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1 INTRODUCTION

SUMMARY

Tectonic tremor (TT) and low-frequency earthquakes (LFEs) have been found in the deeper
crust of various tectonic environments globally in the last decade. The spatial-temporal be-
haviour of LFEs provides insight into deep fault zone processes. In this study, we examine
recurrence times from a 12-yr catalogue of 88 LFE families with ~730 000 LFEs in the vicin-
ity of the Parkfield section of the San Andreas Fault (SAF) in central California. We apply an
automatic burst detection algorithm to the LFE recurrence times to identify the clustering be-
haviour of LFEs (LFE bursts) in each family. We find that the burst behaviours in the northern
and southern LFE groups differ. Generally, the northern group has longer burst duration but
fewer LFEs per burst, while the southern group has shorter burst duration but more LFEs per
burst. The southern group LFE bursts are generally more correlated than the northern group,
suggesting more coherent deep fault slip and relatively simpler deep fault structure beneath the
locked section of SAF. We also found that the 2004 Parkfield earthquake clearly increased the
number of LFEs per burst and average burst duration for both the northern and the southern
groups, with a relatively larger effect on the northern group. This could be due to the weakness
of northern part of the fault, or the northwesterly rupture direction of the Parkfield earthquake.

Key words: Seismicity and tectonics; Continental margins: transform; North America.

TTs and LFEs have been observed along both the northwest
creeping and southeast locked sections of the San Andreas fault

Tectonic tremors (TTs) are weak, continuous seismic signals with-
out clear impulsive P- and S-phase arrivals. TT was first observed in
southwestern Japan (Obara 2002) and later found along other major
plate boundaries, primarily subduction zones (e.g. Peng & Gomberg
2010, and references therein). TT signals are generally thought to be
associated with slow slip on fault segments deeper than the regular
seismogenic zone (e.g. Rogers & Dragert 2003), and are suggested
to be largely comprised by swarms of low-frequency earthquakes
(LFEs), which are generated by slip on small on-fault asperities (Ide
et al. 2007; Shelly et al. 2007; Frank et al. 2013, 2015a; Royer &
Bostock 2014). It has been proposed that TT and LFE patterns may
provide information about fault slip below the seismogenic zone,
and thus potentially future earthquake occurrence (Shelly 2009,
2010a; Rubinstein et al. 2010).
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(SAF) in central California (Nadeau & Dolenc 2005; Nadeau &
Guilhem 2009; Shelly et al. 2009; Shelly & Hardebeck 2010). On
the other hand, geodetic observations of the deep slow slip events
responsible for the TT and LFE signals near Parkfield have not
been reported so far, presumably due to relatively small geodetic
moment release (e.g. Smith & Gomberg 2009). Hence, investiga-
tion of the spatial-temporal patterns of TTs and LFEs is the only
way to infer deep fault slip information beneath the upper crustal
seismogenic zone (Guilhem & Nadeau 2012; Frank ef al. 2015b).
Shelly (2010a) examined the spatial migration pattern of the SAF
tremors, and found multiple migration episodes at the rate of ~15—
80 km hr!. These results suggested that the deep SAF is a gener-
ally a through-going structure, but the distinct tremor rate changes
of different tremor sources along the SAF after the 2004 M6.0
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Parkfield earthquake indicated heterogeneous fault friction prop-
erties. Previous studies also found increased TT and LFE activi-
ties during the Parkfield earthquake followed by gradual recovery
(Nadeau & Guilhem 2009; Shelly & Johnson 2011; Guilhem &
Nadeau 2012; Wu et al. 2013).

Previous studies mostly focused on investigation of individual
LFE source location and recurrence patterns, which primarily pro-
vide information on individual small asperities rather than the aseis-
mic slip on the surrounding fault interface that causes the LFE ac-
tivities. In this paper, rather than examining the occurrence pattern
of individual LFEs, we study the clustering of LFEs using a new
automatic detection method to identify LFE ‘bursts’, which are pe-
riods in which a single LFE source radiates repeatedly at an elevated
rate. We use this method to investigate the spatial-temporal corre-
lation of different LFE sources, in the hope to better understand the
deep fault slip behaviour, and to constrain the scale of heterogeneity
beneath different sections of SAF, from the locked Cholame section
southeast of Parkfield that last ruptured in the 1857 M7.9 Fort Tejon
earthquake (Sieh 1978) to the northwest creeping section between
Parkfield and San Benito (Fig. 1). We then compare the influences
of the 2004 Parkfield earthquake on the northern and southern LFE
burst characteristics. Finally, we discuss possible physical explana-
tions of the observations, and their implications on the deep SAF
structure and friction properties.

2 DATA AND ANALYSIS PROCEDURE

We utilize an LFE catalogue from 2001 to 2012, in which groups
of repeated similar LFEs are put into an LFE family (Shelly &
Hardebeck 2010). LFE families are located using P- and S-arrival
times measured from stacked seismic waveforms, and repeated oc-
currences of similar LFEs are identified by cross-correlation of
the LFE family template waveforms with the continuous seismic
recordings at multiple High-Resolution Seismic Network (HRSN)
stations (Shelly et al. 2009). The locations of the 88 LFE families
(with a total of ~730 000 LFEs) used in this study are shown in
Fig. 1. The depths range from ~16 to ~30 km and their estimated
moment magnitudes are generally <0.5 (e.g. Nadeau & Dolenc
2005).

We develop an automatic burst detection algorithm and apply it to
the LFE catalogue to identify temporal clusters of repeated radiated
seismic energy from a single LFE source (Fig. 2). We first compute
the LFE recurrence times (time between successive LFEs in the
same family, R; in Fig. 2) from the LFE catalogue. We then estimate
the reference LFE recurrence time (7r) for each LFE family by
computing the arithmetic average of all the recurrence times within
the family, and use four times the reference recurrence time as the
threshold to find LFE bursts. We group all the consecutive LFEs
that occur within a duration of 47} into an LFE burst; a burst ends
when the time to the next LFE exceeds 47r. We set a burst size
threshold of 50 (i.e. require at least 50 LFEs within a burst) to
ensure elevated LFE activity during bursts. We have tested the size
of recurrence time threshold from 27 to 107k, and varying the burst
size threshold from 30 to 100 LFEs. The results show no substantial
difference in the general patterns of detected LFE bursts. Fig. S1
illustrates the robustness of our algorithm to detect elevated LFE
activities, and shows that the detected LFE bursts provide a more
straightforward way to compare the temporal clustering behaviour
of two LFE families than using the individual LFE recurrence times
(e.g. Shelly 2010b; Wu et al. 2013). We then examine the spatial
correlation of the LFE bursts between all the LFE family pairs.

Spatial-temporal variation of LFE bursts 915

We obtain the one-bit correlation coefficient by defining the period
during an LFE burst as one and the period with no burst as zero,
and then computing the correlation coefficient between a pair of
LFE families. Finally, we compare the burst patterns and responses
to the 2004 Parkfield earthquake of the northern and southern LFE
families.

3 RESULTS

After applying the automatic burst detection algorithm to the
LFE catalogue, we detected a total of ~6700 LFE bursts, includ-
ing ~2800 bursts in the northern families, and ~3900 bursts in
the southern families. The distributions of number of bursts, to-
tal number of LFEs in bursts, cumulative, minimum, maximum,
and average duration of bursts for all the families are shown in
Fig. S2. The number of bursts in each family varies from less than
10to ~100, and there are generally more LFEs in bursts in the south-
ern families than in the northern families. The correlation between
number of LFEs in bursts and the number of bursts is high for the
northern families and the southern families with less than 40 bursts,
but not for the southern families with more than 40 bursts (Fig. S3),
indicating those southern families with relatively more bursts also
have higher LFE rates within bursts. Fig. 3 shows the overall spatial-
temporal pattern of LFE bursts for all the families aligned along the
SAF. We did not observe any progressive variation of LFE burst be-
haviour from north to south. We observe similar temporal patterns
of bursts from about —40 to —15 km to the south of Parkfield, and
from about 10 to 18 km, 22 to 30 km and 40 to 44 km to the north
of Parkfield (Fig. 3). The families from —40 to —15 km and 22 to
30 km along SAF have more bursts than the other families, and
the families from —30 to —20 km and 22 to 30 km along SAF have
higher LFE rates within bursts than the other families (Fig. 3). We
also compared the burst patterns of LFE families at similar SAF
locations but different depths (Fig. S4), and our results suggest that
the shallower families generally have more bursts than the deeper
families.

To constrain the spatial extent of the deep fault slips that gener-
ate simultaneous LFE bursts at different sources, we compute the
one-bit correlation coefficient of LFE burst time between all LFE
family pairs and identify the LFE families with similar burst pat-
terns (Fig. 4). The correlation coefficients for the family pairs within
the southern and northern groups is generally much higher than the
correlation coefficients between family pairs with one family from
each of the southern and northern groups. The highest correlation
coefficient is ~0.9 between two adjacent families at —26 km to the
south of Parkfield, and the lowest correlation coefficients are close
to 0 between some north-south family pairs. The average correlation
coefficient between all the family pairs in the southern group (0.35)
is higher than the average value for the northern group (0.26).

Fig. 3 also shows significantly increased LFE burst activities
after the 2004 Parkfield earthquake. After the Parkfield earthquake,
some LFE bursts with very long duration occur in multiple families
of both the northern and southern groups. We hypothesized that
the Parkfield earthquake caused a strong increase in the aseismic
slip rate, which would be manifest as increased LFE activities and
longer bursts. To test this hypothesis, we compute average number
of LFEs per burst and average burst duration at each time point for
the northern and southern groups, respectively (Fig. 5). Fig. 5(a)
shows a clear increase in the number of LFEs per burst for both
the northern and southern groups after the Parkfield earthquake,
and the increase in the northern group is much larger than that in
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Figure 1. (a) Map of the study region of central California. The solid red circles show the locations of the 88 low-frequency earthquake (LFE) families used
in this study. The epicentres of the 2003 M,, 6.5 San Simeon and the 2004 M,, 6.0 Parkfield earthquakes are indicated by the moment tensor solutions, with the
black boxes showing the rupture zones (Chen et al. 2004; Bennington ef al. 2011). The black triangles show the locations of the HRSN stations, and the green
triangles show the locations of the NCSN stations. The small grey dots show the background seismicity from 2000 to 2012 listed in the Northern California
Earthquake Data Center (NCEDC) catalogue. The black lines indicate active faults and the brown squares indicate the geographical locations. The inset is a
map of California with the red box showing the region plotted in the main map. (b) Cross-sectional view along the San Andreas fault (SAF). The black star
indicates the 2004 Parkfield earthquake hypocentre. The solid red circles show the depths and along SAF location of the 88 LFE families. The other symbols

are the same as in panel (a).

the southern group. Similarly, Fig. 5(b) shows clear increases in the
average burst duration after the Parkfield earthquake, with a much
larger increase in the northern group. The changes after the 2003
San Simeon earthquake are generally not clear, but there is a small
increase in the average number of LFEs per burst in both groups 1.5
months before the San Simeon earthquake, coinciding with noise
reductions at some HRSN stations. We also observe a significant
decrease in the LFE burst recurrence times for some of the families
after the Parkfield earthquake (e.g. Fig. S5).

4 DISCUSSION

TT or groups of LFEs are generally presumed to be caused by
transient aseismic slip in the deep fault (e.g. Rogers & Dragert
2003). By investigating the spatial-temporal correlation of LFE
bursts along SAF, we hope to better constrain the scales of variations
in the deep fault slip and the conditions that give rise to these
variations. Previous studies have documented burst behaviour of
LFEs in Japan, central California and Mexico (Shelly et al. 2007;
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Figure 2. Schematic illustration of the automatic burst detection algorithm.
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Figure 3. The timing of LFE bursts for all the 88 LFE families aligned by
the distance along the SAF. The X-axis is calendar year and the Y-axis is
distance along SAF. The width of colour-coded rectangles show the starting
and ending times of LFE bursts, with the colour showing the LFE rate
per day in logarithmic scale. The two arrows at the top of the figure mark
the timings of the 2003 San Simeon and the 2004 Parkfield earthquakes,
respectively.

Shelly 2010b; Frank et al. 2013, 2014). Shelly & Johnson (2011)
examined the patterns for LFE sources at different depths in central
California, and found that the shallower sources are generally more
clustered in time than the deeper sources. Guilhem & Nadeau (2012)
compared the occurrence patterns of TTs and LFEs at Parkfield
and suggested that the dependence of LFE patterns on along-fault
location is more significant than the depth dependence.

Here we investigated the LFE burst behaviour in central Cali-
fornia quantitatively, and observed clear spatial coherence in the
LFE burst patterns. The automatic burst detection method provides
a more objective way to quantify the clustered activities of LFEs
(Fig. S1), which also enables quantification of the correlation be-
tween LFE bursts from different sources (Figs 3 and 4). The strong
correlation of LFE bursts within the southern groups found in this
study (Figs 3 and 4) suggests coherent slip behaviour beneath the
Cholame section of SAF, and that the deep fault structure is likely
to be relatively simple (Wesnousky 2006). On the other hand, we
observe three different groups of LFE burst patterns to the north
of Parkfield (Fig. 3), suggesting variation in slip behaviour among
these groups, which could be indicative of more variable fault zone

Spatial-temporal variation of LFE bursts 917
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Figure 4. Plot showing the correlation coefficient (CC) value of the LFE
bursts for all the LFE family pairs. The LFE families are sorted by position
from south to north along SAF in both X- and Y-axes. The horizontal and
vertical white lines mark the boundaries between the southern and northern
families.

structure, frictional properties and permeability (Yamashita 2013).
Investigation of the burst patterns for LFE families at similar along-
fault locations but different depths shows that the shallower families
have more LFE bursts than the deeper families (Fig. S4), suggest-
ing a transition from stick-slip at the shallower sources to stable
sliding at the deep sources (Shelly & Johnson 2011). However,
the LFE sources close to Parkfield are generally shallower than
those sources further north and south (Fig. 1), and there are uncer-
tainties of LFE source depth due to the LFE detection algorithm
(Shelly & Hardebeck 2010; Guilhem & Nadeau 2012), so it is dif-
ficult to completely separate the along-fault dependence with the
depth dependence of LFE burst patterns. Possible explanations for
the abrupt changes in elastic properties of deep SAF include mul-
tiple fault strands at depth (Field 2007; Nadeau & Guilhem 2009),
weakening with increasing depth and temperature (Obara et al.
2010), and high thermal gradient of SAF (Shelly & Johnson 2011).

Temporal changes in LFE and tremor activities after the 2003
San Simeon and 2004 Parkfield earthquakes have been documented
in some previous studies (Nadeau & Guilhem 2009; Shelly &
Johnson 2011; Guilhem & Nadeau 2012; Wu et al. 2013). Shelly &
Johnson (2011) showed that the San Simeon earthquake had small
and mixed effects on different LFE sources, while the Parkfield
earthquake had large and universally promoting effects on all the
LFE sources. In this study, we examine the influence of these two
earthquakes on the LFE burst characteristics instead of individual
LFEs to investigate the temporal variation in deep fault slip. Tem-
poral changes in LFE burst patterns are subtle after the San Simeon
earthquake, but are striking after the Parkfield earthquake (Fig. 5).
When we average the results in both groups, the small and mixed
effects caused by the San Simeon earthquake are likely cancelled
out, so the changes are not obvious in Fig. 5. The number of LFEs
per burst and the average burst duration in both groups increase
after the Parkfield earthquake (Fig. 5), indicating extended period
of deep fault slip along different sections of SAF. This is likely due
to the large positive Coulomb stress on both groups caused by the
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Figure 5. (a) The black and red curves show the temporal changes in the
number of LFEs per burst (cumulative numbers of LFEs divided by cumu-
lative number of bursts at each time point) for the northern and southern
LFE families, respectively. The vertical blue and black dashed lines show
the timings of the 2003 San Simeon and the 2004 Parkfield earthquakes,
respectively. The vertical grey dashed lines show the timings of the HRSN
gain changes. (b) Similar plot as (a) for the temporal changes in the average
burst duration.

Parkfield earthquake and its afterslip (Shelly & Johnson 2011).
Fig. 5 also shows that the northern group has longer average burst
duration, while the southern group has more LFEs per burst, sug-
gesting that the northern group bursts are generally less clustered
than the southern group bursts. In addition, the increases of both
number of LFEs per burst and burst duration in the northern group is
much larger than that in the southern group after the Parkfield earth-
quake (Fig. 5). Both observations suggest that the friction strength
of the deep SAF beneath the creeping section of SAF north of Park-
field is likely to be weaker than that beneath the locked Cholame
section, mirroring the changing friction strength in the upper crust
from the creeping section to the locked section of SAF (Lockner
etal. 2011; Shelly & Johnson 2011). Other possible explanations of
the larger effects on the northern group is the dynamic effects and
focusing due to the northwestern rupture direction of the Parkfield
earthquake (Bakun et al. 2005), and potential differing effects on
various types of bursts from the perturbation of the Parkfield earth-
quake, which will be investigated in a follow-up synthetic modelling
study.

5 CONCLUSION

We develop an automatic LFE burst detection method and apply
it to the 12-yr LFE catalogue in Parkfield (Shelly & Hardebeck
2010). We found that the northern group of LFE sources generally
has longer burst duration but fewer LFEs within bursts, while the
southern group has shorter burst duration but more LFEs within
bursts. The southern group LFE bursts are generally more corre-
lated than the northern group, suggesting more coherent deep fault
slip and relatively simpler deep fault structure beneath the locked
section of SAF. The 2004 Parkfield earthquake increased the num-
ber of LFEs per burst and burst durations for both the northern

and southern groups, with a relatively larger effect on the northern
group. Our observations indicate that the frictional strength of the
deep SAF northwest of Parkfield is likely to be weaker than that at
the Cholame section. This study, together with other recent studies
(e.g. Frank et al. 2015a), suggest that the LFE burst method is an
effective new approach to characterize deep fault slip.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1. Illustration of the period of elevated LFE activities cap-
tured by the automatic burst detection algorithm. The X-axis is the
calendar year and the Y-axis is the LFE recurrence time (R,) in log-
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arithmic scale. The black circles show individual LFEs in (a) LFE
family 32 and (b) LFE family 25, which are ~2.3 km apart in the
south group. The vertical red lines indicate the detected LFE bursts,
with the width of each line showing the duration of the burst. The
horizontal blue dashed line shows the recurrence time threshold to
define LFE bursts.

Figure S2. (a) Number of LFE bursts for each of the 88 LFE
families, sorted from south to north along the X-axis by their pro-
jected positions along the San Andreas Fault (SAF). The vertical
red dashed line indicates the boundary between the southern and
northern families. (b) Similar plot as (a) for number of LFEs within
bursts. (c¢) Similar plot as (a) for the total duration of bursts in days.
(d—f) Similar plots as (a) for the minimum, maximum and average
duration of bursts in days.

Figure S3. (a) Number of LFEs within bursts versus number of
bursts for all the northern families. The red line shows first order
least squares fitting of the data. The correlation coefficient between
the observed data (black circles) and fitted curve (red line) is marked
at the bottom right corner. (b) Similar plot as (a) for all the southern
families. The red and blue lines show first order least-squares fitting
of the data in the <40 and >40 ranges, respectively.

Figure S4. Comparison of the LFE burst patterns for families at
similar along SAF locations but different depths. The X-axis is the
calendar year and the Y-axis is the LFE recurrence time (R;) in
logarithmic scale. The black circles show individual LFEs in (a)
LFE family 42 at the depth of 16.3 km and (b) LFE family 41 at the
depth of 24.5 km, which are ~4.2 km apart in the north group, and
in (c) LFE family 60 at the depth of 22 km and (d) LFE family 39
at the depth of 25 km, which are ~0.7 km apart in the south group.
The vertical red lines indicate the detected LFE bursts, with the
width of each line showing the duration of the burst. The horizontal
blue dashed line shows the recurrence time threshold to define LFE
bursts.

Figure S5. Examples of the temporal changes in LFE burst recur-
rence times for two families: (a) LFE family 26 and (b) LFE family
42. The X-axis is the calendar year and the Y-axis is the LFE burst
recurrence time. The blue and black vertical dashed lines show the
occurrence times of the San Simeon and Parkfield earthquakes, re-
spectively. The red dashed curve show the least squares fitting of
the burst recurrence times after the Parkfield earthquake.
(http://gji.oxfordjournals.org/lookup/suppl/doi: 10.1093/gji/
ggv194/-/DC1)
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