profile view showing rupture direction of events
with significant directivity results. Red ‘plus’ symbols indi-
cate southeast rupture while blue ‘open circle’ symbols indi-
cate northwest rupture. We overlay a set of arrows indicating
rupture directivity of events with M > 3. Lighter shaded
arrows indicate events in the 2004 aftershock sequence,
and the larger gray arrows mark the location and the rupture
direction of the 1966 and 2004 mainshocks (not analyzed in
this study).

corrections for attenuation within each cluster, and considering
resolution capability. Of these results, 243 are significant at the
90% confidence level. We observe a slight preference for rup-
ture directivity toward the southeast for this subset of results
with significant estimates, and the proportion of southeast di-
rectivity ruptures increases as we limit the data set to increas-
ingly larger earthquakes. These results are consistent with
those in two recent studies of rupture directivity at Parkfield,
which found that a majority of earthquakes (1.0 <M < 3.2
for Lengliné and Got [2011]; 0.5 <M < 3.0 for Wang and
Rubin [2011]) exhibited southeast rupture directivity.

[36] The bimaterial model that produces asymmetric slip
predicts a preference for southeast rupture directivity in the
scenario where an interface divides two blocks of different
rheological properties. However, the simple model of two
blocks separated by a planar fault ignores potentially impor-
tant heterogeneity of rheological properties on smaller scales,
which could modulate the bimaterial effect, and many of the
earthquakes considered in this study have rupture diameters
(~100-300m) over which this smaller scale heterogeneity
may be important. Imaging studies [e.g., Thurber et al.,
2006; Zhao et al., 2009] additionally resolve variable velocity
contrasts along-strike that may contribute to spatial variability
of rupture direction.

[37] Our relatively simple approach hides important details
when considering the full data set. For example, we observe
variability in rupture directivity patterns within spatial group-
ings of events that could correspond to smaller-scale rheologi-
cal or stress variability (Figure 6). The 207 M > 2 results that
do not meet the significance criterion may correspond to rup-
tures with bilateral or vertical rupture characteristics, or may
not have strong enough directivity to be resolved using this
method. A recent study of earthquakes at Parkfield performed
finite source inversions for a set of small earthquakes and found

sizeable vertical rupture components for some ruptures [ Uchide
and Ide, 2010]; our method cannot resolve these features.

[38] Although we note a slight preference for southeast di-
rectivity when considering the data set overall and a stronger
preference for southeast directivity among larger earth-
quakes, we observe possible temporal changes in rupture di-
rectivity related to the 2004 M 6 Parkfield earthquake. The
aftershocks of the 2004 mainshock as well as the subset of
M > 3 earthquakes following the mainshock contain a higher
proportion of events with rupture toward the northwest; this
directivity matches the rupture directivity of the mainshock.

[39] In the subset of events M >3, 70% of events exhib-
ited southeast directivity; this differs from the proportion
of M >4 events with southeast rupture cataloged by Harris
and Day [2005]. Southeast rupture directivity is predomi-
nant for M >3 events closer to the 1966 earthquake hypo-
center yet relatively comparable proportions of both directiv-
ities are observed for events closer to the 2004 earthquake
hypocenter (Figure 9). This spatial difference is consistent
with results from Lengliné and Got [2011], in which the pro-
portion of southeast directivity ruptures progressively
decreases along-strike and follows the general trend of de-
creasing material contrast observed by Zhao et al. [2009].
Whether the spatial difference in our results is due to such
a larger-scale heterogeneity in material contrast or due to
temporal effects of the 2004 sequence cannot be easily deter-
mined from the limited number of earthquakes analyzed in
that section of the fault.

[40] The overall results of our analysis cover a range of
possibilities: about half of the estimates M >2 do not pro-
duce significant values of directivity (indicating possible
vertical or bilateral ruptures), and the remaining half are split
between southeast ruptures and northwest ruptures. The de-
gree of variability in apparent rupture direction in a region
of seemingly simple geometric fault configuration suggests
that there may not be a strong preference for a particular rup-
ture direction over the full range of earthquake magnitudes.
The observation of a higher proportion of southeast directiv-
ity events for larger magnitude earthquakes is additionally
countered by the northwest directivity of the 2004 M 6 Park-
field earthquake. Given the observed spatial variability in
results, the possibility of smaller scale controls on rupture
directivity due to fault geometry, due to the presence or
absence of bimaterial interfaces along-strike, or due to hetero-
geneous stress distribution cannot be ruled out. The results of
this study and other analyses of rupture directivity of earth-
quakes at Parkfield [e.g., Harris and Day, 2005; Lengliné
and Got, 2011; Wang and Rubin, 2011] indicate that rupture
directivity is likely due to several contributing factors and
that predicting the rupture direction of future earthquakes will
be difficult even in regions that appear to have geometrically
simple faulting overall.
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