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Figure 2. Schematic illustration of the automatic burst detection algorithm.

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

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
et al. 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 C O N C LU S I O N

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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S U P P O RT I N G I N F O R M AT I O N

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 (Rt) in log-

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 (Rt) 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/
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