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Abstract 
How stress perturbations influence earthquake recurrence is of fundamental importance to un-
derstanding of the earthquake cycle. The large population of repeating earthquakes on the San 
Andreas fault at Parkfield provides a unique opportunity to examine the response of the repeat-
ing events to the occurrence of moderate earthquakes. Using 187 M -0.4 ~ 1.7 repeating earth-
quake sequences from the High Resolution Seismic Network catalog, 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 > 6 - 266 kPa, and decays with dis-
tance. 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. 
1. Introduction 

Earthquake triggering is the process by which static and/or dynamic stress changes lead to 
other earthquakes at varying 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 subsequent major events [e.g., King et al., 1994; Dieterich, 1994; Harris, 1998; Stein, 
1999]. 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 recurring 
large earthquakes from historical or paleoseismic data [e.g., Console et al., 2008]. To better un-
derstand the degree to which stress interactions between earthquakes influence recurrence inter-
vals, one needs statistically sufficient observations of repeating events in a natural fault system.  

A characteristically repeating earthquake sequence (RES) is defined as a group of events 
with nearly identical waveforms, locations, and magnitudes and thus represents the recurring 
rupture of the same patch of fault. The recurrence intervals of repeating earthquake ruptures are 
found to be highly variable, where the irregular recurrence of observed repeating events may re-
flect a response to nearby earthquakes, change in the strain rate, time-dependent or spatial varia-
tion 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]. The RESs at 
Parkfield are believed to represent stick-slip asperities that are loaded and surrounded by the 
creeping San Andreas fault. The questions of interest regarding the recurrence properties of natu-
ral 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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The detailed record of micro-earthquake data from the borehole High Resolution Seismic 
Network (HRSN) sites at Parkfield provides a unique opportunity to examine how larger events 
act on the observed occurrence of the repeating events. With the high level of detection of micro-
earthquakes, the HRSN has revealed a large number of repeating earthquakes ranging in magni-
tude from -0.4 to +1.7 [e.g., Nadeau et al., 1995]. Locations of HRSN RESs are shown in Fig. 1. 
Recording of the HRSN deep borehole sensors began in early 1987, but the original data acquisi-
tion system failed in 1998. In August 2001, the HRSN network was upgraded and three new 
borehole stations were installed [Nadeau et al., 2004]. During the period 1987-1998, 187 RESs 
were identified with a total event number of 1123. During this observation period, five M 4.0-5.0 
earthquakes 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 De-
cember 1994 (M 5.0) events. The 187 RESs provide the opportunity to illustrate the triggering 
effect of these moderate earthquakes. 

 
 

 
Fig. 1. Along fault depth section showing the distribution of 187 HRSN RESs (1987-1998, 
black dots). Background seismicity (1987-1998, catalog data are available at 
http://www.ncedc.org/hrsn/hrsn.archive.html) 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 pe-
riod of 1987-1998 are denoted by red stars. Slip models of the M≥4.6 events that occurred in 
October 1992, November 1993, and December 1994 by Fletcher and Spudich [1998] are out-
lined by red dashed lines.  
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2. Influence zone of M 4-5 events triggering  
Hypocenters of the five M 4-5 earthquakes are shown in Fig. 1. They are located close to 

the 1966 M 6 hypocenter except for the 1989 event. Fletcher and Spudich [1998] studied co-
seismic slip and rupture characteristics of the October 20, 1992, November 14, 1993, and De-
cember 20, 1994 earthquakes. The November 14, 1993 event, which occurred at the greatest 
depth, is characterized by the most active aftershock sequence and the simplest slip distribution 
with unclear directivity. The 1992 and 1994 events are characterized by fewer aftershocks and 
northward and slightly up-dip rupture propagation. Dashed red outlines in Fig. 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 time of major 
events. Fig. 2a shows the RES event occurrences within 4 km of the April 4, 1993 M 4.5 earth-
quake hypocenter, which has the most RESs in its immediate vicinity (Figs. 3-4 show time series 
of RESs near the other four events) Our analysis considers the following recurrence elements 
(Fig. 2b): (1) “dt+”: the time difference between a major earthquake and the first subsequent re-
currence of a repeating event; (2) “dt-“: the time difference between a major earthquake and the 
most recent repeating event; (3) “Tr_cos”: the recurrence interval spanning the major event; that 
is, the sum of dt- and dt+; and (4) “Tr_post”: the duration of the first full recurrence interval fol-
lowing the major event. These elements are divided by the average 1987-1998 recurrence inter-
val of a given RES (

r
T ) to obtain the normalized values of dt+* , dt-*, Tr_cos*, and Tr_post*.  

 

 
 

Fig. 2. (a) Event chronologies of RESs as a function of distance from the April 4, 1993 M 4.5 
hypocenter. Note that the distance is confined to be less than 4 km due to abundant RESs be-
yond 4 km. Vertical red line and arrow indicate the time of 1993 M 4.5 event, whereas the other 
M 4-5 events in the study period are indicated by grey lines and arrows. (b) Schematic illustra-
tion of the four recurrence elements. (c) Ratio of averaged post-1993 recurrence interval to 
pre-1993 recurrence interval as a function of distance from 1993 M 4.5 event  
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Fig. 3. Event chronologies of RESs as a function of distance from the 25 May 1989 M 4.0 
event hypocenter (left) and the 20 October 1992 M 4.6 event hypocenter (right). Red star indi-
cates the time of the moderate events. 

 

 
 

   
Fig. 4. Event chronologies of RESs as a function of distance from the 14 November 1993 M 
5.0 event hypocenter (left) and the 20 December 1994 M 5.0 event hypocenter (right). Red 
star indicates the time of the moderate events. 
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The RESs within 5 km distance from a major event tend to have a high fraction of short 
dt+*. Fig. 5a shows the percentage of observed dt+* within a given distance range that are 
shorter than a certain dt+* threshold. For example, more than 30% of the events within 2 km dis-
tance have dt+* < 0.01 (corresponding to dt+ of 0.36 to 1.46 days), whereas within distances of 
greater than 4 km less than 10% of the RESs exhibit such rapid recurrence. The percentage of 
short dt+* does not change for events within distances greater than 5 km. For comparison, Fig. 
5b shows the fraction of short dt-* measures over the same range of distances, which does not 
reveal systematic changes with distance. Fig. 5c shows cumulative percentages of dt+* and dt-* 
at distances of less and greater than 5 km from the M 4-5 hypocenters. As suggested by the 
analysis in Fig. 5a the distribution of dt+* is systematically shifted to smaller values at shorter 
distances from the source events. For example, 29.6 % and 19.7 % of dt+* have values of less 
than 0.2 within and outside of 5 km distance, respectively. The short dt+* intervals subsequent to 
the M 4-5 events appear to be the result of short distance triggering.  

Fig. 5d shows cumulative distributions of Tr_cos* and Tr_post* at distances of less and 
greater than 5 km from the major events. The near-field RESs tend to have somewhat reduced 
Tr_cos* and Tr_post*. 8.5 % of Tr_cos* and 8.7 % of Tr_post* are shorter than 0.5 (i.e., recur-
rence within less than half of average interval), compared to 4.7 % and 2.1 % at > 5 km distances. 
Tr_cos* and Tr_post* 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 distances greater than 5 km, re-
spectively. The reduction of the RES recurrence intervals spanning (Tr_cos*) and immediately 
following the M 4-5 events (Tr_post*) is not statistically significant. When comparing the distri-
bution of Tr_cos* and Tr_post* with that of all normalized recurrence intervals without reference 
to the M 4-5 event locations and times ( /

r
Tr T , shown with black dash-dotted line in Fig. 5d), we 

find that the normalized recurrence intervals spanning and immediate after the source events are 
actually larger than this ‘baseline’ average.  
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Fig. 5. (a) Percentage of short dt+* as a function of distance from a M 4-5 event. Lines are 
color coded for varying selection of rapid recurrence (short dt+*). (b) Percentage of short dt-* as 
a function of inter-event distance between the M 4-5 event and the RES. Lines are color coded 
for varying selection of short dt-*. (c) Cumulative percentage of normalized recurrence intervals 
dt+* (black) and dt-* (red) at a distance of less (bold) and greater (dashed) than 5 km. (d) Cu-
mulative percentage of Tr_cos* (blue) and Tr_post* (green) at a distance of less (bold) and 
greater (dashed) than 5 km. Black, orange, and yellow break lines indicate background distri-
bution using the interval measurements during the whole (1987-1998), pre-1993 (1987-1993), 
and post-1993 (1993-1998) periods, respectively.  

3. Are triggered RESs late in their earthquake cycle? 

To better understand the triggering effect on the recurrence intervals that span the time of 
the source event, we evaluate if potentially triggered events (short dt+*) tend to be late in their 
earthquake cycle. To do this we calculate τ = (dt-*/ Tr_cos*) ×100, where a high τ value indicates 
that an event was in a late stage of its seismic cycle. The distribution of dt+* and dt-* of RESs in 
three distance ranges from the M 4-5 events is shown in Fig. 6. We divide the data space into 
four quadrants separated by lines dt+* +dt-* = 1 (i.e., Tr_cos = 

r
T ) and dt+* = dt-* (i.e., τ = 50). 

The percentage of data values in each quadrant is indicated by the number in boxes in Fig. 6. The 
proportion of dt+* < dt-* data is revealed by the sum in quadrants B and C, which increases from 
46 %, to 59 %, and 61 % with decreasing distance. The number of values with τ > 70 % also in-
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creases from 21 % to 37 % and 40 % with decreasing distance, suggesting that M 4-5 events 
triggering is more evident in the near-field. The percentage of data points in quadrants C and D 
(Tr_cos < 

r
T ) increases from 36%, to 39% and 41% with decreasing distance, which again shows 

that the M 4-5 events only modestly shortened the nearby RES earthquake cycles. The five RESs 
that are located at distance < 2.35 km are shown as filled stars in Fig. 6b. All of these very near-
field events have dt+* < 0.1 and τ > 80 % values. For the distance of longer than 2.35 km, some 
anomalously larger dt+* start to occur as shown by the open stars in quadrants A and D for dis-
tances of 2.35 – 3.00 km in Fig. 6b. While the distribution of normalized recurrence intervals is 
very broad for all distance ranges, we find that in closer vicinity to the M 4-5 earthquakes the 
time to recurrence of the RESs is decreased, especially for events further along in their earth-
quake cycle.  

 

 
Fig. 6. (a) Plot of dt+* versus dt-* for the RESs in distance range of (b) < 5km, (c) 5-10 km, and 
(d) > 10 km from the M 4-5 events. Number of measures of [dt+*, dt-*] in each 0.1×0.1 cell are 
indicated by gray shaded squares and contour. Red straight lines represent ‘dt+* + dt-* = 1’ and 
‘dt+* = dt-*’, respectively, which divide the space into A-D quadrants. Percentage of RESs val-
ues in each quadrant is shown in the small boxes. Red filled and open stars in (b) represent the 
[dt+*, dt-*] measures for the distance range of < 2.35 km and 2.35 – 3.00 km. Labeled dashed 
lines indicates the calculation of τ = (dt-*/ Tr_cos*) ×100.   
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4. Coherently shortened recurrence intervals in 1993-1998 
Event chronologies of the RESs nearby the April 4, 1993 M 4.5 event shown in Fig. 2a re-

veal coherently reduced recurrence times over several years (1993 to 1998, see also Fig. 7). To 
quantify the enduring acceleration of recurrence, we determine the ratios of averaged post-1993 
(1993-1998) to pre-1993 recurrence intervals, which are displayed as a function of distance from 
the April 1993 hypocenter in Fig. 2c. Within a distance of 10 km from the M 4.5 event, most of 
the RESs (84.5%) have shorter post-1993 recurrence intervals compared to the pre-1993 inter-
vals. This indicates an enduring recurrence acceleration during this time span, which encom-
passes much of the RES population we study. This acceleration of event recurrences is also evi-
dent in the cumulative distribution of all recurrence intervals in our data set (Tr/

r
T ) for the pre- 

and post-1993 time periods shown in Fig. 5d.  

 
 

 
Fig. 7. Measures of dt+* versus time of the M 4-5 events. For the ranges of dt+*< 0.2, 70% of 
measures are associated with the 1993 April M 4.5 event.  
 
5. Discussion and Conclusions 

We illustrated the effect of moderate events on earthquake cycles of nearby characteristi-
cally repeating micro-earthquakes and determine the distance over which triggering can be 
documented. The M 4-5 earthquakes have a notable influence on the time to failure of nearby 
RES ruptures. However, the recurrence intervals of RESs spanning the M 4-5 events are only 
modestly reduced at shorter distances. The generally wide distribution of recurrence intervals of 
the RES events is not significantly perturbed by the M 4-5 triggering effect. In fact, we find that 
Tr_cos* at all distance ranges are on average longer than the overall mean intervals, suggesting 
the possibility that events occurred undetected immediately during the source event.  
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The triggering effect is a function of inter-event distance, where an accelerated occurrence 
of events is evident up to about 5 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 266 kPa, calculated using Δσ = 1/6 π Mo/r 3, where r is the distance from the hypocenter 
[Aki and Richards, 1980]. More than 80 % of very short dt+* measures (<0.1) experienced static 
stress change of > 3 kPa, though some are associated with far-distance M 4-5 events, correspond-
ing to static stress changes of < 0.7 kPa. The limited influence zone (i.e., 3-5 times the rupture 
dimension of a moderate event) implies that static stress increases from the coseismic rupture 
and afterslip are likely to drive the observed acceleration of recurrence; however, to differentiate 
the roles of static and dynamic triggering [Felzer and Brodsky, 2006] will require more detailed 
model investigations. We also find that only events that are relatively late in their respective 
earthquake cycle get triggered. In future work we will consider if interaction with nearby M < 4 
events plays an additional important role in the RES recurrence patterns. We will also explore in 
detail the response of the RESs to the M 6 2004 Parkfield earthquake.  

We also observe coherently shortened recurrence intervals from 1993 to 1998 associated 
with several of the M 4-5 events. The large distance and long duration over which recurrence in-
tervals are reduced suggests that this is unlikely to be the result of simple event triggering by 
stress increases from coseismic 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., Nadeau and McEvilly, 1999; Gao et al., 2000; Murray and Segall, 
2005]. Thus, the enduring recurrence acceleration over several years was part of a more broadly 
distributed increase in creep rates along this fault segment. It is not clear if the M 4-5 events dur-
ing this time were triggered by this transient slip event, or if the transient slip event and coherent 
reduction of RES’s recurrence intervals represents the combined effects of the M 4-5 events.  

Many factors may contribute to the irregularity of observed earthquake recurrence and vari-
ability in earthquake magnitude, such as inherent heterogeneity of stress, strength and slip on a 
fault, temporal and spatial variations in fault healing, and variability in the evolution of fluid 
pressure. Fault interaction, in the form of advances or delays in earthquake recurrence from 
changes in the stress field by nearby M>4 earthquakes is examined by the present work. We find 
evidence that the five M 4-5 events that occurred at Parkfield during 1993-1998 triggered small, 
nearby repeating earthquakes. A high percentage of repeating events that occurred subsequent to 
the M 4-5 events within a distance of 5 km happened within a small fraction of their own average 
recurrence interval. The M 4-5 events do not significantly shorten the RES earthquake cycles 
spanning or immediately following their occurrence, but trigger events that are approaching 
critical conditions for rupture. Thanks to the current achievement, we will be able to explicitly 
model the mechanics of such interaction and also test prospective forecasts by comparing the 
success of predictions of future event recurrence times.  
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