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Triggering Effect of M 4-5 Earthquakes on the Earthquake
Cycle of Repeating Events at Parkfield, California

by Kate Huihsuan Chen, Roland Biirgmann, and Robert M. Nadeau

Abstract Stress perturbations influence earthquake recurrence and are of funda-
mental importance to understanding the earthquake cycle and determining earthquake
hazard. The large population of repeating earthquakes on the San Andreas fault at
Parkfield, California, provides a unique opportunity to examine the response of the
repeating events to the occurrence of moderate earthquakes. Using 187 M —0.4 to
~1.7 repeating earthquake sequences from the High Resolution Seismic Network cat-
alog, we find that the time to recurrence of repeating events subsequent to nearby
M 4-5 earthquakes is shortened, suggesting triggering by major events. The triggering
effect is found to be most evident within a distance of ~5 km, corresponding to static
coseismic stress changes of > 0.6 — 26.6 kPa, and decays with distance. We also find
coherently reduced recurrence intervals from 1993 to 1998. This enduring recurrence
acceleration over several years reflects accelerated fault slip and thus loading rates

during the early 1990s.

Online Material: Figures of event chronologies of RES, estimates of dr+*, and

coseismic static stress changes.

Introduction

Earthquake triggering is the process by which static and/
or dynamic stress changes lead to other earthquakes at vary-
ing distance (Freed, 2005). Static stress changes induced by
major events may explain the distribution of aftershocks,
changes in seismicity rate, and the advance or delay of sub-
sequent major events (e.g., Dieterich, 1994; King et al.,
1994; Harris, 1998; Stein, 1999; Hearn et al., 2002; Freed
and Lin, 2002). It has also been suggested that event trigger-
ing is due to dynamic stresses associated with seismic wave
propagation (Rybicki ef al., 1985; Gomberg and Davis,
1996; Cotton and Coutant, 1997; Felzer and Brodsky, 2006).
The importance of stress interaction for the distribution of
recurrence intervals in a fault segment’s earthquake cycle,
however, is still unclear, due to the limited catalogs of recur-
ring large earthquakes from historical or paleoseismic data
(e.g., Console et al., 2008). To better understand the degree
to which stress interactions between earthquakes influence
recurrence intervals, one needs statistically sufficient obser-
vations of repeating events in a natural fault system.

A characteristically repeating earthquake sequence (RES)
is defined as a group of events with nearly identical wave-
forms, locations, and magnitudes and thus represents the
recurring rupture of the same patch of fault. The recurrence
intervals of repeating earthquake ruptures are sometimes
found to be highly variable. The variation in recurrence times
between events in a sequence can be represented by the
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coefficient of variation (COV, standard deviation of recurrence
intervals divided by the mean). The COV can be higher
than 0.30 due to a response to nearby earthquakes, a change
in the strain rate, time-dependent or spatial variation in the
frictional strength of the fault, variability in slip distributions
of individual recurrences, or other effects, such as fluid
pressure variations (e.g., Vidale et al, 1994; Ellsworth,
1995; Marone et al., 1995; Nadeau et al., 1995; Schaff et al.,
1998; Peng et al., 2005). Analysis of 17 M —0.7 to ~1.4 re-
peating earthquake sequences at Parkfield by Ellsworth er al.
(1999) suggests a wide range of COV (0.11-0.87) with a
median value of 0.33 (table 1 in Ellsworth et al., 1999).
Sykes and Menke (2006) studied the repeat times of global
worldwide large earthquakes and found that the COV is
smaller than 0.25 for the relatively simple plate boundaries,
whereas the COV is larger than 0.5 for regions of multi-
branched faulting and overlapping slip near the ends of rup-
ture zones.

The RESs at Parkfield, California, are believed to repre-
sent stick-slip asperities that are loaded and surrounded by
the creeping San Andreas fault (e.g., Nadeau and Johnson,
1998). The questions of interest regarding the recurrence
properties of natural earthquake sequences are: how do
the characteristically repeating earthquakes respond to stress
perturbations associated with larger earthquakes, and to what
range (both in space and time) is triggering effective?
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High Resolution Seismic Network (HRSN)
Repeating Earthquake Sequences

The detailed record of microearthquake data from the
borehole HRSN sites at Parkfield provides a unique opportu-
nity to examine how larger events act on the observed occur-
rence of the repeating events. With the high level of detection
of microearthquakes, the HRSN has revealed a large number
of repeating earthquakes ranging in magnitude from —0.4 to
+1.7 (e.g., Nadeau et al., 1995). Locations of HRSN RES are
shown in Figure 1. Recording of the HRSN deep borehole
sensors began in early 1987, but the original data acquisition
system failed in 1998. The HRSN network was upgraded
with three new borehole stations installed in August 2001
(Nadeau et al., 2004). Considering the two years of system
shutdown, the study period is confined to 1987-1998.
During the study period, we identified 187 RESs with a total
event number of 1123.

During this observation period, five M 4.0-5.0 earth-
quakes ruptured along the Parkfield segment of the San
Andreas fault: the 25 May 1989 (M 4.0), 20 October 1992
(M 4.6), 4 April 1993 (M 4.5), 14 November 1993 (M 5.0),
and 20 December 1994 (M 5.0) events. The 187 RESs pro-
vide the opportunity to illustrate the triggering effect of these
moderate earthquakes.

Hypocenters of the five M 4-5 earthquakes are shown in
Figure 1. They are located close to the 1966 M 6 hypocenter
except for the 1989 event. Fletcher and Spudich (1998)
studied coseismic slip and rupture characteristics of the 20
October 1992, 14 November 1993, and 20 December 1994
earthquakes. The 14 November 1993 event, which occurred
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at the greatest depth, is characterized by the most active after-
shock sequence and the simplest slip distribution with
unclear directivity. The 1992 and 1994 events are character-
ized by fewer aftershocks and northward and slightly up-dip
rupture propagation. Dashed red outlines in Figure 1 show
the extent of the high-slip zones determined by Fletcher
and Spudich (1998) for these three ruptures.

We consider the 187 HRSN RESs to address how the five
M 4-5 earthquakes influence event timing. We evaluate
changes in RES recurrence intervals associated with the times
of the major events. This work relies on the correct identi-
fication of all repeating earthquake occurrences. Given that
there is a possibility for missing repeating events, we empha-
size the statistical pattern revealed from 187 RESs instead of
that from any individual sequence.

Coherently Shortened Recurrence Intervals,
1993-1998

Figure 2a shows the RES event occurrences within 4 km
of the 4 April 1993 M 4.5 earthquake hypocenter, which has
the most RESs in its immediate vicinity. In Figures S1-S4 in
® the electronic edition of BSSA), we show time series of
RESs near the other four M 4-5 events. Event chronologies
of the RESs near the M 4.5 event shown in Figure 2a reveal
coherently reduced recurrence times over several years
(1993-1998, see also Fig. S5 in (® the electronic edition
of BSSA). Within a distance of 10 km from the M 4.5 event,
85% of the RESs have shorter post-1993 recurrence intervals
compared to the pre-1993 intervals. Figure 2b shows the
ratios between the averaged recurrence intervals from
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Figure 1.

Along fault depth section, showing the distribution of 187 HRSN (1987-1998, black dots). Background seismicity

(1987-1998, see Data and Resources section) is denoted by open circles. For reference, the 1966 M 6 hypocenter is indicated by a yellow
star. M 4-5 earthquakes that occurred in the period of 1987-1998 are denoted by red stars. The size of a star refers to its magnitude. Slip
models of the M >4.6 events that occurred in October 1992, November 1993, and December 1994 by Fletcher and Spudich (1998) are

outlined by red dashed lines.
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(a) Event chronologies of RESs as a function of distance from the 4 April 1993 M 4.5 hypocenter. Note that the distance is

confined to be less than 4 km due to abundant RESs beyond 4 km. The vertical red line and arrow indicate the time of the 1993 M 4.5 event,
whereas the other M 4-5 events in the study period are indicated by gray lines and arrows. (b) Ratio between mean post-1993 (Trmmlg%) and
pre-1993 (Trllre 1993) recurrence intervals as a function of distance from the 1993 M 4.5 event. The ratio is calculated as T 51993/ T Tpre1993 for
Trposti993 > Trpre1993 and as (— Trprelg% / Trpomg%) for Trpomg% < Trprelg%, following Trotta and Tullis (2006), thus there are no values
between —1 and 1. White stars represent the median of recurrence ratio for each 1-km-distance bin.
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1993-1998 events and 1987-1993 events as a function of
distance from the April 1993 M 4.5 hypocenter. Large nega-
tive values indicate a high degree of shortening of recurrence
intervals in the post-1993 period. The difference between
mean pre- and post-1993 recurrence intervals is largest for
several sequences within shorter distances (< 5 km). The
RES recurrence acceleration, however, is also evident at
much larger distances. To further clarify to what degree the
accelerated recurrences are a localized acceleration of creep
due to the 1993 M 4.5 event, we calculate the median of the
recurrence ratio for each 1-km-distance bin, as shown by
white stars in Figure 2b. The median ratio shows a consis-
tently negative ratio with distance, which implies a coherent
acceleration. Also note that the median ratio does not system-
atically vary with distance, suggesting that the enduring
acceleration of creep does not appear to be localized due
to a close M 4-5 event, but is broadly distributed.

The distribution of recurrence intervals of the full RES
data set also reveals a shortened recurrence interval in the
post-1993 period. Figure 3 shows the distribution of recur-
rence intervals for 1987-1993 events, 1993-1998 events,
and overall repeating events from 1987 to 1998. The post-
1993 events tend to have shorter than two-year intervals with
a mean value of 0.92 yr whereas the pre-1993 and full set of
events have broad distributions of recurrence intervals in a
range of 0.2 to 5 yrs and mean values of 1.8 yr, suggesting
that the slip rate acceleration is by about a factor of 2. Both
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Figure 3. Histograms of recurrence intervals of the 187 Park-

field RESs determined from (a) pre-1993, (b) post-1993, and (c)
full-period repeating events.

Figures 2 and 3 indicate an enduring recurrence acceleration
since 1993, which encompasses much of the repeating events
population we study. This is consistent with the view that
there was a coherent slip transient along the Parkfield seg-
ment during this time period (e.g., Langbein et al., 1999;
Nadeau and McEvilly, 1999; Gao et al., 2000; Murray and
Segall, 2005).

Recurrence Elements Associated with M 4-5 Events

To quantify the impact of M 4-5 events on an RES’s
timing, we consider five recurrence elements (Fig. 4) for
the following analyses: (1) dt+, the time difference between
a major earthquake and the first subsequent recurrence of a
repeating event; (2) dt—, the time difference between a major
earthquake and the most recent repeating event; (3) T'rs, the
recurrence interval spanning the major event (i.e., the sum of
dt— and dt+); (4) Tryq. the duration of the first full recur-
rence interval following the major event; and (5) T7pe, the
last recurrence interval just preceding the potential trigger.
These elements are divided by the average 1987-1998 recur-
rence interval of a given RES to obtain the normalized values
of di+*, dt—",Tris, Tryos, and Trype.

For each RES, the five recurrence elements associated
with every M 4-5 event are calculated. In Figure 5a, the
RES within 5 km distance from the major events tend to have
a high fraction of short d¢+*. Figure 5a also shows the per-
centage of events within a given distance range that have a
dt+* less than the threshold specified. For example, more
than 30% of the nine events within 2 km distance have
dt+* < 0.01 (corresponding to dr+ of 0.36-1.46 days),
whereas, within distances greater than 4 km, less than
10% of the 703 events exhibit such rapid recurrence. The
percentage of short df+* does not change for events within
distances greater than 5 km. To confirm that the observed
short dr+ population indicates the triggering effect of
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Figure 4. Schematic illustration of the five recurrence elements,
dt+, dt—, Trye, Treos, and Trpeg.
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(a) Percentage of short dr+* as a function of distance from an M 4-5 event. Plotted values give percentages of events with

dt+* that are shorter than the label on the color-coded lines. (b) Percentage of short dt—* as a function of interevent distance between the
M 4-5 event and the RES. Lines are labeled with dr—* similar to those in (a). (c) Cumulative percentage of normalized recurrence element
dt+* (black) and dt—* (red) at a distance of less (thick line) and greater (thin line) than 5 km. (d) Cumulative percentage of T (blue) and
Trpos (green) at a distance of less (thick line) and greater (thin line) than 5 km. Black, orange, and yellow lines indicate background dis-
tribution (i.e., recurrence intervals without reference to the M 4-5 event locations and times) using the interval measurements during the
whole (1987-1998), pre-1993 (1987-1993), and post-1993 (1993—-1998) periods, respectively. Starred values of the elements indicate nor-
malization by dividing these values with the mean recurrence interval of a given sequence.

M 4-5 events, we compare the observed distribution of
dt+* < 0.1, 0.1-0.2, and > 0.5 with dr+* values generated
from randomly generated times of the five M 4-5 events. The
30 sets of five randomly generated M 4-5 times (150 runs in
total) produce roughly equal percentages of dr+* at varying
distance, as shown by blue lines in Figure 6. The random
behavior of the small dt+* population (dt* < 0.1) is strik-
ingly different from the real population in the near field of the
M 4-5 events (<5 km). Beyond 5 km, however, the ob-
served dr+* < 0.1 distribution matches the synthetic dr+*.

Compared to df+* curves, Figure 5b shows the fraction
of short dt—* measured over the same range of distances,
which do not reveal systematic changes with distance.

The percentages of the observed dr—* at all distances match
the value of dr—*, as one can expect from the random
behavior. Figure 5S¢ shows cumulative percentages of dr+*
and dr—* at distances of less than and greater than 5 km from
the M 4-5 hypocenters. As suggested by the analysis in
Figure 5a, the distribution of dt+* is systematically shifted
to smaller values at shorter distances from the source events.
For example, 18.3% and 9.0% of dr+* have values of less
than 0.1 within and outside of 5 km distance, respectively.
The near-field dr4* curve in Figure 5c reveals a significant
difference from the other three when the normalized recur-
rence element is smaller than 0.5. The short dr+* intervals
subsequent to the M 4-5 events appear to be the result of
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Figure 6.  Percentage of (a) dt+* < 0.1, (b) 0.1 < dt+* < 0.2,
and (¢) dt+* > 0.5 as a function of distance from M 4-5 events for
real data (red line) and synthetic data (blue lines generated by 30
sets of five randomly drawn M 4-5 event times). Note that the
percentage in each distance bin (1 km) is calculated when the
dt+* number greater than 3.

short distance triggering. The larger number of near-field
dt—* is longer than 1.0, therefore the cumulative percentage
for near-field dr—* appears to be the lowest in Figure 5c.
Fig 5d shows cumulative distributions of Tr}, and
Trpos at distances of less than and greater than 5 km from
the major events. The near-field RESs tend to have somewhat

reduced T'réy and Tryog; 8.5% of Tri, and 8.7% of Triug
are shorter than 0.5 (i.e., recurrence within less than half of
average interval), compared to 4.7% and 2.1% at > 5 km dis-
tances. Trg,, and Trp,q have mean values of 1.15 £ 0.49
(95% confidence interval) and 1.16 £ 0.48 for near-field
events and 1.20 £ 0.53 and 1.18 % 0.37 for events at dis-
tances greater than 5 km, respectively. These suggest that the
reduction of the RES recurrence intervals spanning (7'r%)
and immediately following the M 4-5 events (Trp.)
is not statistically significant. When comparing the distribu-
tion of T'ri, and Tr},q with that of all normalized recurrence
intervals without reference to the M 4-5 event locations and
times (shown with black dash-dotted line in Fig. 5d), we find
that the normalized recurrence intervals spanning and imme-
diately after the source events are actually larger than this
baseline average. The longer Tr%, and Trp can, in part,
be a result of undetected repeating events, as discussed sub-
sequently in the Undetected Repeating Events? section, and
may also be the result of the coherently shortened recurrence
intervals in 1993-1998.

Undetected Repeating Events?

As discussed in the previous section, the recurrence in-
tervals of RESs spanning the M 4-5 events (1) are on aver-
age greater than the mean intervals and appear only modestly
reduced at shorter distances (median value of 1.15 and 1.20
within and beyond 5 km distance, respectively). This may
suggest the possibility that some triggered RES events oc-
curred undetected immediately during the source earthquake.
To understand whether the greater-than-1.0 7'r, indicates the
effect of unrecognized repeating events, we examine the dis-
tribution of 7T'rf,, in comparison to Trp.q and Trp.

In Figure 7, the histogram of Tr},. reveals a somewhat
broader distribution with a median value of 1.62. The median
Tr}y is about a half cycle longer than the median value of
1.14 and 1.29 for Trf,, and T'r},, respectively. This suggests
a general pattern of shortened interval at and following the
time of M 4-5 events. Note that the small secondary peak in
Figure 7b is about twice the normalizing interval, indicating
some missed recurrences that may have happened during the
trigger event. The second peak at T'r¥,; ~2 is suggestive of a
number of unrecognized repeating events. Because the sec-
ondary peak near 2 is minor, the undetected repeating events
are unlikely to have significant influence on the M 4-5 trig-
gering effect. Missing repeats in the Trp. and Trp. distri-
butions are also possible, as revealed by the subtle secondary
peaks close to 1.9 in Figure 7a,c. Given that the secondary
peaks are not as obvious as the 7rj,, we infer that the chance
of undetected repeating events is more difficult to establish
for pre- and postshock periods. We note that Tr; is also
somewhat reduced compared to pre-event recurrences, indi-
cating the possible role of afterslip or general acceleration of
slip in the early 1990s.
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Are Triggered RESs Late in Their
Earthquake Cycle?

To better understand the triggering effect on the recur-
rence intervals that span the time of the source event, we eval-
uate whether potentially triggered events (short dr+*) tend to
be late in their repeating earthquake cycle. To do this, we com-
pare dt+* with the associated dt—* (dtr—"* from the same re-
peating sequence). A short dr+* along with high dr—*
indicates that an event occurred in a late stage of the seismic
cycle (dt —* ~1). The distribution of dt+* and dt—* of RESs
in three distance ranges from the M 4-5 events is shown in
Figure 8. We divide the data space into four quadrants sepa-
rated by lines dr +* +dt—* =1 (i.e., Tr.y is equal to the
average recurrence time) and dr+* = dr—* (i.e., the amount
of time before the triggering event is equal to the amount of
time after it). As listed in Table 1, events in quadrants A and D
indicate the repeating events occurred early in the seismic
cycle (dt+* > dt—*), whereas B and C indicate the events
occurred late in the cycle (dt+* < df—*). When the summa-
tion of dr+* and dt—* is shorter than the average recurrence
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interval, the data would fall in quadrants C and D. On the
contrary, the data fall in quadrants A and B when the summa-
tion of dr+* and dr—* is longer than the typical cycle.
Quadrants B and C indicate the events occurred in the later
half of the cycle. To see the short df4* late in its earthquake
cycle, we expect the data to fall in quadrants B and C.

The percentage of data values in each quadrant is indi-
cated by the numbers in boxes in Figure 8. The proportion of
dt+* < dt—* data is revealed by the sum in quadrants B and
C, which increases from 46% to 59% and 61% when the dis-
tance decreases from > 10 km, 5-10 km, to <5 km. The per-
centage of data points in quadrants C and D increases from
36% to 39% and 41% with decreasing distance from
> 10 km, 5-10 km, to <5 km. The five RESs that are located
at distance <2.35 km are shown as filled stars in Figure 8b.
All of these very-near-field events have df+* < 0.1. For dis-
tances longer than 2.35 km, some larger dr +* (> 0.5) start
to occur, as shown in Figure 8b by the open stars in quadrants
A and D for distances of 2.35-3.00 km. While the distribu-
tion of normalized recurrence intervals is very broad for all
distance ranges, we find that the time to recurrence of the
RES is decreased in closer vicinity to the M 4-5 earthquakes,
especially for events further along in their earthquake cycle.

We also examine the dr+* versus d¢t—* relation using
different choices of the average recurrence interval: pre-
1993, post-1993, and full-period recurrence intervals. The
result summarized in Table 1 reveals high variability in data
percentage for the four quadrants A to D. The dr+* and
dt—* determined by the post-1993 and full-period recurrence
intervals have the greatest percentage of events in quadrant B
for the <5 km and 5-10 km zones, indicating that the events
within a distance of 10 km tend to be later and longer than
their typical cycle. The dt+* and dt—* determined by the
pre-1993 recurrence interval are dominant in quadrant C,
indicating the events tend to be late and short relative to their
own cycle. All three choices of average recurrence interval
for the normalization have the largest percentage of data in
either quadrants B or C, for the distance less than 10 km. This
suggests that M 4-5 event triggering is more evident in the
near field, and the triggering happened when the events were
already late in their typical cycle. Beyond 10 km, there is
likely no triggering because the dominant group is the early
and long (or short) quadrant.

Static Triggering, Dynamic Triggering, or Change
in Local Creep Rate?

Most likely, dynamic triggering, static triggering, or a
transient increase of the creep rate play a role in RES recur-
rences. Differentiating one from another requires more de-
tailed model investigations in the future. The recurrence
elements analysis shown in this study, however, can provide
useful information in this regard.

As illustrated in Figures 5a and 6a, the observed trigger-
ing effect is likely a function of interevent distance, where an
accelerated occurrence of events is evident up to about 5 km
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(a) Plot of dr+* versus dt—* for the RESs in distance range of (b) <5 km, (c) 5-10 km, and (d) > 10 km from the M 4-5

events. Number of measures of (dfr+*, dt—*) in each 0.1 x 0.1 cell are indicated by gray shaded squares and contour. Red straight lines
represent dt +* +dr—* = 1 and dr+* = dr—", respectively, which divide the space into A-D quadrants. Percentage of RES values in each

quadrant is shown in the small boxes. Red filled and open stars in (b) represent the (d¢+*, dt—*) measures for the distance range of

<2.35 km and 2.35-3.00 km.

from the M 4-5 events. All events within 2.35 km occur within
dt+* < 0.1. For an M 5 event, static stress change from
coseismic slip at 5 km distance is about 26.6 kPa (Fig. S6
in () the electronic edition of BSSA), calculated using
Ao = 1/6mMo/r3, where ris the distance from the hypocen-
ter (Aki and Richards, 1980) and Mo is seismic moment.
More than 80% of very short dr+* measures (<0.1) experi-
enced static stress change of > 0.3 kPa, though some are as-

sociated with far-distance M 4-5 events, corresponding to
static stress changes of <0.07 kPa. The limited influence
zone (i.e., 3-5 times the rupture dimension of a moderate
event) may imply that static stress increases from coseismic
rupture and afterslip are likely to contribute to the observed
acceleration of recurrence.

The possible role of dynamic triggering can be further
illustrated by a significantly enhanced number of very short

Table 1
Percentage of Data Values in Four Quadrants of df+* vs. dt—* Data Space
A B [¢ D
Choice of Average Recurrence Interval for Normalization Distance to the M 4-5 Events Early & Long (%) Late & Long (%) Late & Short (%) Early & Short (%)

Recurrence intervals from 1987-1998 events (Tr;) <5 km 21.05 37.72 22.81 18.42
5-10 km 22.88 38.23 21.24 17.65

B >10 km 34.82 28.57 17.56 19.05

Recurrence intervals from pre-1993 events (77 993) <5 km 0.88 0.88 59.65 38.60
5-10 km 1.94 0.65 58.58 38.83

B >10 km 4.15 1.04 47.15 47.67

Recurrence intervals from post-1993 events (Trpo51993) <5 km 34.02 50.52 10.31 5.15
5-10 km 33.96 55.04 5.78 5.22

>10 km 40.41 37.82 17.62 4.15
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dt+* out to larger distance. As shown in Figure 6a, the small
dt+* population does not show strong favor for triggering at
shorter distances. Comparing to the dr+* distribution by
randomly chosen source times in Figure 6b, the distinction
between the observed and synthetic curves disappears
beyond 5 km, to match the percentage of 10%. The observed
> 10% small dt+* in the near field is likely to indicate the
triggering effect of M 4-5 events because the triggering can-
not be clearly seen out to great distance, which may indicate
that dynamic triggering plays an insignificant role.

The role of creep rate changes can be indicated by the
temporal variation of recurrence interval. Normalized recur-
rence interval versus time plot (Fig. 9) confirms a general
pattern of lower creep rate in the pre-1993 period. However,
normalized recurrence intervals tend to be shorter than 0.5
near 1990.5 and 1993.5-1994.5, which does not directly cor-
respond with the timing of the M 4-5 events. Given the
assumption that the average recurrence interval is inversely
proportional to the average fault loading rate (Scholz, 1990;
Nadeau and Johnson, 1998; Schaff ez al., 1998; Beeler et al.,
2001), the shortened normalized recurrence interval pattern
in Figure 9 suggests that the increase in creep rate is not
necessary to correlate with individual M 4-5 events. The
large distance and long duration over which recurrence
intervals are reduced suggests that this is unlikely to be the
result of simple event triggering by stress increases from co-
seismic slip or afterslip. A transient increase in geodetically
derived fault slip rate, seismicity rate, and RES recurrence—
derived deep slip rate was observed during the same period
of time (e.g., Langbein et al., 1999; Nadeau and McEvilly,
1999; Gao et al., 2000; Murray and Segall, 2005). Thus, the
enduring recurrence acceleration over several years was part

Normalized Tr

1989 1990 1991

1992

1987 1988

K. H. Chen, R. Biirgmann, and R. M. Nadeau

of a more broadly distributed increase in creep rates along
this fault segment. It is possible that the M 4-5 events during
this time were triggered by and further enhanced this tran-
sient slip event.

Summary

We illustrated the effect of moderate events on earth-
quake cycles of nearby characteristically repeating micro-
earthquakes and determined the distance over which
triggering can be documented. We found evidence that the five
M 4-5 events that occurred at Parkfield from 1993 to 1998
triggered small, nearby repeating earthquakes. A high percen-
tage of repeating events that occurred subsequent to the M 4-5
events within a distance of 5 km happened within a small frac-
tion of their own average recurrence interval. The M 4-5
events also shortened the RES earthquake cycles spanning
or immediately following their occurrence. In addition, we
found that only events that are relatively late in their respective
earthquake cycle get triggered. That is, the M 4-5 events trig-
ger small repeating events that are approaching critical con-
ditions for rupture. In future work, we will consider whether
interaction with nearby M < 4 events plays an additional
important role in RES recurrence patterns. We will also
explore in detail the response of the RESs to the M 6 2004
Parkfield earthquake.

Data and Resources

Repeating earthquake data used in this article came from
published sources listed in the references. Plots were
made using the Generic Mapping Tools version 4.2.1

Number

.
0 1 2 3 4 5 6 7 8 9 10 11 12 13

1993 1994 1995 1996 1997 1998

time

Figure 9. Density plot of normalized recurrence interval as a function of time. Horizontal dashed line, average recurrence interval;
vertical solid line, timing of M 4-5 events. Recurrence intervals between events are normalized by the average recurrence interval from

the 1987-1998 events.
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(www.soest.hawaii.edu/gmt; Wessel and Smith, 1998).
Catalog data for the background seismicities used in Figure 1
(1987-1998) are available at http://www.ncedc.org/hrsn/
hrsn.archive.html.)
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