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Key Points

e All individual earthquakes in a repeating sequence at Parkfield exhibit identical
directivity, unaffected by 2004 M6.

e One sequence (M~2.7) ruptures to the NW and one (M~2.5) to the SE, at ~0.8 x
shear wave velocity

e Smallest magnitude sequences show most response to M6 earthquake but we cannot

fully distinguish between path and source effects.
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Abstract

We investigate the directivity of three well-recorded repeating sequences of earthquakes
(M2-3, 2001 —2016) on the San Andreas Fault at Parkfield (California) that are well-recorded
by a borehole network.

We calculate rupture directivity and velocity from P waves using the empirical Green’s
function method. The individual events in each sequence all show the same directivity; those in
the largest magnitude sequence (M~2.7, 8 events) rupture unilaterally to the NW (at ~0.8Vs),
those in the second sequence (M~2.3, 9 events) rupture unilaterally to the SE, and those of
smallest magnitude sequence (M~2, 11 events) are less well resolved.

The source spectra of the M~2.7 sequence exhibit no detectable temporal variation. The
smaller M sequences both exhibit a decrease in high frequency energy following the M6 event,
that recovers with time. This could be a consequence of a decrease in stress drop, an increase in

attenuation, or a combination of the two, followed by gradual healing.

Plain Language Summary

Sequences of small earthquakes with very similar seismograms have been observed on the
San Andreas Fault at Parkfield, and many other faults that are also observed to be creeping. The
similarity of the seismograms suggests that these earthquakes represent repeating slip on
overlapping pieces of fault. Under this assumption they have been used to investigate changes in
slip conditions, and the slip rate on major faults with time. To date, most studies have treated
these repeating earthquakes as just points because most are too small and too poorly recorded to
observe details of the rupture area or direction. Here we identify three exceptionally well
recorded repeating sequences, and are able to resolve the direction of rupture. All the
earthquakes in one sequence propagate towards the NW and all those in another propagate to the
SW. The rupture velocities are similar to those of much larger earthquakes. This improved
resolution of the earthquake sources will help constrain modeling of the rupture and hence our

understanding of the factors that control earthquake nucleation and dynamics.

Introduction

Repeating earthquakes were first identified on the San Andreas Fault system (Nadeau et al.,

1995; Vidale et al., 1994), and have since been observed globally (Chen et al., 2007; Uchida and
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Biirgmann, 2019), typically on faults with long term creep; they are thought to involve rupture of
isolated loaded patches that are surrounded by regions of ongoing aseismic slip. Analysis of
repeating earthquakes has concentrated on relating the inter-event or recurrence time (7R) of the
earthquakes to their seismic moment (defined as M, = uAS where x is rigidity, A, area of slip and
s, slip) as these are relatively simple parameters to measure reliably for the numerous small
magnitude sequences. The regular occurrence rates of individual sequences have been used to
reveal temporal and spatial variation in fault creep rates (Peng et al., 2005; Chen et al., 2007,
Uchida and Biirgmann, 2019). A large stress perturbation, such as a large nearby earthquake,
causes the TR of repeating earthquake sequences (RES) to decrease dramatically, and then
increase logarithmically, returning to the original background rate (Vidale et al., 1994; Chen et
al.,2010; Peng et al., 2005) over a similar time scale to observed changes in post-seismic slip-
rate (Freed, 2007), and velocity (Brenguier et al.,2008; Wu et al., 2016; Rubinstein and Beroza,
2005) and attenuation of the medium (Kelly et al., 2013). The seismic moments of some
repeating events also change over the same time interval, with some sequences exhibiting
increases, and others decreases (Chen et al., 2010; Peng et al., 2005; Uchida et al., 2015).

To relate the behavior of repeating earthquakes to slip rate and stress on the fault, and probe
the factors controlling the earthquake nucleation and rupture process, requires separating the
earthquake slip from the area. Earthquakes are known to have a relatively constant stress drop (oc
s/A*) from tiny laboratory acoustic emissions to great earthquakes (Abercrombie, 1995;
Yoshimitsu et al., 2014). If earthquakes in RES also fit this relationship, then on a steadily
creeping fault, we would expect TR oc s oc M., but observations show TR o« M,* (Nadeau et al.,
1998; Chen et al., 2007). Dynamic modeling to explain this discrepancy shows that the
earthquake rupture area must partially slip aseismically between events (Chen and Lapusta,
2009; Cattania and Segall, 2019), and enhanced dynamic weakening or elevated normal stress
may be required in the source region (Lui and Lapusta, 2018). Reliable measurements of rupture
area and slip in repeating earthquakes are relative rare, largely because of the scarcity of the high
frequency, close-in recordings needed for analysis of such small earthquakes. Most studies of the
occurrence rate of RES use the more numerous, and frequently occurring smaller magnitude
sequences. To investigate the rupture processes of the largest (M~2.1) of the repeating
earthquake sequences targeted by the San Andreas Fault Observatory at Depth (SAFOD), Dreger

et al. (2007) and Kim et al. (2016) inverted the earthquake seismograms for slip distribution over
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a finite-fault plane. They revealed a roughly circular slip area, with a slightly larger area for the
event following the 2004 M4, but the quantity and frequency content of the data required them to
assume a rupture velocity and limited the constraints on the spatial variability of slip.
Abercrombie (2014) estimated rupture area and stress drop for the three repeating earthquake
sequences targeted by SAFOD, assuming a circular source model and constant rupture velocity.
Abercrombie (2014) found that even using the borehole HRSN (High Resolution Seismic
Network, HRSN, 2014) only earthquakes in the largest (M~2.1) RES could be resolved with any
confidence, and that their stress drops fit within the ranges observed for non-repeating
earthquakes. An immediate decrease in stress drop after the 2004 M6 earthquake, followed by
gradual recovery was observed for this sequence (Abercrombie, 2014; Allmann and Shearer,
2007) and Chaves et al. (2020) resolve similar temporal behavior of stress drop for repeating
sequences of earthquakes at the subduction interface at Nicoya, Costa Rica. These observations
are consistent with simple relative measurements of spectral frequency content (Vidale et al.,
1994; McLaskey et al., 2012) although these last could include temporal variation in attenuation.
Ambiguity in distinguishing source and path effects (e.g. Abercrombie, 2015), and the
assumption of a simplistic source model (Kaneko and Shearer, 2014; Lin and Lapusta, 2018) can
lead to significant biases and uncertainties, although in the case of relatively simple sources that
are well-recorded these issues are minimized.

Uchida et al. (2015), estimated the slip distribution for the larger (M~5) RES off Kamaishi,
Japan, before and after the 2011 M9 Tohoku earthquake. They found overlapping rupture areas,
(and average stress drops for events before the M9, Uchida et al., 2012) but the azimuthal range
and distance to stations from the offshore RES location limited their resolution of directivity and
rupture velocity. Similar limitations affected analysis of a quasi-periodic RES in Taiwan (Chen
et al.,2016), that revealed overlapping rupture areas, but had negligible constraint on rupture
velocity. The four events in the most periodic Taiwanese sequence all showed a similar rupture
direction, suggesting a very repetitive rupture process. Relocation of the hypocenters of the
Kamaishi sequence earthquakes before 2011, with respect to their centroids, also showed that
they tend to nucleate in the SW of the source area (Uchida et al., 2012).

Modelling earthquakes as a line-source is an alternative approach to estimate rupture
velocity and direction. It uses the azimuthal variation that is ignored when assuming a simple

circular source model, but involves fewer unknowns than finite-fault (Dreger et al., 2007; Kim et
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al.,2016) or even second moment inversion (McGuire, 2004). This makes it a good approach for
analyzing data at the edge of the resolution threshold. Variations of the line-source approach
have been applied to large numbers of small events on the San Andreas Fault system to
investigate the hypothesis that contrasting rock properties on either side of a fault could control
rupture direction (Lengliné and Got, 2011; Zhao et al., 2010). There is a slight preference for
rupture to the SE, but resolution is limited by their use of surface recordings; Wang et al. (2014)
searched for earthquakes with clear evidence of directivity and was able to constrain their rupture
velocity to be close to the shear wave speed, with considerable scatter.

Here we focus on exceptionally well-recorded RES occurring within the footprint of the
HRSN (ensuring excellent azimuthal coverage) that have sufficiently large magnitude and
duration to resolve the necessary detail, but are also small enough to have multiple repeats and
not clip the borehole network recording system. The higher frequency signal recorded in the
boreholes allows investigation of the source rupture at greater resolution than with the lower
frequency surface data. We use an empirical Green’s function approach to obtain source time
functions and source spectra, and then use azimuthal and temporal variation to investigate the

directivity and stress drops of events in the three sequences.

|dentification of Repeating Sequences

We use the relocated catalog for Northern California (NCAeqDD, Waldhauser and Schaff,
2008) to identify potential repeating earthquake sequences for detailed analysis. We search for
earthquakes M >2, within the footprint of the HRSN that also have multiple repeats during the
time of the current recording system of the HRSN (in operation since 2001; NCEDC, 2014),
Figure 1.

Of the ten or so sequences that meet our initial criteria, most have few repeats, or include
individual events that are poorly recorded. We identify 3 sequences suitable for detailed analysis,
each including at least one event prior to the 2004 M6 Parkfield earthquake that was recorded by
the current HRSN recording system. They are in order from NW to SE along the San Andreas
Fault: Sequence 2: nearest to SAFOD, M~2.8, depth~3.9 km, 12 events, of which 8 recorded by
current HRSN; Sequence 5: near to 1966 M6 hypocenter, M~2.0, depth~8.9 km, 17 events, of
which we can analyze 11; and Sequence 9: M~2.5, depth~5.6 km, 14 events, of which we

analyze 9 (Figure 2, Table S1).
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Sequences 2 and 9 are relatively isolated, with no other sequences (or similar sized
earthquakes) within a km, consistent with the results of Lui and Lapusta (2016). Sequence 5 is
only ~0.5 km from a repeating sequence of relatively large, M~3 .4 earthquakes with a recurrence
interval of approximately 5 years. These larger events clip the nearby HRSN stations and so are
not suitable for inclusion in the present study. They do not appear to have a significant effect on
the timing of the earthquakes of Sequence; the 2004 M6 earthquake has a much larger effect on
both sequences. Sequence 5 is also the only one of the 3 sequences within the slip-weakening

zone used in the dynamic modeling of the Parkfield earthquake cycle by Barbot ef al. (2012).

Empirical Green’s Function Analysis to Obtain Source Time Functions and
Amplitude Spectra

We follow the procedures described by Abercrombie et al. (2017a), based on the approach
developed by Abercrombie (2014), and use small earthquakes as empirical Green’s functions
(EGFs) to remove the path effects and calculate spectral ratios and relative source time functions
(STFs) at each station for each earthquake (see SI). We find 73 EGFs for Sequence 2, 2 for
Sequence 5 and 172 for Sequence 9 that meet our strict selection criteria (see SI and Table S1).

We deconvolve the EGF events from the main events (Prieto et al., 2009) and obtain

spectral ratios and source time functions (STFs) for each event at each station and component.

Directivity

To measure the direction and speed of rupture requires quantifying the azimuthal variation
in STF shape and duration (Figure 3). To avoid the need to pick start and end times of the STFs,
which can be ambiguous, and to include the shape of the entire STF in the analysis, we use the
stretching method developed by Prieto et al., (2016) and Abercrombie et al. (2017b). We find the
stretching coefficients that give the highest cross-correlation between STFs from an individual
earthquake at all pairs of stations, and perform a grid search to find the orientation and velocity
of a line source that best fits these coefficients. We calculate the take-off angles from the source
using two 1D velocity models (one for stations to the NE of the fault and one to the SW) based
on the model of Thurber et al. (2006). Following Abercrombie et al. (2017b), we try using a
symmetrical bilateral line source, a purely unilateral line source, and also a line source that

rupture twice as far in one direction to the other (2-to-1). Figures S2-S5 show examples of this
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fitting, and the results and misfits from the different models for all three sequences. The full 360°
coverage provides excellent resolution of the direction of rupture, impossible for offshore
earthquakes (Uchida et al., 2015).

The individual earthquakes in the two largest magnitude sequences (2 and 9) exhibit almost
identical (within resolution, see Figure S1) azimuthal variation in STF shape and duration to the
other events in the same sequence. We cannot resolve the difference between the purely
unilateral and the 2-to-1 model, but Sequences 2 and 9 are significantly better fit with a more
unilateral model than the symmetrical bilateral model. Their orientations and rupture velocities
are well-resolved (Figure S5). All the earthquakes in Sequence 2 rupture to the NW and slightly
up-dip, and all those in Sequence 9 to the SE (dip direction is less consistent, or well-
constrained); the opposite directions are obvious from inspection of the azimuthal variation in
STFs (Figure 3). The rupture direction of earthquakes in both sequences are unaffected by the
M6 2004 earthquake. The earthquakes in Sequence 2 have the longest STFs with respect to the
resolution limit, and so have the best resolved rupture velocity of 2-2.6 km/s (within 10% misfit
of best model), ~0.8 Vs, where Vs =S wave velocity. The earthquakes in Sequence 9 appear to
have lower and more variable rupture velocity (~0.6-0.8 Vs ), but this could be an artefact of the
STFs being nearer the resolution limit, causing the rupture velocity to be under-estimated
(Abercrombie et al., 2017b).

The STFs for Sequence 5 exhibit significantly less azimuthal variation and are equally well
fit by the bilateral and unilateral models (Figure S5). Since their durations are only slightly
longer than that of minimum resolution (a delta function with same sampling rate and filtering as
the data, Figure S1) it is likely that we are not observing the real azimuthal variation and so
cannot resolve the direction or rupture velocity. This is the same problem that limited the
resolution of rupture velocity for the similar magnitude earthquakes targeted by SAFOD (Dreger

et al.,2007; Kim et al., 2016).

Temporal Variation in Earthquake Sources

The STFs of earthquakes in Sequence 2 and 9 show little evidence of temporal variation, but
those in Sequence 5 are slightly longer for events immediately after the 2004 M6, suggesting an
increase in rupture length (or a decrease in rupture velocity). This systematic decrease is clearer

in the spectral ratios (Figure 4) which emphasize the higher frequency energy, and a temporal
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difference for Sequence 9 is also visible. These analyses use all available EGFs at all stations for
each event, and so it is possible that variation between events within a sequence is an artefact of
small variations in correction for each individual STF, and lack of correction for temporal
variation in path effects (Kelly et al., 2015). We reanalyze the data using consistent sets of
stations and EGFs, and also to allow for temporal variations.

The results using all available stations and EGFs, with no temporal separation are shown in
Figures 3 and 4, and Figures S6 and S7 show the results when using the different EGF choices.
Temporal variations in attenuation and EGFs are able to remove the minimal source variation of
earthquakes in Sequence 2, and a significant part of the variation from those in Sequences 5 and
9. McLaskey et al. (2012) reported the strong response in frequency content of the earthquakes
in Sequence 5 following the 2004 M6 earthquake, but they did not investigate in detail whether it
could be an artefact of attenuation. Kelly et al. (2013) reported a strong immediate increase in
attenuation following the M6, that gradually decayed to normal levels over 1-2 years, but their
analysis assumed that there was no change in source parameters. A comparison of the results
obtained here with different sets of EGFs and attenuation corrections confirms that either
attenuation, or a combination of source and attenuation could be causing the temporal variation
in frequency content. To resolve the ambiguity requires more events and more EGFs, better

distributed in time to sample the rapid changes, than are available here.

Source Parameters:

For comparison with previous studies, we model the spectral ratios using a simple circular
source model, to obtain an estimate of the corner frequency and Brune-type stress drop (Brune,
1970). Since these earthquakes clearly exhibit unilateral rupture, and those in Sequence 2 involve
multiple sub-events, the measurements are unlikely to be reliable as absolute measurements of
stress drop. They do provide an estimate of the source dimension, and some quantification of the
temporal variation, for comparison with events elsewhere. We follow the procedure developed
by Abercrombie et al. (2017b) to model the spectral ratios calculated in the EGF analysis for
source time functions, see SI. These ratios (Figure 4) are the spectra of the source time functions
shown in Figure 3.

The results are shown in Figure S8, for all events with well-constrained fits. Most stress

drops are in the typical range of ~5-50 MPa, and correspond to rupture dimensions of ~80 m,
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~30m and ~50 m for Sequence 2, 5 and 9 earthquakes, respectively. Sequence 2 earthquakes
have essentially constant stress drop and corner frequency within resolution. Sequence 5 shows a
decrease in corner frequency and stress drop following the 2004 M6 event, indicating an increase
in rupture area, then gradual recovery to pre-2004 levels. The corner frequencies of many
earthquakes in this sequence were too high to be resolved within the bandwidth of the data —
especially when only subsets of the EGFs were included, but the results reflect the temporal
variation observed in the spectral ratios. The small number, and timing of the available EGFs
prevents us from completely excluding the possibility that this is an artefact of temporal variation
in attenuation. Sequence 9 shows a small decrease in corner frequency, following the 2004 M6
earthquake, for time-independent EGF selections, but this essentially disappears when correction
for the time varying attenuation is included, suggesting that no resolvable change in source

properties occurred.

Discussion and Conclusions

The earthquakes in each of the two best resolved sequences studied here all start in a similar
place, and rupture in the same direction at indistinguishable rupture velocity. These results are
consistent with the indications of previous detailed studies (Chen et al., 2016; Lengliné and Got,
2011), although they lacked such good resolution. Our observations show that the rupture
processes of repeating earthquakes can be remarkably repetitive.

Our best resolved rupture velocity measurements are ~0.8 Vs. These are consistent with
those of larger earthquakes, and also for other well-recorded individual small earthquakes
(Abercrombie et al., 2017b; Folesky et al., 2016). These measurements support assumptions
used in previous spectral studies (Abercrombie, 2014; Allmann and Shearer, 2007; Abercrombie,
1995) and slip inversions (Dreger et al., 2007; Kim et al., 2016; Chen et al., 2016) of small
repeating earthquakes. We choose line source models as they have the minimum number of
unknowns needed to resolve the essential details of the sources. Alternative approaches such as
second moment (inverting for orientation, velocity, length and width, e.g. McGuire, 2004) and
finite fault slip inversions (also spatially varying slip, e.g. Kim et al., 2016) all involve
significantly more unknowns and run the risk of losing clarity and resolution.

Why all the earthquakes in Sequence 2 rupture in the opposite direction to those in Sequence

9 presumably depends on the fault zone properties at the individual locations. Unfortunately,
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studies of velocity and attenuation structure at Parkfield do not have the resolution to observe
variation on the scale of these source regions (Thurber et al., 2006; Zhao et al., 2010;
Bennington et al., 2008); the different sequences could even be occurring on different fault
strands within the system (Zoback et al., 2011).

Regardless, the consistency of rupture in successive earthquakes observed here implies that
(for these sequences at least) the factors controlling rupture are remarkably stable. Surprisingly,
the 2004 M6 earthquake did not affect either the direction of rupture, or the rupture velocity
(within resolution limits) in any sequence. All three sequences studied here, though in regions
with different rates of interseismic creep (Murray and Langbein, 2006), are so close to the
regions of large slip in the M6 earthquake that it is likely the co-seismic slip passed through
them; unfortunately slip of ~1 cm (typical of these M2-3 events) is below the resolution of
coseismic and post-seismic slip inversions, so this cannot be confirmed (Murray and Langbein,
2006; Freed, 2007; Custodio et al., 2005; Hartzell et al., 2007; Barbot et al., 2012).

Repeating earthquakes are thought to result from small locked patches surrounded by
regions of ongoing aseismic creep (Uchida and Biirgmann, 2019). Studies of fault zones, and
dynamical modeling suggest various fault properties that could lead to localized weakening and
earthquake nucleation within these locked patches; these include raised pore-pressure, increased
normal stress, varying aseismic slip rates, heterogeneous stress distribution from the cumulative
history of seismic and aseismic slip, and dynamic effects. The stability of the rupture process of
these repeaters over multiple cycles, unaffected by the M6, suggests that geometry or material
properties might be most likely candidates. For example, fault roughness is widespread and can
lead to localized variation in normal stress (Griffith et al., 2010). Recent dynamic modeling work
has focused on using the timing and seismic moment of earthquakes in RES to constrain
frictional parameters (Lui and Lapusta, 2016; 2018) and these new observations provide useful
further constraints. Determining the relative contributions of the various the controlling factors is
a major component of physics-based earthquake dynamic modeling, the growing field aiming to
improve forecasting of earthquake hazards (Lapusta et al., 2019).

Simple spectral modeling (Figure S8) reveals good agreement with previous estimates of
stress drop for earthquakes at Parkfield (Abercrombie, 2014; Allmann and Shearer, 2007).
Sequence 5 shows a decrease in corner frequency and stress drop following the 2004 M6

earthquake, similar to laboratory observations of slip (McLaskey et al., 2012). The decreased

10
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healing time and consequent fault zone weakening could increase the area, and decrease the slip
and stress drop (e.g. Prieto et al., 2016; Chaves et al., 2020). However, the timing of the
available EGFs cannot exclude the possibility this variation is an artifact of attenuation changes.
Sequence 5 is close to the hypocenter of the 1966 M6 earthquake, where Allmann and Shearer
(2007) observed a large increase in attenuation.

The smallest RES show most variation in seismic moment following a large event on the
San Andreas Fault system (Chen et al., 2010), consistent with our observation of minimal, if any,
response by the larger magnitude Sequences 2 and 9. The strong response of the M5 off-
Kamaishi RES (Uchida et al., 2013) may be explained by the much greater stress perturbation
caused by the 2011 M9 earthquake compared to the 2004 M6.
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Figure 1. Location map of Parkfield, California showing the repeating sequences (2,
5 and 9) studied here (black circles), the SAFOD repeating sequence (red circles,
origin in Figure 2, see SI Table), the HRSN stations and SAFOD Main hole (navy
blue triangles), the background seismicity (grey circles*). The mapped faults (blue),
M6 earthquake epicenters (red stars), and town of Parkfield (blue square) are also
marked.
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481  Figure 2. Identification of Repeating Earthquake Sequences. (a) Earthquakes on the San Andreas
482  Fault as a function of time, along the fault, colored by their depth, size increases with magnitude.
483  The SAFOD repeaters and the earthquakes in the three sequences studies here are highlighted.
484  The HRSN stations are triangles; SAFOD is a red triangle. (b) Cross section of the San Andreas
485  Fault showing the earthquakes colored by time, and size increases with magnitude. The SAFOD
486  repeaters and the three sequences studied here are highlighted. The hypocenters of the 1996 and
487 2004 M6 earthquakes are shown as red stars. (c), (d) and (e) close ups from (b) of Sequences 2, 5
488  and 9, respectively.
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Figure 3

Figure 3. Source time functions for all earthquakes in the three sequences show consistent
directivity. (a) Mw as a function of time for the three sequences, and provides a key to the
colors used in (b), (c) and (d). The STFs for (b) Sequence 2, (c) Sequence 5 and (d) Sequence
9, are calculated using all available stations and EGFs, and colored by interevent time (7R)
from dark (short) to yellow (long). Compare to Figure S6 for effects of EGF selection. STFs
are normalized and plotted at the azimuth to the stations. The focal mechanisms show the
direction of rupture for Sequences 2 and 9 along the San Andreas Fault. The black lines
indicate the stretching predicted by the best fitting model to each event in each sequence,
based on a median duration of the main pulse. Note the high consistency for Sequences 2 and
9. Sequence 5 exhibits greater variability between events and a smaller difference between
stations, especially in the azimuth range 120 — 280 degrees.
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Figure 4

Figure 4. Spectral ratios for all earthquakes in the three sequences (a) 2, (b) 5, and (c) 9,
corresponding to the source time functions in Figure 3; Coloring, stations and EGFs are the
same as in Figure 3. The spectral ratios are normalized and plotted at the azimuth to the
stations. The corner frequencies of the EGFs are above the maximum frequency. These ratios
include no temporal variation in attenuation. Compare to Figure S7 for effects of EGF
selection, and temporally varying attenuation with time. Note that the earthquakes with
shortest repeat times have less high frequency energy than those with longer 7R. Only the
differences for Sequence 5 are consistently larger than any temporal correction for
attenuation.
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