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[1] We use a novel technique based upon source array analysis to locate three moderate
earthquakes that occur at the edge of previously identified streaks of seismicity on the
Calaveras Fault, California. Our method determines centroid locations for earthquakes, in
addition to the hypocenters previously determined using first-break picks. Application
of the method to smaller earthquakes indicates that the errors associated with the locations
are on the order of 100 m, much less than the rupture dimensions of the M > 4.5 events
that we have analyzed. We treat high-precision locations of microearthquakes near the
earthquakes that we want to locate as source arrays and compute the slowness of waves
leaving these source arrays. We then use the slowness parameters to locate the earthquakes
of interest. We find that the medium-magnitude events nucleate on the streaks and
rupture into a zone devoid of seismicity. On this basis, we argue that streaks represent the
boundary between creeping and locked sections of a fault. Our location technique has the
potential for wide application, including circumstances where it may be necessary or
desirable to locate earthquakes without using direct arrivals.
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1. Introduction

[2] Recently, the seismology community has made a
considerable effort to improve the precision and accuracy
of earthquake locations. To do this, seismologists have
addressed the two largest sources of uncertainty in earth-
quake locations: unknown earth structure and inaccurate
arrival time measurements.
[3] To remove the influence of unknown earth structure,

Waldhauser and Ellsworth [2000] developed the double-
difference method, a method that relies on differential
arrival time measurements instead of absolute measure-
ments. Zhang and Thurber [2003] took the method one
step further and jointly solved for both earthquake locations
and velocity structure. Double-difference-based methods
work well for earthquakes of all sizes.
[4] Standard methods of earthquake location rely on

arrival times that are picked manually or automatically
generated, making them subject to either operator error
and/or error due to emergent onset. Measurements based
on these techniques are also limited in precision by the
sampling rate of the seismometers, as picks (manual or
automatic) cannot be more precise than the sampling rate.
The timing precision of first arrivals is usually on the order
of 10–30 ms for Northern California Seismic Network

(NCSN) data with 100 samples per second digitization.
The measurement of relative arrival times of earthquakes
using waveform cross correlation [Poupinet et al., 1984], on
the other hand, can reduce the error of relative arrival time
measurements to subsample precision (�1 ms) for similar or
nearby earthquakes. This improvement allows relative earth-
quake location with errors on the order of meters to tens of
meters. The locations produced by cross-correlation-based
methods are treated as centroids, as cross correlation focuses
on amplitudes which are controlled by the location of the
highest moment rate (slip rate). For microearthquakes, the
dimensions of which are small, this location is also
treated as the hypocenter, as the distance between the
hypocenter and centroid will be small, likely within the
uncertainty of the measurement. Obviously, this does not
apply for larger earthquakes, which have longer durations
and physical extents, such that there can be a considerable
distance between the hypocenter and centroid. The tech-
nique of applying cross correlation for improved relative
arrival times has been thoroughly explored by Schaff et
al. [2004].
[5] Although cross-correlation-based methods have proven

very useful in improving the precision and accuracy of
earthquake locations in many areas around the world, the
data available cannot always support using these methods.
Like standard earthquake location techniques, cross-
correlation-based methods can have large uncertainties in
their locations should there be a limited range of source-
receiver azimuths available. Clipped data also pose a
problem for cross-correlation methods and are typically
avoided. Clipping, in particular, affects medium-magnitude
and large earthquakes as their strong shaking can saturate
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both telemetry systems and the short-period networks typi-
cally used to locate earthquakes. Any combination of clip-
ping, poor station geometry, or a general paucity of receivers
(and therefore recordings of earthquakes) can seriously limit
the utility of or even completely prevent the usage of the
cross-correlation-based methods.
[6] In the interest of improving the locations of earth-

quakes where cross-correlation-based methods are not
useful, we developed a new technique based upon seismic
array analysis to improve earthquake locations for sparsely
recorded earthquakes. A number of studies have recently
used array analysis, based upon receiver arrays, to locate
seismic sources [Kao and Shan, 2004;Kao et al., 2005, 2006]
and image larger events [Ishii et al., 2005; Krüger and
Ohrnberger, 2005a; 2005b; Walker et al., 2005; Fletcher et
al., 2006]. In our method, we treat the precise microearth-
quake locations made possible by cross-correlation and
double-difference relocation methods as an array of seismic
sources [Niazi, 1969]. Using standard array analysis meth-
ods, we are able to determine the velocity and propagation
direction of energy that is recorded at a single station for
many different time windows. With this description of the
slowness parameters at the source array, we are able to
relocate nearby events by finding the location where its
waveform best matches that predicted by the source array.

2. Geologic Setting and Motivation

[7] We focus our attention on the interplay between
recently discovered microearthquake streaks and medium-
magnitude earthquakes that occur within them. Streaks are
lineations of seismicity within an individual fault that were
first discovered on the south flank of Kilauea volcano,
Hawaii [Gillard et al., 1996], and have since been identified
on the central San Andreas Fault [Rubin et al., 1999;
Waldhauser et al., 2004], the Hayward Fault [Waldhauser
et al., 1999; Waldhauser and Ellsworth, 2002], and the

Calaveras Fault [Schaff et al., 2002]. In all of these locations
the orientation of the streaks is approximately parallel to the
direction of slip on the fault, which suggests that streaks are
a slip-controlled process. Streaks are also consistently found
in regions where a significant portion of the slip budget
appears to be accommodated by creep. This suggests that
the interplay between creep-slip and stick-slip behaviors
may play a key role in the generation of this highly
organized seismicity pattern. Thus, understanding streaks
is important as we expect they will provide clues to the
physics underpinning fault mechanics and how slip is
partitioned on faults between creep and earthquakes.
[8] For this study, we are interested in determining

precisely the locations of three medium-magnitude earth-
quakes. These earthquakes occurred on 26 May 1996,
10 November 1988, and 13 June 1988 and are the largest
events that occurred in our study region over a period of
15 years. It follows that these events have had a strong
influence on other earthquakes and creep within the area.
The preliminary locations of these earthquakes (Md4.6,
ML4.8, and ML5.3) indicate that they are located at the ends
of three streaks on the Calaveras Fault (Figures 1 and 2)
[Schaff et al., 2002]. These locations were determined
using the double-difference method HypoDD [Waldhauser
and Ellsworth, 2000], but cross correlations were not
computed for the waveforms of these earthquakes as the
high-gain channels on the NCSN were strongly clipped. As
a result, only first breaks were used in the relocations of
these events, so we expect the locations of these earth-
quakes will represent their hypocenters, but with larger
location errors than for surrounding events as they lack the
benefit of precise relative arrival time measurements. This
differs from the locations for the cross correlation measured
microearthquakes, which represent centroid locations.
Fortunately, within the NSCN, some stations have both
low-gain channels and high-gain channels, such that the
medium-magnitude earthquakes we are interested in were
recorded unclipped at a handful of stations.

3. Method

[9] Our technique is based upon standard array pro-
cessing techniques. A thorough review of array techni-
ques is given by Rost and Thomas [2002]. In standard
array analysis, seismologists typically assume plane wave
propagation through an array of receivers with known
locations to predict the relative arrival time of phases
within the receiver array. We use the reciprocal geometry,
where we have an array of seismic sources and one
receiver to determine the propagation patterns within
our source array. A schematic description of this tech-
nique can be found in Figure 3, which is Figure 2 from
Dodge and Beroza [1997]. This method was first pro-
posed by Niazi [1969] and developed by Spudich and
Bostwick [1987]. Others have formulated techniques that
utilize both source and receiver arrays (double beam
analysis [Krüger et al., 1993] and double beam imaging
[Scherbaum et al., 1997]) to produce refined images of
the mantle and the core mantle boundary region. Here we
use source-array beam-forming to determine slowness
parameters for multiple time windows within source
arrays centered on the earthquakes that we want to locate.

Figure 1. Map of the study region and the seismometers
used. Stars indicate locations of the medium-magnitude
earthquakes we are locating. Lines indicate faults.
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Once we have the slowness parameters, we search for the
optimal location of the earthquake based on stacks of the
source array and the waveforms of the earthquake we are
locating. We discuss the method more fully below.

3.1. Precise Determination of Slowness Parameters

[10] We use the catalog of earthquakes produced by
Schaff et al. [2002] as the basis of locations for this study.
For each medium-magnitude earthquake that we are trying
to locate, we choose a source array of earthquakes to
determine wave propagation parameters. Our source arrays
are defined as any earthquake in our catalog that falls within
3 km of the medium-magnitude earthquake that we are
trying to locate. Each station has a slightly different source
array, depending on which earthquakes it recorded. We
require a minimum of 35 events contributing to the source
array to ensure a sound basis for our slowness determina-
tion. The majority of the source arrays include many more
than 35 events; in fact, many arrays include more than
100 events. We only assemble source arrays for stations
where a reliable, low-gain recording of the medium-
magnitude earthquake in question was available (the sta-
tions that we used to locate each earthquake are indicated in
Table 1, see also Figure 1).
[11] Prior to beam-forming, we band-pass filter the

seismograms from 1 to 6 Hz and normalize the power
of the traces to 1 for a 24 s window starting 2 s before
the P arrival. Traces where the signal-to-noise ratio does
not exceed 3 and seismograms that are clipped are
removed.

[12] Given the source arrays, we then use delay and sum
beam-forming to determine wave propagation parameters
for 20 time windows. The time windows are 2 s long, with
the first window centered on the P arrival. The windows are
stepped forward at increments of 1 s, such that they overlap
with adjacent windows by 1 s. We determine the optimal
slowness parameters for each of these 20 independent
windows. For any trial slowness parameters ~pacd, the source
array stack ~Sacd is determined to be

~Sacdð ~pacd; tcÞ ¼
XN

b¼1

wabðtc � ~pacd � xbÞ þ nabc ð1Þ

with

a station number;
b event number in the source array;
c time window;
d bin number for trial slowness;
t time;
w the waveform [assumed constant over the whole array];
~p trial wavefield slowness;
x the relative position of the source;
N the number of events recorded by station a in this

source array;
n noise.
[13] We use tildes to indicate that a parameter/variable

has a trial value, we search over trial parameters to optimize
a value.

Figure 2. Cross section showing locations of seismicity on the Calaveras Fault determined by Schaff
et al. [2002]. Circle size represents approximation of the source given the assumptions of circular rupture
with a 30 bar stress drop. The dark, thick circles represent the approximate rupture extent of the three
medium-magnitude earthquakes we are relocating. The stars represent hypocenters of these earthquakes
as determined by double-difference relocation by Schaff et al. [2002]. The numbers indicate the
earthquake number as referred to in the paper.
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[14] Referring back to Figure 3, we assume we know our
source locations very well (i.e., 1–4), but the propagation
velocity and paths leaving the source array (i.e., A–C), and
hence the slowness of arrivals, we treat as unknowns. We
use a grid search method to determine the optimum slow-
ness pac, by searching over velocity, azimuth, and angle of
incidence and compute the trial slowness ~pacd. For azimuth
and angle of incidence, we use a grid spacing of 5�. We
search over two velocities (3175 m/s and 5500 m/s), which
are the S and P velocities that Schaff et al. [2002] used at the
depths of the medium-magnitude earthquakes we are inter-
ested in. The velocities at these depths will not perfectly
match these numbers, but they are consistent with the
relative locations of the events within our source arrays as
originally determined by Schaff et al. [2002]. The optimum
slowness parameters pac for any station a and time window
c are selected to be those where the power of our source
array stack ~Sacd is maximized.
[15] For constructive interference to occur and our stack-

ing procedure to work, the relative errors in our earthquake
locations must be less than one fourth of the shortest
wavelength that we examine. Thus, given that the S veloc-
ities within our source region are believed to be 3175 m/s,
the error in the locations cannot exceed 130 m for us to be
certain of constructive interference. Schaff et al. [2002] cite
the relative location error within small regions to be on the
order of meters to tens of meters. On the basis of this
criterion, our methodology should work.

[16] Using the above described methodology, we com-
pute the ideal slowness parameters pac describing the
departure velocity and angles of 20 windows of energy
leaving the source region for every station/source array
pair. Some example results are shown in Figures 4–6.
Figure 4 shows that the beam-forming is working; when
the waveforms are aligned by origin time, there does not
appear to be any correlation between the waveforms, but
taking location and preferred propagation direction into
account shows a coherent waveform, the stack of which
has much more power than those aligned on origin time. In
Figure 5 we see that the stack is most powerful in a narrow
range of azimuths and departure angles. This is typical, the
majority of the energy we examine for both S and P is
coming from a very limited range of azimuths and inci-
dence angles that are close the azimuth from the station to
the receiver (Figure 6). Other studies examining the early
coda also find that the majority of energy appears to be
scattered locally near the receiver [Scherbaum et al., 1991;
Dodge and Beroza, 1997].

3.2. Precise Determination of Earthquake Locations

[17] Once we have computed the slowness estimates, pac,
for each window for each source array/station pair, we
follow a very similar method to determine the location for
the medium-magnitude earthquake. We take the preferred
slowness parameters pac determined by the above method
for an individual window of one source array at one station,
and compute a stack specific to that window-array-station
combination. This stack represents our best approximation
of what the waveform should look like for each window at a
specific station for the earthquake in question. We refer to
this as the microearthquake stack, Mac:

Macð pac; tcÞ ¼
XN

b¼1

wabðtc � pac � xb þ nabcÞ ð2Þ

Note the microearthquake stack Mac is simply ~Sacd, given
the preferred slowness parameters d. We then search over
earthquake location parameters (x, z, and t), shift the trace
of the large event accordingly, and sum this with the
microearthquake stack. If we refer to Figure 3, schemati-
cally we could say that we now know our propagation
velocities and directions (i.e., A–C), but the location of our
large earthquake is unknown so we search over locations
(i.e., 1–4) to identify the ideal earthquake location. This

Figure 3. (top) Schematic representation of source array
analysis from Dodge and Beroza [1997], which has a
vertical column of earthquake hypocenters numbered 1 to 4
and the raypaths for three arrivals A, B, and C. (bottom)
Simplified waveforms for these three arrivals and their
differing moveouts that depend on the path that they took
leaving the source array.

Table 1. List of Earthquakes Relocated by Each Station

Stationa Medium-magnitude Earthquakes Relocated

BAV 1,2,3
BSC 2,3
BSG 1,3
BSR 1
CYB 1
HPL 1,3
HQR 2
MHD 1
MPR 1
PHP 1
PJL 1
aStation locations are indicated in Figure 1.
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