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1 Abstract

It has been traditionally held that aftershocks occur within one to two mainshock fault lengths of the main-
shock. Here we demonstrate that this perception has been shaped by the sensitivity of seismic networks.
Much larger aftershock zones can be observed for the the well recorded 31 October 2001 My 5.02 and 12
June 2005 My 5.2 Anza sequences in southern California. These earthquakes occurred in the middle of
the densely instrumented ANZA seismic network and thus were unusually well recorded. For the June 2005
event, aftershocks as small as M 0.0 could be observed stretching for at least 50 km along the San Jacinto
Fault zone even though the mainshock fault was only ~4.5 kilometers long. It was hypothesized by Agnew
and Wyatt (2005) that an observed aseismic slipping patch was responsible for this extended aftershock se-
quence. An aseismic slipping patch would provide a spatially extended aftershock-triggering source, which
would presumably slow the decay of aftershock density with distance, leading to a broader aftershock zone.
Contrary to this, we find the decay of aftershock density with distance in both Anza sequences to be similar
to that observed in other California aftershock sequences. This indicates that there is no need for additional
mechanisms beyond typical seismic triggering. Our results suggest that with widespread dense instrumen-
tation, aftershock sequences would routinely have footprints much larger than currently expected. Despite
the large aftershock zone, however, we find that the probability that the 2005 Anza mainshock triggered the
M 4.9 Yucaipa mainshock, which occurred 4.2 days later and 72 km away, to be only 14% + 1%. This
relatively low probability is a strong function of the 4.2 day delay between the two earthquakes. Had the
Yucaipa earthquake occurred only 1 hour after the Anza earthquake, the probability of triggering would have

been 89%.

Supplemental Material: http://eqinfo.ucsd.edu/~dkilb/BSSA Felzer_Kilb.html

2 Introduction

The relationship between a mainshock and its aftershocks has been a topic of study for decades (Omori

1894; Benioff 1951; Utsu 1961; Scholz 1968; Nur and Booker 1972; Das and Scholz 1981; Dieterich 1994,



Toda et al. 1998; Kilb et al. 2000; Parsons 2005; Helmstetter and Shaw 2006; Hill 2008), yet many basic
questions about the physics of aftershock triggering remain unresolved (Gomberg 2001). For example we
do not know the underlying physics of how one earthquake triggers another, nor is there consensus on the
distance extent between a typical aftershock and the triggering mainshock.

Until the early 1990’s it was commonly believed that all triggered earthquakes occurred within a zone
of 1 to 2 mainshock fault lengths from the mainshock hypocenter (Hough and Jones 1997). But in 1992
researchers discovered that the My 7.3 Landers, California, earthquake triggered seismicity well beyond
this zone (Hill et al. 1993). Since then, a number of other M > 7 earthquakes (Brodsky et al. 2000;
Glowacka et al. 2002; Prejean et al. 2004; West et al. 2005) as well as smaller M 2—4 mainshocks (Felzer
and Brodsky 2006) have been shown to trigger earthquakes at distances as far as tens of fault lengths from
the mainshock. These new observations have generated substantial controversy regarding whether distant
triggered earthquakes are regular aftershocks — that is, generated by the same physical process as near field
events — or represent a separate phenomena (Hough 2005; Steacy et al. 2005; Main 2006).

One convenient place to investigate the size of the regular aftershock zone is in the Anza, California, re-
gion along the San Jacinto fault. The Anza region contains a dense seismic network operated by the Scripps
Institution of Oceanography (www.eqinfo.ucsd.edu), and this region has a substantially lower seismic atten-
uation than other densely instrumented regions in California, such as Parkfield. The benefit of data recorded
in regions of low attenuation is that a stronger signal reaches the surface, making interpretation of seismo-
grams easier. Anza is characterized by a very competent granitic geology, and despite a number of shallow
regions of low (), Hough et al. (1988) found an average () of ~1000 at seismogenic depths for P and S
waves. At Parkfield, on the other hand, Abercrombie (2000) found an average () of 200 on the southwest
side of the fault, an average @) of 100 on the northeast, and a thick layer of lower ) (varying from around
20 to 55) near the surface — a layer so thick, in fact, that the Parkfield borehole stations are deployed within
it, not below it.

My 5.02 and My 5.2 mainshocks occurred in the Anza region in 2001 and 2005, respectively (Figure
1). For both mainshocks a large number of small aftershocks were recorded, and relatively large aftershock
zones could be seen; in the case of the 2005 mainshock, aftershocks extended at least 50 km along the
San Jacinto Fault zone (Figure 2). From the empirical magnitude/fault length relationships of Wells and

Coppersmith (1995) we estimate that the My 5.2 2005 mainshock was only ~4.5 kilometers long. The
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observed 50 km long aftershock zone was viewed by the seismological community as an uncommon oc-
currence, possibly caused by an observed aseismic slip patch that presumably encompassed the region of
aftershock activity (Agnew and Wyatt 2005). Although the recording of this sequence is unprecedented,
the data are not sufficient to determine the exact position or size of this aseismic slipping patch. It is also
not known whether large patches of aseismic slip routinely accompany earthquakes because the strainmeter
instrumentation needed to record these phenomena is not commonly used, and was not even operational
during the 2001 Anza mainshock/aftershock sequence.

In this paper, we demonstrate that the large extent of the 2005 Anza aftershock sequence was likely not
caused by an unusual event because the density of aftershocks decayed with distance from the mainshock
fault at the same rate as observed elsewhere in California. This typical decay was also seen after the 2001
sequence. Furthermore, both Anza sequences agree well visually with simulations of normal aftershock
sequences with low earthquake catalog completeness levels. This suggests that if we could routinely catalog
many small aftershocks, most aftershock zones would appear to cover a wide area. We also demonstrate
that despite the large aftershock zones of the Anza earthquakes the My 4.9 earthquake near the town of
Yucaipa, which occurred 4 days after and 72 km away from the 2005 Anza epicenter, was probably not an

aftershock of the 2005 Anza earthquake.

3 Data

We examine the mainshock and aftershock sequences of the 31 October, 2001 My 5.02 Anza earthquake
(33.52°; -116.50°; depth 18) and 12 June 2005 Anza Myy 5.2 earthquake (33.53°, -116.58°, depth 14.1 km).
We also look at the relationship between the 2005 Anza mainshock and the My 4.9 Yucaipa earthquake
(33.99°, -117.03°, depth 17 km) that occurred 4 days later. The two Anza sequences occurred directly under
the ANZA seismic network (see Data and Resources Section), which spans the San Jacinto fault zone in
southern California (Berger et al. 1984; Vernon 1989). Rarely are continuous waveform data of such high
quality available. Within our local study region (32.0°< lat <34.5°; -117.90°< lon<-115.60°; depth< 25
km) the Anza network catalog contains 499 and 1615 earthquakes, in total, in the initial two days for the
2001 and 2005 sequences, respectively, and clearly captured many more small earthquakes than was possible

just a decade ago (Figure 3).



We augment the 2005 ANZA Network data with data from the Southern California Seismic Network
(SCSN) catalog (see Data and Resources section). We quantify the degree of variability between the ANZA
and SCSN catalogs by comparing 881 earthquakes common to both catalogs (350 in the 2001 sequence
and 531 in the 2005 sequence). The ANZA network reports that the earthquakes are deeper on average by
approximately 2-3 km. The ANZA and SCSN catalogs also differ on the magnitudes of the earthquakes; the
median difference between the assigned magnitudes is about 0.5+0.3, with earthquakes in the SCSN catalog
on average ~(0.5 magnitude units higher than the corresponding earthquake in the ANZA Network catalog,
although with significant scatter (Figure 4). The discrepancy in magnitude likely arises from a combination
of different station corrections used by the two networks and the fact that the primary footprint of the
ANZA network spans a relatively small area (Frank Vernon, personal communication). These data have
hypocentral distances <20 km, and short hypocentral distances have been shown to bias M, magnitudes

downwards (Bakun and Joyner 1984).

4 Method

4.1 Investigating the large spatial extent of the Anza aftershock sequences

The first question we address is whether the spatially extended 2005 Anza aftershock sequence comprises
normal, seismically triggered aftershocks or, alternatively, aftershocks triggered by a zone of extended aseis-
mic slip. We do this by measuring how quickly the density of triggered aftershocks decays with distance
from the mainshock fault plane and visually comparing the sequence with simulated ones that follow typical
aftershock statistics. Included in our simulation is a low aftershock magnitude detection threshold compa-
rable to the one attained by the ANZA network. To assess our results, we determine if the Anza aftershock
density decays with distance like normal sequences, indicating no triggering by aseismic slip is required, or
if the density decays more slowly, suggesting triggering by an aseismic slip patch is more plausible. Using
this approach we are assuming that aseismic slip patches do not routinely accompany M 5 earthquakes.
Felzer and Brodsky (2006) found that for southern California aftershock sequences aftershock density
decays on average with distance, 7, as
p(r) = er= 137 (1)

where r is the shortest distance, in 3D, between the aftershock and the mainshock fault plane, c is a constant
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that varies with mainshock magnitude, minimum aftershock magnitude, and elapsed time, and p(r) is linear
density, which measures the number of aftershocks per kilometer. We compare the results from Equation 1
with data from the Anza Seismic Network and SCSN and determine if they differ using three different tests.

First, we count the number of earthquakes in annuli around the 2001 and 2005 Anza mainshocks and
compare these values with predictions from Equation 1. Second, we measure and fit the linear density of
the Anza aftershocks as a function of distance. The linear density is measured with the nearest neighbor
method (Silverman 1986), which is a non-parametric measurement. The aftershocks are first plotted on a
line as a function of their distance, 7, to the mainshock fault (Figure 5). Consecutive points on the line are
then placed into groups, with the same number of aftershocks in each group. The density at the center of

each group, at distance 7. from the mainshock, is given by

plre) = — 2

where k is equal to the number of points in each group and r,, is the length of the nth group, as illustrated
in Figure 5. We use k£ = 1, which maximizes the data scatter but gives us the lowest parameter fitting error
because smoothing, and information loss, is minimized. The azimuth of the aftershocks is not used in the
calculation of linear density and does not affect the results.

Finally, we do a visual comparison of the Anza aftershock sequences with simulations made with the
ETAS aftershock model (Ogata 1988; Felzer et al. 2002; Helmstetter et al. 2006). The ETAS model sim-
ulates aftershocks using robust empirical laws of aftershock behavior. The laws we use are the modified
Omori law for aftershock rate decay with time (Utsu 1961) (see Appendix A for the calculation of our
modified Omori law parameters), the Gutenberg-Richter magnitude-frequency relationship (Gutenberg and
Richter 1944), with a b parameter of 1.0, and the Felzer-Brodsky relationship (Felzer and Brodsky 2006)
(Equation 1) for the decay of aftershock density with distance. The largest aftershock we allow in the simu-
lation is M 3.65, which is the magnitude of the largest earthquake in the data catalog for this region. Using
the maximum magnitude in the real data for the simulation is important because the overall productivity of
the aftershock sequence will vary with the largest aftershock magnitude, and the apparent spatial extent of
the aftershock sequence, in turn, varies with this overall productivity.

We inspect aftershocks in the first two days of the aftershock sequences for both the 2001 and 2005



mainshocks because this time period is short enough to minimize the inclusion of unrelated background
earthquakes while being long enough to provide a reasonable amount of aftershock data. Because we use
data down to small magnitudes and over a large area, the background earthquakes can accumulate quickly,
so a short time period for measuring aftershocks is essential.

An important issue for all of our tests is catalog completeness. When we measure the decay of aftershock
density with distance we do not need our catalog to be 100% complete above our chosen magnitude thresh-
old, but we do need the level of completeness to be consistent over the distance range inspected. We test
for completeness consistency by measuring the correlation coefficient between distance from the mainshock
and the magnitudes of aftershocks in the ANZA catalog. Limiting our catalog to M > 0.5 earthquakes we
find no significant correlation for distances ranging up to 40 km. Beyond 40 km, the correlation becomes
positive, presumably because we are leaving the core of the Anza network and completeness is decreasing.
For our quantitative measurements of aftershock density as a function of mainshock-aftershock distance we
therefore limit our data to M > 0.5 earthquakes located at < 40 km or less from the mainshock fault plane.

For our qualitative comparison between the Anza 2001 and 2005 aftershock sequences and the ETAS
simulation of these sequences we need an estimate of the absolute completeness threshold, which will serve
as the minimum magnitude for our simulations. Determining the absolute completeness threshold is a very
difficult task. The most comprehensive method for solving for completeness over a region is to invert for the
detection sensitivity of nearby seismic stations and then forward-solve for the completeness at each point
given its distance from each station (Schorlemmer et al. 2006). This method is complex, however, and
our current problem does not require such an accurate solution. So instead, we estimate the completeness
threshold from a magnitude frequency plot of the data, determining at what magnitude the number of earth-
quakes falls below that predicted by the Gutenberg-Richter magnitude frequency relationship (Gutenberg
and Richter 1944). This method yields completeness thresholds of M ~1.5 and M ~1.0 for the 2001 Anza
sequence in the SCSN catalog and Anza network catalogs, respectively. For the 2005 Anza sequence the
fall off occurs at M ~1.0 in the SCSN catalog (Figure 6). A fall off is not readily apparent in the Anza
network catalog for magnitudes down to M 0. Since we previously found evidence of the catalog becoming
incomplete below M 0.5 near the edges of the Anza region, we assign a threshold of M 0.5 for this catalog.

Another concern with our data is potential inaccuracy in the calculated distances between the aftershocks

and the mainshock fault plane in the near field, caused by errors in aftershock locations and our assumption
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that the Anza 2001 and 2005 mainshocks ruptured perfectly planar faults. Most large earthquake rupture
planes have complexities, such as irregular fault surfaces, step overs, and bends. A study by Walker et al.
(2005), found aftershocks in the 2001 Anza sequence to be quite heterogeneous (41% strike slip, 41% thrust,
and 18% normal based on earthquakes in the first month of the sequence), suggesting that this mainshock
fault surface was particularly complex. To avoid this near field complexity, which prevents us from knowing
exactly where the mainshock fault is located, we do not use aftershocks that are closer than 4 km to the
modeled position of the mainshock fault plane in our quantitative analysis. The 4 km limit is approximately
the average fault length of our mainshocks.

Our distance, time, and magnitude cutoff requirements as specified above, results in a total of 68 af-
tershocks for quantitative analysis of the Anza 2001 earthquake using the ANZA catalog, a total of 49
aftershocks for analysis of Anza 2005 from the ANZA catalog, and a total of 55 aftershocks for our quanti-
tative analysis of the 2005 mainshock using the SCSN catalog. For the qualitative comparison of map views
of the data with map views of the simulations, for which we cover distances from 0 to 100 km and use
different magnitude cutoffs as specified above, we have 198 M > 1.0 aftershocks in the first two days of the
2001 Anza network catalog and 387 M > 0.5 aftershocks in the first two days of the 2005 Anza network

catalog.

4.2 Investigating whether the Yucaipa earthquake was triggered by the 2005 Anza main-
shock

Given the proximity in space and time between the 2005 Anza and Yucaipa earthquakes (4.2 days and
72 km), and the broad region covered by the 2005 Anza aftershocks, we investigate the probability that
the Anza mainshock triggered the earthquake in Yucaipa. A precise solution would require knowing the
seismicity rate in the Yucaipa region at the time of the Yucaipa earthquake had the Anza mainshock not
occurred. Answering this question requires accurate compilation of the local background rate plus the af-
tershock sequences of all earthquakes that could possibly affect the region at that time. Even if we could do
this calculation with high precision we would still be left with the vexing question as to what the appropriate
spatial extent is of the “Yucaipa source region”, ie., over what region should this background rate be calcu-
lated? Because it is currently impossible to answer these questions without large uncertainties, we instead

compute a general empirical solution of the probability that a M 5-6 mainshock in California will trigger
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an M > 4 earthquake occurring four days after and more than 72 km away. This general calculation also
has the benefit of being applicable to other triggering scenarios. We use M 4.0 as our cutoff, rather than M
4.9, because this lower threshold increases our chances of actually capturing distant aftershock triggering
by nearly tenfold. Repeated study has shown that aftershocks follow the Gutenberg-Richter mgnitude fre-
quency relationship, and thus if M > 4 aftershocks occur then so will M > 4.9, just at roughly one tenth
the rate (Felzer et al. 2004).

To compute the empirical solution we first select all M 5 — 6 earthquakes from the SCSN and the Ad-
vanced National Seismic System (ANSS) catalogs occurring in California from 1984-2006 that were not
preceded within T'1 days by a larger earthquake anywhere in the state. This exclusion is done so that the
resulting catalog will contain earthquakes that are much more likely to be triggered by the selected main-
shocks than by some larger earthquake. We next chose an earthquake triggering inspection time, 7'2, which
spans from the mainshock event to T2 days latter. Finally, the “background” seismicity rate is estimated
from seismicity occurring from time —7'3 to -0.5 days before the mainshocks. Seismicity occurring in the
last 0.5 days before the mainshock is not included because the seismicity rate can be strongly increased by
foreshock activity right before the mainshocks. Because it is impossible to entirely remove aftershocks of
foreshocks from the data, technically the triggered earthquakes that we observe could have been triggered
by either the target mainshocks or aftershocks that preceded them within 12 hours.

The year 1984 is chosen as a starting point for this exercise because after this date a good, statewide,
instrumental earthquake catalog exists. We find that the background rate measured for a particular choice
of T'1, or the exclusion time after larger earthquakes, is fairly stable for choices of 7'3 (the time at which
we start measuring background earthquakes) ranging from 25 to about 75 days (unless 7’1 < 75, in which
case the range of stability is narrower). Values of 1'3 shorter or longer than this result in higher background
rates; in the first case because the rate becomes too dominated by foreshock activity, and in the second
case because we start capturing too many aftershocks of the larger mainshocks that occurred prior to 7'1.
The background rate does vary by a factor of about 2 when 71 is varied between 50 and 500 days. For
T1 = 50 days, for example, and T'3 = 25 days, we measure a background rate at > 72 km of 0.035
M > 4 earthquakes/day, whereas T'1 = 400 days gives 0.02 M > 4.0 earthquakes/day. The reason for the
decrease in the “background” rate with increased 7'1 is that larger values of 7’1 mean more time since the

last larger earthquakes, and hence fewer residual aftershocks of these earthquakes are occurring. The 2005
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Anza mainshock occurred 257 days after the last M > 5.2 earthquake in California. Setting 71 = 257
days and allowing 7'3 to vary from 25 to 75 days we recover a mean background rate of 0.0285 M > 4
earthquakes/day with a 98% confidence range from 0.0255 to 0.0293 M > 4 earthquakes/day.

Estimating the percentage of triggered earthquakes within the triggering inspection time, and hence the
probability that any particular observed earthquake, such as the Yucaipa earthquake, was triggered by an
earthquake in the mainshock data set, is done by simply subtracting the calculated background earthquake

rate from the total rate observed in the triggering inspection time and then dividing by this total. That is,

P = (Tot— B)/Tot 3)

where P = the percentage triggered, T ot is the total number of earthquakes observed, and B is the calculated
background rate. As demonstrated above the value of B is generally quite stable if we use inspection time
periods of 25 to 75 days and a constant value of 7'1. Estimation of T'ot, however, is affected by two sources
of error. The first is the random Poissonian variation in the number of background earthquakes that will
occur during the triggering inspection time, even if the average background rate is stable. The other source
of error is the limited number of mainshocks, meaning that the average triggering rate observed for the
mainshocks available might not be the true population average. Both of these errors are considered in the

calculations below.

5 Results

5.1 Aftershocks of the Anza earthquakes

We find that aftershock density as a function of distance from the mainshock for both Anza mainshocks
follows an inverse power law decay, with decay rates a bit steeper than the California average (Figure 7).
This indicates that the spatial distribution of Anza aftershocks are similar to those observed in other, assumed
typical, aftershock sequences. We conclude that there is no excess aftershock activity at distance that would
indicate the need for an unusual triggering mechanisms such as an aseismic slip patch.

We next confirm that the decay of aftershock density with distance for the Anza sequences is normal by
counting the number of earthquakes in different distance annuli around the mainshocks. The mean number

of earthquakes that we expect in each annulus is given by Equation 1 where the constant c in that equation
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is determined from the total number of aftershocks observed in the annulus stretching from 4 to 10 km. The
98% range on the number of earthquakes that we expect to observe in each annulus, given data set size, is
calculated via 500 ETAS simulations. We find that the 16-22 km distance bin for the 2001 sequence has
fewer aftershocks than expected, falling below the 98% confidence interval of the model, but the number
of aftershocks within the rest of the annuli for both the 2001 and 2005 sequences are within the expected
ranges (Figure 9).

As a final test, we qualitatively compare map views of the 2001 and 2005 Anza aftershock sequences
with our ETAS simulated aftershock sequences. All simulations compare favorably with the data. This
demonstrates that when aftershock sequences following the statistical empirical laws modeled by the ETAS
simulation are visualized down to aftershocks as small as M 0.5 or M 1, the spatial distribution appears
much larger than if only viewing aftershocks M > 2.0, which is the more common completeness threshold

in California (Figure 8).

5.2 Triggering of the Yucaipa Earthquake

We next investigate if the 2005 Anza mainshock triggered the 2005 Yucaipa earthquake (the time and space
separation between these two events was 4.2 days and 72 km, respectively). Over the last 60 years there
has been an average of 3.6 M > 4.9 earthquakes recorded per year in our southern California study region
(including all aftershock sequences). Thus if we were to assume a stationary seismicity rate, the probability
of randomly having two M > 4.9 earthquakes separated by 4 days or less is only ~3%.

We estimate, as described in Equation 3, the probability that the Yucaipa earthquake was triggered by
the Anza earthquake by looking at triggering, at distances up to 72 km, of M > 4 earthquakes surrounding
M 5-6 mainshocks. Our catalog, generated by the Working Group on California Earthquake Probabilities
(WGCEP) (Felzer and Cao 2008), includes data from California and regions with 100 km of California,
which occurred between 1984-2006. We assume the 72 km distance between the Anza and Yucaipa main-
shocks has minimal (i.e., < 2 km) and so no other distance ranges are tested.

The first important result is that we can observe clear triggering (> 98% confidence) by the M 5-6
mainshocks at distances of > 72 km for short time periods after the mainshocks. For a larger earthquake
exclusion period, T'1, of 200 days, and an inspection window, T2, of 0 to 0.5 days, for example, Equation

3 gives that 92% of the earthquakes at > 72 km are triggered by the mainshocks, with a 98% confidence
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range of 50% to 100%. The large error bars result from the small number of earthquakes available for the
calculation; with the stated parameters we have only 28 mainshocks and a total of only 4 observed M > 4
earthquakes at > 72 km and O to 0.5 days, O to 2 of which may be background earthquakes. The important
point is that we can be highly confident that some triggering is occurring, even though 72 km is more than
~ 5 times longer than the fault length of our largest mainshock. If we increase 1'1 to 400 days, lowering
the background rate, we recover that 97% of the earthquakes at > 72 km and 0-0.5 days are triggered by
our mainshocks, with a 98% error range from 66% to 100%. The occurrence of some amount of triggering
at > 72 km and 0-0.5 days can be verified at over 98% confidence for all values of 7'1 between 50 and 500
days; for T'1 less than 50 days there is too much interference from aftershocks of larger earthquakes to see
a clear triggering signal, and for 7'1 greater than 500 days there are simply too few qualifying mainshocks.
The existence of triggering at > 72 km can also be seen at 98% confidence at 0.25 to 0.75 days for values
of T'1 between 250 and 500; for 7'1 = 250 days, for example, we have that 90% of the earthquakes are
triggered with a 98% confidence range from 50% to 100%.

Triggering cannot be verified with high confidence for an inspection time, 72, of 0.5 to 1.0 days, or
any later time period, however, regardless of the choice made for 7'1. This may be because the triggering
stops, in which case the Yucaipa earthquake could not have been triggered by the 2005 Anza mainshock.
Alternatively triggering may continue but at such a low rate that it cannot be seen above the background
rate at high statistical confidence in our limited sample. If, for example, the background rate is such that we
expect between B1 and B2 background earthquakes to occur in the 0.5 to 1.0 day time period, then in order
to observe statistically significant triggering we need the total number of earthquakes observed to be > B2.
If we can show that the rate of triggering is such that > B2 total earthquakes may be reliably expected, yet
triggering is not observed, then we may conclude that triggering at > 72 km ceases after ~ 0.5 days. On the
other hand if we find that the the number of earthquakes triggered should be < (B2 — B1) the majority of
the time then it is reasonable to assume that the triggering continues, as it continues past 0.5 days at closer
distances, but that the signal to noise ratio is low.

To determine if the total number of earthquakes should be > B2 we need to find what the aftershock rate

should be at 72 km and 0.5 to 1 days, which we do by extrapolating the triggering rate observed at 0.25-0.75
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days using Omori’s law for aftershock decay (Omori 1894),

r= Kt )

where 7 is the aftershock rate, ¢ is time, and K and p are constants. Here we do not include the ¢ value used
in the modified Omori law (K (¢t + ¢)P) (Utsu 1961) because the c value is generally small (<< 1 day) and
thus unimportant given that we are starting at 0.25 days. We also do not have enough data to solve for the
value of p, so we set it at the average California value of 1.08 found by Reasenberg and Jones (1989). We
then find the full range of possible values of K by setting 7'1, or the exclusion period for larger earthquakes,
at varying values between 50 and 500. Accounting for Poissonian and measurement error, we obtain a range
of K from 0.0121 to 0.0279, where K is calculated for a mainshock magnitude average of M 5.4 and the
production of M > 4 aftershocks per day.

Now returning to the data set, if we set 7'1 to 400 days, giving us the lowest background rate of 0.02 M >
4 earthquakes/day/mainshock, then we have 11 mainshocks. This gives that from 0.5 to 1.0 days we expect a
total background rate of (0.02/2) x 11 =0.11 background earthquakes, or an actual earthquake count of 0 to
1 98% of the time (B1 = 0, B2 = 1). This means that we need to observe 2 or more earthquakes to clearly
ascertain triggering. Assuming the highest value of K (0.0279) we expect these mainshocks to produce
0.0015 M > 4 aftershocks/mainshock over the time period 0.5 - 1.0 days, or a total of (0.0015%11) = 0.0165
aftershocks, which translates to a single observed aftershock only ~ 1.6% of the time, and 2 aftershocks
only ~ 0.01% of the time. Thus with this data set we are unlikely to observe statistically clear triggering
at 0.5 - 1 days, even if the triggering process is still occurring. We next try setting 7'1 = 50, increasing
our data set to 67 mainshocks and the background rate to 0.035 M > 4 earthquakes/day/mainshock. In this
case the expected number of background earthquakes over the observation period is 0 to 4, and the expected
number of aftershocks is 0 (90% of the time) to 1 (9.95% of the time). Running 1000 Monte Carlo trials
indicates that we can only expect a total of > 5 earthquakes to occur 0.1% of the time — so it is no surprise
that we do not observe significant triggering in our sample.

On the basis of the above calculations, if we assume that triggering at > 0.5 days and > 72 km does
in fact continue, just at rates too small to be observed above background in our limited data set, then the

2005 Anza earthquake may have triggered the earthquake at Yucaipa 4.2 days later, and the values of K and
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the background seismicity rate solved for above may be used to solve for the probability that this triggering
did in fact occur. First we note that the K value solved for above is referenced to M 5.4 mainshocks; to
correct this to the M 5.2 magnitude of the Anza mainshock we multiply by 10>4~52 = 1072 (Felzer et al.
2004). We also use the lowest value of K from the range given above, since it is the closest to the value
found for the majority of choices of T'1. This gives us a triggering rate of 0.0045 M > 4.0 earthquakes per
day at 4.2 days and > 72 km. Substituting this into Equation 3 and using the background seismicity rate
for Anza given above (e.g. for T'1 = 257 days) gives a 14% =+ 1% probability (98% confidence interval)
that the Yucaipa earthquake was triggered by the Anza mainshock. Note that if the 2005 Anza and Yucaipa
earthquakes had a smaller temporal separation, the probability of a triggering relationship would have been
much higher. For a one hour separation, for example, the probability of triggering would have been about

89%, and for a 12 hour (half day) separation, the probability would be about 36%.

6 Discussion

The size of an aftershock zone can appear misleadingly small if substantial effort is not taken to catalog
small magnitude aftershocks using data recorded by robust seismic networks close to the source region.
Our analysis of the M,, 5.2 Anza 2005 aftershock sequence illustrates how strongly our perception of the
spatial extent of an aftershock sequences is shaped by monitoring. Traditionally, instrumentation and routine
processing in southern California limit the detection of aftershocks to those larger than approximately M
2. For large mainshocks, even many M 2 aftershocks cannot be initially observed (Enescu et al. 2007;
Kilb et al. 2007). If only the few M > 2 aftershocks of the 2001 and 2005 Anza mainshocks had been
observed, these sequences would have appeared to cover a much smaller area than the area revealed when
M > 1.0 or M > 0.5 aftershocks are included (Figure 2). In fact, the clearly clustered area of M > 2
aftershocks are within the 1 to 2 mainshock fault length radii region previously assumed to be the limits of
an aftershock zone. The dense instrumentation, careful processing, and low attenuation at Anza provides
the unique opportunity to observe a much larger spatial extent of aftershocks (see supplemental movies
http://eqinfo.ucsd.edu/~dkilb/BSSA Felzer_Kilb.html). These observations clearly support the idea that the
spatial footprint of aftershock zones can extend out to tens of kilometers, even after small or moderate

mainshocks.
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We emphasize that our results do not indicate that aftershocks routinely occur out to ten fault lengths
whatever the magnitude of the mainshock, but rather that they can occur out to at least 50 km after moderate
earthquakes. This result is consistent with others in the literature, for example Felzer and Brodsky (2006)
demonstrated that aftershock zone size does not in fact scale with mainshock fault length, and that the per-
ception that it does simply results because larger mainshocks have more aftershocks, and usually only the
larger aftershocks (e.g. a small percentage of the total) can be identified. They conclude that for mainshock
magnitudes of at least M 2-6 aftershocks occur out to at least 50 km independent of the mainshock mag-
nitude. This result is consistent with the 50 km spatial extent of the Anza 2005 sequence found in this
study.

Guided by observational limitations, aftershock zones containing “normal” aftershocks (presumably
all triggered by the same physical mechanism), were previously expected to be limited in size because it
was assumed that the aftershocks were triggered by static stress changes, which decay very quickly with
distance. A number of recent papers, however, have found evidence that most early (and quite possibly
later) aftershocks, at all distances, are likely triggered by the more slowly decaying dynamic stress changes
(Kilb et al. 2000; Parsons 2002; Gomberg et al. 2003; Prejean et al. 2004; Felzer and Brodsky 2006;
Mallman and Zoback 2007). Perhaps one of the most convincing studies is the recent demonstration by
Pollitz and Johnston (2006) that seismic events occurring near San Juan Bautista produced at least 10 to 20
times more aftershocks than nearby aseismic episodes with similar seismic moment release.

If most aftershocks are triggered by dynamic stress changes, and if the triggering of some aftershocks at
far distances is a standard occurrence, even for smaller mainshocks, then there could be a causal relationship
when two earthquakes occur relatively close in time to each other, even if they are separated by a significant
distance. In the case of the 2005 Anza-Yucaipa pair, we find a 14% +1% probability that Yucaipa was
triggered by the Anza mainshock, which is not very large, but non-negligible. Due to the rapid inverse
power law decay of aftershock rate, the probability of triggering would have increased substantially if the
two earthquakes had been closer together in time (i.e., if the time separation was 1 hour the probability of
a triggering relationship would have been about 89%). These numbers, and the parameters solved for to
calculate them, provide a general basis to estimate the probability of a triggering relationship between two

California earthquakes.
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7 Conclusions

Aftershocks of the 2005 My, 5.2 Anza earthquakes extended along ~50 km of the San Jacinto fault — a
distance of over ten times the ~ 4.5 km fault lengths of the mainshock. This was viewed as unusual because
it has been traditionally held that the normal aftershock zone extends only 1 to 2 fault lengths from the
mainshock. Here, we have demonstrated that the common perception of aftershock zone size is highly
colored by the sensitivity of the seismic network. At Anza, as a result of dense instrumentation and low
attenuation, many aftershocks as small as M 0.5 and M 0.0 could be detected, and we have shown that
this higher detection is sufficient to explain the extended appearance of the aftershock zone for the 2005
earthquake and also for an My 5.02 earthquake that occurred at Anza in 2001. Models of typical California
aftershock sequences with aftershock detection as good as that at Anza appear similar to the Anza sequences,
and the decay of aftershock density with distance from the mainshock fault planes at Anza is as rapid as for
other mainshocks in California. These data support the hypothesis that aftershocks routinely occur over
distances much greater than two mainshock fault lengths. The reason this extended aftershock zone is a
relatively new idea is because it requires a sophisticated network and data cataloging team to capture and
catalog the small earthquakes that make up most of the extended aftershock zones.

We also calculate the probability that the 2005 Anza My 5.2 mainshock triggered the 2005 Yucaipa
My 4.9 earthquake, which occurred 4 days later at a distance of 72 km. Based on a 60 year data catalog
for the region, the long term probability of randomly having two magnitude ~4.9 earthquakes separated by
4 days or less is only ~3 %. To estimate the probability that the Anza earthquake triggered the Yucaipa
earthquake we look at the triggering of M > 4 earthquakes at similar distances and times using 67 M 5-6
California earthquakes. We find triggering occurring (increase of observed seismicity over the background
rate at > 98% confidence) at distances > 72 km out to times of 0.25 - 0.75 days after the mainshocks. At
later times the triggering rate becomes too low to detect aftershocks above the background rate with high
confidence. If we assume that triggering is still occurring nonetheless, and use Omori’s law to extrapolate
aftershock rates observed earlier to the 4.2 day separation between the Anza and Yucaipa events, we estimate

a 14% +1% probability that the Yucaipa event was triggered by the Anza mainshock.
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8 Data and Resources

Earthquake catalog data was obtained from the Southern California Seismic Network (SCSN) and by per-
sonal communication with members from the Anza seismic network team (http://eqinfo.ucsd.edu/deployments/anza/index.ph
last accessed June 28, 2007). SCSN data was obtained from the web page http://www.data.scec.org/catalog_search/date_mag_
and was last accessed June 9, 2006. We also use M > 4 1984-2006 catalog data from the Working Group

on California Earthquake Probabilities catalog (Felzer and Cao 2008).
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Appendix A: Solving for southern California direct modified Omori law pa-

rameters

One of the important components of our ETAS simulations is the modified Omori law (Utsu 1961), which
gives the aftershock rate as a function of time. It has been shown that mainshock and aftershock magnitude

may be incorporated into the equation and the law written as aftershock rate, R, given by:
R = k10Mmain=Maje) (t 4 ¢) 7P, (5)

(Felzer et al. 2002) where M4y, is mainshock magnitude, M, s; is the magnitude of the smallest aftershock
counted, and k, ¢, and p are constants. These constants are often used to describe the activity of the entire
aftershock sequence — that is the compilation of direct and secondary triggers. In ETAS modeling, however,
the direct versions of these parameters must be used — that is, the parameters which describe the activity

level, with time, of direct aftershock sequences only. The full aftershock sequences are then naturally
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formed as the direct aftershock sequence of each earthquake and the direct aftershock sequence of each
of its aftershocks is simulated. Unfortunately, solving for the direct Omori law parameters is much more
difficult than solving for parameters that describe full aftershock sequences.

To solve for the direct Omori law parameters for the ETAS simulation, we first need to make a distinction
between the magnitudes M, and Mins. Mpmin is the true, but unknown, magnitude of the smallest
earthquake in the system that produces aftershocks. M,,;ns is the smallest magnitude used to produce
aftershocks in the ETAS simulation. A decrease in M,,;,s results in more accurate simulations, but the
number of required calculations increases exponentially.

For our simulations we use M,,;,s = 0.5 when modeling aftershocks of the Anza mainshocks. The
long term direct p value does not vary with M,,,;,s (Sornette and Sornette 1999) and so we use the value of
1.34, solved for by Felzer et al. (2003). Since k and ¢, on the other hand, increase with M,,;,s, we start with
k = 0.0053 and ¢ = 0.085, which were solved for by Felzer et al. (2003) for M,,;,s = 0, and then increase
these parameters incrementally until 100 thirty-day ETAS simulations for a M 6.0 mainshock produce on
average about 10Mmain—1.2=Mmins aftershocks, which was derived from Bath’s Law (Bath 1965; Richter
1958) see Felzer et al. (2002) and Helmstetter and Sornette (2003).

We further adjust £ and c to fit our observation that southern California M > 5.5 earthquakes (in our
1984-2006 data base) have approximately 0.12 as many aftershocks from days 10 - 30 after the mainshock
as from days 0 to 10. We also match the aftershock rates in the first two days, and the first five days, of
the aftershock sequences of 62 M 4.7 - 5.7 southern California mainshocks occurring from 1984 through
2006. This mainshock magnitude range was chosen to span the magnitude of the 2005 M 5.2 Anza earth-
quake. The M 4.7 - 5.7 mainshocks chosen comprise all of the earthquakes in this magnitude range that
occurred at least one year after and/or four fault lengths away from any larger earthquakes, thus ensuring
that their observed early aftershocks are primarily their own and not part of a larger aftershock sequence.
We express aftershock rates in terms of the number of aftershocks with magnitudes larger than or equal to
their mainshock magnitude over a specified time period. We thus measure an average rate of 0.043 £ 0.036
mainshock/aftershocks over the first two days of the sequences, where error is given at the 98% confidence
level solved from 500 bootstraps of the data, and a rate of 0.055 £ 0.03 mainshock/aftershocks over the
first 5 days. In comparison, when we calculate ETAS simulations for the aftershock sequence of an M 5.2

mainshock with our final parameters for M,,;,s = 0.5 (Table 1) we recover a two day aftershock rate of
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0.0426 4 0.0006 aftershocks/mainshock (1000 simulations run, 500 bootstraps used to obtain 98% confi-
dence error), and a 5 day total of 0.0532 £ 0.0008 mainshock/aftershocks. Thus, modeled and observed

aftershock rates compare favorably.
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Tables

Table 1 Direct aftershock parameters for use in the ETAS simualtions. M,,;»s is the magnitude of the

smallest earthquake used in the simulations. k, p, and c are modified Omori law parameters (Equation 5).

Figures

Figure 1 The Anza 2005 My 5.2 and Yucaipa 2005 My 4.7 earthquakes (labeled large stars). The 2001
My 5.1 Anza mainshock (square) was within ~5 km of the 2005 Anza mainshock. Also shown are ANZA
network stations (black triangles), SCSN stations (grey triangles) and 154 larger events in the region, M>
4.0, from the ANZA catalog that occurred during years 1982 to 2005 (grey circles)

Figure 2 Map of the first two days of the aftershocks in the 2001 and 2005 Anza sequences, recorded by
Anza Seismic Network stations (inverted triangles). To illustrate that the sequences would appear spatially
much smaller if only larger earthquakes had been observed, we present data restricted to various magnitude
ranges (indicated in plot titles). For reference, a 40 km radius circle is drawn around each mainshock
epicenter. (A) Map of the 198 recorded M > 1.0 earthquakes in the Anza 2001 sequence. (B) Map of
the 387 recorded M > 0.5 earthquakes in the Anza 2005 sequence. (C) Map of the 15 recorded M > 2.0
earthquakes in the Anza 2001 sequence. (D) Map of the 25 recorded M > 2.0 earthquakes in the Anza 2005
sequence. For comparison, the squares in each figure show seismicity in the 2 days before each mainshock,
down to the same magnitude cutoffs. There was very little seismicity in the two days preceding the 2005
mainshock.

Figure 3 Temporal examination of earthquake magnitudes (points) recorded by the SCSN and ANZA net-
works. Data is restricted to the region: 33.3° < lat < 33.75°, -117.25° < lon < -116.25°. This region
was chosen to be as big as possible while at the same time avoiding the large signature of the My, 7.3 1992
Landers earthquake and the My 7.1 1999 Hector Mine earthquake. Only recently have small magnitude
earthquakes been routinely recorded and cataloged, as indicated by the decrease in the median earthquake
magnitude for a moving window of 250 consecutive events (non-linear grey line). For reference, the shaded
region encompasses magnitudes below 0.5. (a) SCSN data (35,293 earthquakes). (b) ANZA data (23,922
earthquakes.

Figure 4 Comparison of earthquake magnitudes for common event pairs in the ANZA and SCSN catalogs.
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Data consists of 350 and 531 earthquake pairs in the 2001 and 2005 sequences, respectively. The mean
difference in magnitudes for the 2001 sequence is 0.6+0.3 and for the 2005 sequence is 0.5+0.3. (a)
Magnitude histogram of data from the ANZA network catalog for the 2001 sequence. (b) as in (a) but for
the SCSN catalog. (c) Magnitude histogram of data from the ANZA network catalog for the 2005 sequences.
(d) As in (c) but for the SCSN catalog.

Figure 5 Schematic of measuring linear aftershock density with the nearest neighbor technique, with k
(number of earthquakes/group) set equal to 1. (A) A mainshock and ten aftershocks are plotted in map
view. (B) The aftershocks are depicted on a line where their position is dictated by their distance from the
mainshock. As an example, we calculate linear density at the position of the eighth aftershock. Since the
earthquake group size = 1, the center point of the measurement, or ., is at the position of this aftershock.
Linear density at 7. is given by k/rg or 1/rs, where rg reaches from the midpoint between aftershocks 7
and 8 to the midpoint between aftershocks 8 and 9.

Figure 6 Cumulative magnitude frequency plots of the first two days of aftershocks in the 2001 and 2005
Anza sequences, used to roughly estimate sequence completeness thresholds. (A) 2001 Anza aftershocks
recorded by the Anza network (data from 499 earthquakes). (B) 2005 Anza aftershocks recorded by the
Anza network (data from 1351 earthquakes). (C) 2001 Anza aftershocks catalogued by the SCSN network
(data from 421 earthquakes). (D) 2005 Anza aftershocks catalogued by the SCSN network (data from 593
earthquakes.

Figure 7 Aftershock hypocentral distance from the mainshock versus aftershock density, restricted to M, >
0.5 ANZA network data (open circles). Aftershock data that locate between 4 and 40 km from the mainshock
are used to determine a best fit distance-to-density relationship (dashed grey line) and associated decay
values. These lines are then extrapolated to 1 km distance for visual comparison. At very close distances we
expect the decay curve to flatten because of earthquake mislocation, inaccuracies of the modeled mainshock
fault plane, and near field catalog incompleteness (e.g., see Felzer and Brodsky (2006)) (A) The 2001 Anza
sequence. The 68 aftershocks in the distance ranges 4 to 40 km has a best fit power law (dashed line) that has
an exponent of -1.76. (B) The 2005 Anza sequence. As in (A) using 49 aftershocks in the distance ranges
4 to 40 km, produce a best fit power law (dashed line) that has an exponent of -1.85. The expected average
decay exponent for normal aftershock sequences in southern California is -1.37, with variation expected

from sequence to sequence as a function of local fault geometry.
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Figure 8 Simulation of the first two days of aftershocks in the 2001 and 2005 Anza sequences. These maps
can be compared with the true data in Figure 2. For spatial reference, a 40 km radius circle is drawn around
each mainshock epicenter. These maps illustrate, even in the simulations, how much smaller the sequences
appear when only aftershocks larger than magnitude 2, the usual completeness threshold for Southern Cal-
ifornia aftershock sequences, are plotted. Data from simulations of: (A) The Anza 2001 sequence for 348
M > 1.0 earthquakes; and (B) The Anza 2005 sequence for 1585 M > 0.5 for earthquakes. (C) As in (A)
but including only the 49 M > 2.0 earthquakes; and (D) As in (B) but but including only the 40 M > 2.0
earthquakes. While only single simulated sequences are plotted here, the range of aftershock densities at
different distances from a total of 500 ETAS simulations are plotted in Figure 9, where they are shown to
agree with the real data.

Figure 9 Expected (solid symbols) and observed (open symbols) number of aftershocks (restricted to My, >
0.5) in the first two days of each sequence as a function of hypocentral distance from the mainshock fault
plane for the: (A) 2001 Anza sequence; and (B) 2005 Anza sequence. The expected number of aftershocks
in distance bins that range between 10 and 40 km are extrapolated using the number of observed aftershocks
between 4 and 10 km and Equation 1. Error bars give the 98% confidence range of the modeled values,
estimated from 500 ETAS simulations with data sets of this size. The observed number of aftershocks from
the Anza network catalog (squares) and the observed number in the SCSN catalog (triangles) primarily fall
within the modeled error bars. Because there is a 0.5 magnitude unit offset in the Anza and SCSN catalogs,

for the SCSN data we only measure M > 1.0 earthquakes.
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MminS k p c
0.5 0.0068 | 1.34 | 0.09

Table 1: Direct aftershock parameters for use in the ETAS simualtions. M,,;,s is the magnitude of the
smallest earthquake used in the simulations. k, p, and ¢ are modified Omori law parameters (Equation 5).
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Figure 1: The Anza 2005 My 5.2 and Yucaipa 2005 My, 4.7 earthquakes (labeled large stars). The 2001
My 5.1 Anza mainshock (square) was within ~5 km of the 2005 Anza mainshock. Also shown are ANZA
network stations (black triangles), SCSN stations (grey triangles) and 154 larger events in the region, M>
4.0, from the ANZA catalog that occurred during years 1982 to 2005 (grey circles).
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Figure 2: Map of the first two days of the aftershocks in the 2001 and 2005 Anza sequences, recorded by
Anza Seismic Network stations (inverted triangles). To illustrate that the sequences would appear spatially
much smaller if only larger earthquakes had been observed, we present data restricted to various magnitude
ranges (indicated in plot titles). For reference, a 40 km radius circle is drawn around each mainshock
epicenter. (A) Map of the 198 recorded M > 1.0 earthquakes in the Anza 2001 sequence. (B) Map of the
387 recorded M > 0.5 earthquakes in the Anza 2005 sequence. (C) Map of the 15 recorded M > 2.0
earthquakes in the Anza 2001 sequence. (D) Map of the 25 recorded M > 2.0 earthquakes in the Anza
2005 sequence. For comparison, the squares in each figure show seismicity in the 2 days before each
mainshock, down to the same magnitude cutoffs. There was very little seismicity in the two days preceding

the 2005 mainshock.
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Figure 3: Temporal examination of earthquake magnitudes (points) recorded by the SCSN and ANZA
networks. Data is restricted to the region: 33.3° < lat < 33.75°, -117.25° < lon < -116.25°. This region
was chosen to be as big as possible while at the same time avoiding the large signature of the My, 7.3 1992
Landers earthquake and the My,7.1 1999 Hector Mine earthquake. Only recently have small magnitude
earthquakes been routinely recorded and cataloged, as indicated by the decrease in the median earthquake
magnitude for a moving window of 250 consecutive events (non-linear grey line). For reference, the shaded
region encompasses magnitudes below 0.5. (a) SCSN data (35,293 earthquakes). (b) ANZA data (23,922
earthquakes).
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Figure 4: Comparison of earthquake magnitudes for common event pairs in the ANZA and SCSN catalogs.
Data consists of 350 and 531 earthquake pairs in the 2001 and 2005 sequences, respectively. The mean
difference in magnitudes for the 2001 sequence is 0.6+0.3 and for the 2005 sequence is 0.5+0.3. (a)
Magnitude histogram of data from the ANZA network catalog for the 2001 sequence. (b) as in (a) but
for the SCSN catalog. (c) Magnitude histogram of data from the ANZA network catalog for the 2005
sequences. (d) As in (c) but for the SCSN catalog.
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Figure 5: Schematic of measuring linear aftershock density with the nearest neighbor technique, with &
(number of earthquakes/group) set equal to 1. (A) A mainshock and ten aftershocks are plotted in map
view. (B) The aftershocks are depicted on a line where their position is dictated by their distance from the
mainshock. As an example, we calculate linear density at the position of the eighth aftershock. Since the
earthquake group size = 1, the center point of the measurement, or ., is at the position of this aftershock.
Linear density at 7. is given by k/rg or 1/rs, where rg reaches from the midpoint between aftershocks 7
and 8 to the midpoint between aftershocks 8 and 9.
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Figure 6: Cumulative magnitude frequency plots of the first two days of aftershocks in the 2001 and 2005
Anza sequences, used to roughly estimate sequence completeness thresholds. (A) 2001 Anza aftershocks
recorded by the Anza network (data from 499 earthquakes). (B) 2005 Anza aftershocks recorded by the
Anza network (data from 1351 earthquakes). (C) 2001 Anza aftershocks catalogued by the SCSN network
(data from 421 earthquakes). (D) 2005 Anza aftershocks catalogued by the SCSN network (data from 593

earthquakes).
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Figure 7: Aftershock hypocentral distance from the mainshock versus aftershock density, restricted to My, >
0.5 ANZA network data (open circles). Aftershock data that locate between 4 and 40 km from the mainshock
are used to determine a best fit distance-to-density relationship (dashed grey line) and associated decay
values. These lines are then extrapolated to 1 km distance for visual comparison. At very close distances we
expect the decay curve to flatten because of earthquake mislocation, inaccuracies of the modeled mainshock
fault plane, and near field catalog incompleteness (e.g., see Felzer and Brodsky (2006)) (A) The 2001 Anza
sequence. The 68 aftershocks in the distance ranges 4 to 40 km has a best fit power law (dashed line) that has
an exponent of -1.76. (B) The 2005 Anza sequence. As in (A) using 49 aftershocks in the distance ranges
4 to 40 km, produce a best fit power law (dashed line) that has an exponent of -1.85. The expected average
decay exponent for normal aftershock sequences in southern California is -1.37, with variation expected
from sequence to sequence as a function of local fault geometry.
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Figure 8: Simulation of the first two days of aftershocks in the 2001 and 2005 Anza sequences. These maps
can be compared with the true data in Figure 2. For spatial reference, a 40 km radius circle is drawn around
each mainshock epicenter. These maps illustrate, even in the simulations, how much smaller the sequences
appear when only aftershocks larger than magnitude 2, the usual completeness threshold for Southern
California aftershock sequences, are plotted. Data from simulations of: (A) The Anza 2001 sequence for
348 M > 1.0 earthquakes; and (B) The Anza 2005 sequence for 1585 M > 0.5 for earthquakes. (C) As
in (A) but including only the 49 M > 2.0 earthquakes; and (D) As in (B) but but including only the 40
M > 2.0 earthquakes. While only single simulated sequences are plotted here, the range of aftershock
densities at different distances from a total of 500 ETAS simulations are plotted in Figure 9, where they are
shown to agree with the real data.
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Figure 9: Expected (solid symbols) and observed (open symbols) number of aftershocks (restricted
to My > 0.5) in the first two days of each sequence as a function of hypocentral distance from the
mainshock fault plane for the: (A) 2001 Anza sequence; and (B) 2005 Anza sequence. The expected
number of aftershocks in distance bins that range between 10 and 40 km are extrapolated using the
number of observed aftershocks between 4 and 10 km and Equation 1. Error bars give the 98% confidence
range of the modeled values, estimated from 500 ETAS simulations with data sets of this size. The
observed number of aftershocks from the Anza network catalog (squares) and the observed number in
the SCSN catalog (triangles) primarily fall within the modeled error bars. Because there is a 0.5 mag-
nitude unit offset in the Anza and SCSN catalogs, for the SCSN data we only measure M > 1.0 earthquakes.
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