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[1] Seismicity within many earthquake swarms is observed to migrate slowly with time,
which may reflect event triggering due to slow fault slip or fluid flow. We search for
this behavior in Southern California by applying a weighted least squares method to
quantify event migration within 69 previously observed seismicity bursts. We obtain
best-fitting migration directions and velocities, and compute a statistical migration
significance sm for each burst using a bootstrap resampling method. We define 37 bursts
with sm ≥ 0.8 as the migration group, and 32 bursts with sm < 0.8 as the non-migration
group. To explore differences between the two groups, for each burst we compute effective
stress drop (Dsquasi, the ratio between total moment and radius), the skew of the moment
release time series (m), the timing of the largest event (tmax), and the distance separation
between the first half and second half of the sequence (ds). As expected, the migration
group features larger ds and lower Dsquasi, consistent with higher migration significance.
It also features lower m and higher tmax, similar to observations from swarms in the
Salton Trough, while the non-migration group is more similar to main shock-aftershock
sequences. To explore possible fluid involvement, we model the migration behavior with
the fluid diffusion equation, and identify 18 bursts with diffusion coefficients ranging from
0.01 to 0.8 m2/s, with the majority below 0.16 m2/s. The obtained diffusion coefficients
and migration behavior are similar to the Reservoir-induced seismicity beneath the
Açu reservoir in Brazil. The majority of normal faulting events are associated with these
18 bursts, while the non-migration group has the most reverse faulting events, indicating a
possible link between sequence type and focal mechanism.
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1. Introduction

[2] Earthquakes are observed to strongly cluster in time
and space. Two major sources for earthquake clustering
are main shock-aftershock sequences and swarms. After-
shock sequences are triggered directly or indirectly by a
large earthquake near the beginning of the sequence, while
earthquake swarms do not have obvious main shocks,
and are thought to be mainly triggered by an underlying
physical processes, such as fluid flow or aseismic slip. Fluid
involvement is commonly observed for volcanic swarms,
for which the spatial-temporal evolution of seismicity and
earthquake source properties (focal mechanism, spectral
characteristics, etc.) are consistent with magma movement
[e.g., Hough et al., 2000; Hayashi and Morita, 2003;
Yukutake et al., 2011]. Fluids are also common drivers for
non-volcanic swarms within geothermal regions or induced

by impoundment of reservoirs [e.g., Kato et al., 2010;
El Hariri et al., 2010; Daniel et al., 2011]. The occurrence
of induced seismic swarms during injection experiments is
a strong indicator of fluid triggering, e.g., at the Coso geo-
thermal field [Julian et al., 2010]. Aseismic slip as a driving
force has been observed for a swarm within the Salton
Trough [e.g., Lohman and McGuire, 2007]. Most earth-
quake swarms exhibit spatial migration of a seismicity front
[e.g., Roland and McGuire, 2009; Chen and Shearer, 2011],
and this migration behavior can help to distinguish between
different triggering mechanisms. The fluid-involved swarms
can be modeled as a diffusion process, with diffusivity
ranging from 0.02 to about 10 m2/s [e.g., do Nascimento
et al., 2005; Shapiro et al., 2005; Parotidis et al., 2005;
Talwani et al., 2007].
[3] Vidale and Shearer [2006] (VS2006) investigated

71 seismic bursts across Southern California based on a
waveform-relocated catalog. They classified the bursts
into ‘swarm-like’, ‘aftershock-like’ and ‘mixed’ categories
according to the timing of the largest event in each sequence.
They argued that the strong spatial expansion of ‘swarm-
like’ bursts can be explained by fluid diffusion processes,
but that the steady rate of seismicity during many swarms
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was more consistent with aseismic slip episodes. Chen and
Shearer [2011] (CS2011) developed a weighted least
squares method to model the migration of seismicity onsets,
and used the best-fitting migration velocities and directions
to distinguish between swarms driven by fluid flow and
aseismic slip. Pore fluid diffusion is typically at velocities
on the order of m/day, generally much slower than aseismic
slip-driven migration, which is usually at km/hour [Roland
and McGuire, 2009]. In this study, we take advantage of
the LSH catalog [Lin et al., 2007] which features high
resolution within similar event clusters, to update the loca-
tions of the 71 bursts identified in VS2006, and apply the
migration analysis procedure from CS2011 to these bursts.
The waveform-relocated catalog for the reservoir-induced
seismicity (RIS) beneath the Açu reservoir in Brazil
(henceforth referred to as the Brazil swarm), previously
analyzed in detail [do Nascimento et al., 2004, 2005; El
Hariri et al., 2010], is also included in our analysis for
comparison. Our results help clarify the differences among
earthquake bursts and their origins, and provide evidence
for fluid migration as the driving force behind many swarms
in southern California.

2. Migration Behavior

[4] With updated locations, 2 out of the 71 original bursts
have too few events to properly analyze (fewer than 10
events). For the remaining 69 bursts, we apply the weighted
least squares method to model the linear migration of seis-
micity onset times (i.e., the lower edge of the upper-triangle
function in time versus distance plots of seismicity), to
compute the best-fitting migration directions and velocities,
following the equation t = t0 + n→⋅(X→ � X

→
0)/v, where n

→ is the
migration direction, v is migration velocity, t0 is the timing
of the first event, and X

→
0 is the location of the first event.

The estimated velocities generally appear slower than
swarms within the Salton Trough (henceforth referred to as
SS-swarms) (CS2011), and are mostly below 0.01 km/hour.
We then apply a statistical resampling method to obtain a
statistical significance (sm) for the migration behavior of
each burst. This method works by randomly ‘scrambling’
the occurrence time of each event in the sequence, and then
applying the least squares method to find the minimum
misfit for each resampled data set. This procedure is
repeated 100 times for each burst, and sm is defined as the
percentage of higher misfits from the resampled data set
compared with the original data set. The computed sm values
range from 0.5 to 1.0 for all bursts, with generally higher
values for the 18 ‘swarm-like’ bursts in VS2006 and lower
values for the ‘aftershock-like’ bursts. We separate the 69
bursts into two groups based on sm, in which 37 bursts
(including 14 ‘swarm-like’ bursts) with sm ≥ 0.8 are defined
as the migration group, and 32 bursts (including 12 ‘aftershock-
like’ bursts) with sm < 0.8 are defined as the non-migration
group. For each burst, we compute the normalized distance
using dn = n→⋅(X→�X

→
0)/v with the best-fitting migration direc-

tion (n→) and velocity (v). To illustrate differences in the
migration behavior among each group, we combine (stack)
data from all bursts within the same group, and plot normalized
distance versus time for each event. Shown by Figure 1a, the
seismicity onset of the migration group aligns well with the
best-fitting straight line, while the seismicity of the non-

Figure 1. (a) Stacked time versus normalized distance
migration behavior for 37 bursts with migration significance
≥0.8. (b) Stacked normalized migration behavior for 32
bursts with migration significance <0.8. (c) Stacked normal-
ized diffusion migration curve for 18 bursts. Red lines in
Figures 1a and 1b represent normalized distance following
d = t � t0, red line in Figure 1c represents normalized dis-
tance following d ¼ ffiffiffiffiffiffiffiffiffiffiffi

t � t0
p

.
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migration group (Figure 1b) centers within a narrow region
regardless of time. The uncertainty of migration directions
within the migration group is estimated to be 15� with respect
to the median value from the resampling method.

3. Statistical Characteristics

[5] The overlap with the categories in VS2006 indicates
the migration group is similar to swarms, while the non-
migration group is similar to main shock-aftershock
sequences. To explore differences between the two groups,
we compute a set of parameters for each of the bursts, and
identify differences among the statistical distributions within
each group. Similar to the SS-swarms, we compute the
parameter tmax, which is the time delay of the largest event
normalized by the mean time delay within the burst. We also
compute the skew of the seismic moment release m, calcu-
lated from the third moment and standard deviation of the
seismic moment time history (details in CS2011). m is gen-
erally lower for swarms, and higher for aftershock sequences
[Roland and McGuire, 2009]. In addition to these two
parameters associated with the event magnitude, we com-
pute two other parameters to quantify the spatial distribution

of the bursts. Parameter Dsquasi ¼ 7∑n
1 M

i
0

16r3 (r is the mean
radius of the burst) quantifies the total moment release rel-
ative to the area of the burst. Roland and McGuire [2009]
showed that swarms on transform faults generally have
lower Dsquasi and lower m compared with main shock-
aftershock sequences. Another parameter, ds, measures the
distance separation between the centers of the first half and
second half of each burst, normalized by the mean radius of

the burst, which provides an alternate measurement of the
spatial migration.
[6] We compute the parameters tmax, m, Dsquasi and ds for

the 69 bursts, and compare the CDF (cumulative density
function) of the distribution for each parameter. For com-
parison, we also compute the same parameter set for the SS-
swarms and the Brazil swarm. The Brazil swarm features m
of 1.1, tmax of 0.7, ds of 0.5, and Dsquasi of 0.4, close to the
median values for the migration group and SS-swarms, with
a slight lower Dsquasi. Shown in Figure 2, the migration
group has similar parameter distributions to the SS-swarms.
For m (Figure 2b), we find that the SS-swarms and the
migration group have very similar distributions, which are
limited to a range between �3 and 5, while the non-migra-
tion group extends from 0 to about 45. Higher m values
indicate the energy release is concentrated at the beginning
of the sequence, consistent with lower tmax for the non-
migration group (see Figure 2c). Figure 2d shows the dis-
tance separation between the first and second halves for the
SS-swarms. As expected, this separation is much greater for
the migration group than the non-migration group.
[7] For the Dsquasi parameter (Figure 2a), the SS-swarms

and the migration group have median values around 3 MPa,
while the non-migration group has median values around
8 MPa, higher than the other two groups, which indicates the
total moment release is centered in a relatively small region.
To investigate whether the Dsquasi values have any rela-
tionship to stress drops for individual earthquakes, we
compare the values with stress drop estimates (Ds), avail-
able for some of the events from Shearer et al. [2006]. We
find 39 bursts have at least 10 events with stress drop
estimates, of which 21 bursts fall within the migration
group and 18 within the non-migration group. We compute
the correlation coefficient and significance of correlation
betweenDsquasi and medianDs based on a t-test. We apply
a bootstrap method to obtain the distribution of correlation
coefficients and the significance based on 1000 resampled
data sets. Including all bursts, the correlation coefficient
between Dsquasi and median Ds is 0.1, and is only signifi-
cant at the 50% confidence level. For the migration group,
the correlation is around 0.4, and is significant at over 90%
confidence; however, the non-migration group has a slightly
negative correlation of �0.15 at a confidence level of 50%.
For comparison, the SS-swarm has a coefficient of 0.4 at a
confidence level of 90%, similar to the migration group. The
correlation results show that the ‘swarm-like’ migration
group is more correlated to the average single event stress
drop estimates, although not very strongly, while the ‘aftershock-
like’ non-migration group is barely correlated at all. The rupture
area and the total moment for a main shock-aftershock sequence
is mostly dominated by the main shock, so Dsquasi should
approximate the main shock stress drop, and not necessarily
correlate to individual aftershock stress drops. Unfortunately, due
to waveform clipping problems, the Shearer et al. [2006] study
does not include stress drop estimates for events larger than
about M 3.5, so we cannot compare our results directly to main
shock stress drops.
[8] Another important feature is the deviation of the tem-

poral event distribution from Omori’s power law decay
curve. Individual bursts exhibit variations in their temporal
distributions, so to examine the general features of the two
groups, we stack the delay times in each burst relative to the

Figure 2. Cumulative distribution functions (CDFs) for
different burst categories, as a function of (a) effective stress
drop (log scale), (b) skew of seismic moment release, (c)
time delay of the largest event normalized by the mean time
delay, and (d)the normalized distance separation between
the first and second half of the burst. Results for swarms in
the Salton Trough from Chen and Shearer [2011] are shown
in black, bursts from Vidale and Shearer [2006] with sm ≥ 0.8
are shown in red, bursts with sm < 0.8 are shown in blue,
results for the Brazil swarm are shown in green.
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largest event within each group. Figure 3 shows that the
migration group has about 50% of its seismicity before the
largest event, while the non-migration group is more similar
to typical main shock-aftershock sequences with very few
events prior to the largest event. Despite the differences in
the ‘foreshocks’ before the largest event, both groups exhibit
power law decay after the largest event in each sequence.
The temporal distributions of SS-swarms and the Brazil
swarm are similar to the migration group with an excess
of seismicity before the largest event and Omori-like decay
afterward. Such Omori-like decay indicates that some
earthquake-to-earthquake triggering is likely significant
even for the migration group [Hainzl and Ogata, 2005];
however, it should be noted that individual bursts do not
usually follow Omori-like decay as closely as the stacked
result.

4. Fluid Diffusion

[9] In CS2011, the possibility of fluid movement as a
driving force is analyzed for some swarms within the
Salton Sea geothermal field, where continuous injection
and production are conducted. To investigate possible fluid
involvement for the 69 bursts, we apply the same fluid dif-
fusion modeling procedure used in CS2011. We use a sim-
ilar weighted least squares method to find the best-fitting
diffusion coefficient based on the migration of seismicity
onset, following the equation jX→�X

→
0j ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4pDðt � t0Þ

p
,

where D is the diffusion coefficient. To apply the least
squares method, we modify the equation to t ¼ t0 þ
X � X0

2= 4pDð Þ����→ →
, and solve for D. A similar resampling

method is used to find the statistical significance sm. For

each burst, we apply a bootstrap method to compare the
misfit from the two models. The least squares procedures
are applied to 100 resampled data sets, and the misfits
from the two models are compared for each data set. We
find 18 bursts have overall lower misfits with the diffusion
model, which are all within the previously defined migra-
tion group of 37 bursts. We consider these 18 bursts as
likely driven by fluid diffusion, of which 15 bursts have
diffusion coefficients ranging from 0.01 to 0.16 m2/s and
3 bursts have higher coefficients from 0.4 to 0.8 m2/s. The
uncertainty of the coefficients is estimated to be about 10%
from the bootstrap test. Of the 6 bursts within the Coso
geothermal field, 4 are better fit with the fluid diffusion
curve, similar to previous observations in the Salton Sea
geothermal field, which indicated a high fraction of swarms
that are fit with the diffusion curve (CS2011). To illustrate
the diffusive migration behavior, we normalize distance using
dn ¼ X � X0j j= ffiffiffiffiffiffiffiffiffi

4pD
p→ →

, and combine (stack) the 18 bursts to
produce a distance versus time plot, shown in Figure 1c.
[10] We also compare these results with the Brazil

swarm, which was triggered by increased water level in the
Açu Reservoir [El Hariri et al., 2010]. We apply both the
linear migration model and diffusion migration model to
the waveform relocated catalog and compare the misfit
from the two models. The migration significance is over
95% for both models, and the misfit from diffusion mod-
eling is much lower than the linear migration model, con-
sistent with a fluid triggering mechanism. We obtain a linear
migration velocity of 38.4 m/d during peak seismicity, con-
sistent with the velocity of 32–52.5 m/d obtained by El Hariri
et al. [2010], and a diffusion coefficient of about 0.02 m2/s,
somewhat lower than the hydraulic diffusivity of 0.06 m2/s
obtained by do Nascimento et al. [2005], but within the same

Figure 3. (a) Temporal distribution for events within bursts
with high migration significance (sm ≥ 0.8). (b) Temporal
distribution for bursts with low migration significance
(sm < 0.8). Red lines are the predicted t�1 decay curves.

Figure 4. Focal mechanism distribution for events within
(a) the non-migration group, (b) the linear migration group,
and (c) the fluid diffusion group. Here �1 corresponds to
normal faulting, 0 corresponds to strike-slip faulting, and 1
corresponds to reverse faulting.
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order, considering the wide range of diffusivities that have
been reported [e.g., Talwani et al., 2007].

5. Focal Mechanisms

[11] So far, we have identified three types of bursts,
the non-migration ‘aftershock-like’ bursts, linear migrating
bursts, and bursts with apparent fluid involvement. VS2006
found that normal faulting mechanisms are usually associ-
ated with ‘swarm-like’ bursts, while ‘aftershock-like’ bursts
are mainly associated with strike-slip and thrust faulting
mechanisms. Here, we associate events from each burst
with focal mechanism solutions from the HASH catalog
[Hardebeck and Shearer, 2003], and then compute the

focal mechanism type using the same method as VS2006,
where �1 is normal faulting, 0 is strike-slip faulting and 1
is reverse faulting. We use focal mechanism solutions with
quality A and B, and find 46 out of 69 bursts have at least
one focal mechanism. We then separate the events into the
three groups based on the burst type. As shown in Figure 4,
the non-migration group has the most reverse faulting
mechanisms, the linear migration group is dominated by
strike-slip faulting mechanisms, while the fluid-driven
bursts have an excess of normal faulting mechanisms.
Roughly speaking, about 70% of the reverse faulting events
belong to the non-migration group and about 60% of the
normal faulting events belong to the diffusive group.
Strike-slip faulting is the dominant mechanism among all

Figure 5. Map view of burst locations, major focal mechanisms and migration directions. Yellow dots
are the geothermal well locations (data from California Conservation Department website). Arrows are
the best-fitting directions for bursts within the migration group. Green color indicates bursts best fit with
diffusion curves. Red color indicates bursts with sm ≥ 0.8. Blue color indicates bursts with sm < 0.8 and no
clear migration directions. Focal mechanisms are from Hardebeck and Shearer [2003], the focal type of
the largest available earthquake and second largest available earthquake with a different focal type are
plotted for each burst. If no focal mechanism or migration is available for a burst, a dot of corresponding
color is plotted.
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events, events of this type are evenly distributed among the
three groups, and it is also the dominant focal mechanism
among events in the SS-swarms and the Brazil swarm.
Because these results could be dominated by a few large
bursts, we also find the most common focal type and the focal
type of the largest event with a focal mechanism solution
for each burst. The results consistently show that the fluid-
involved swarms have a higher fraction of normal-faulting
mechanisms. As shown in Figure 5, south of the Garlock
Fault, the fluid associated bursts are mostly distributed within
the San Jacinto Fault Zone, the San Andreas Fault-Coachella
zone, and the Eastern California Shear Zone, where high
focal mechanism heterogeneity and substantial normal
faulting are found [Bailey et al., 2010]. However, the higher
fraction of reverse faulting seen within the non-migration
group is not obvious, as both the linear migrating swarms
and the non-migration group are dominated by strike-slip
faulting mechanisms.
[12] We also compare the migration directions with focal

mechanism orientations of the largest event in each burst.
The migration directions are mostly at about 5� to 30� to
one of the best-fitting focal planes, and are mostly within
30� of the seismicity strike direction. Considering the
uncertainty of 15� for the migration direction estimates, this
result indicates rough agreement between the focal mecha-
nism orientations and migration directions. However, the
directions usually do not follow surface fault traces, espe-
cially for the fluid associated bursts (see Figure 5), which
include most normal faulting components. As noted by
Bailey et al. [2010], for non strike-slip faulting types, the
dominant focal mechanism orientations usually do not

agree with surface traces, and may sample secondary fault
structures.

6. Discussion

[13] There have been many studies on fluid diffusivity
using migration of microseismicity within geothermal
areas, gas field, rift, volcanic regions, etc. Talwani et al.
[2007] analyzed over 90 cases of induced seismicity from
reservoir and geothermal injection experiments, and found
the hydraulic diffusivities lie between 0.1 and 10 m2/s.
Shapiro et al. [2005] obtained a diffusivity of 0.023 m2/s
by fitting seismicity fronts triggered during a hydraulic
fracturing test in Soultz (France), which is consistent with
the diffusivity obtained based from a borehole injection/
flow test. The diffusivities for Southern California are
mostly between 0.01 and 0.16 m2/s, consistent with values
for other geothermal regions (obtained from hydraulic
fracturing tests), water reservoirs and rift-related swarms,
which range between 0.02 to 0.25 m2/s [Audigane et al.,
2002; Shapiro et al., 2005; do Nascimento et al., 2005;
Pacchiani and Lyon-Caen, 2010]. The values are slightly
lower than diffusivities obtained for volcanic regions,
which are generally between 0.2 to 0.7 m2/s [Shapiro et al.,
2005; Parotidis et al., 2005; Yukutake et al., 2011]. The
diffusive bursts are mostly distributed between 0 and 15 km
depth. There is a hint of decreasing diffusivity with depth
between 2 and 6 km, but this trend is less clear for deeper
bursts.
[14] Some swarms feature episodes with different diffu-

sivities. Parotidis et al. [2005] obtained diffusivities rang-
ing from 0.3 to 10 m2/s for different episodes of seismicity
during the 2000 Vogtland swarm, and suggested hydraulic
heterogeneities as a possible cause. We find two swarms
within the Coso geothermal region are best explained with
two different diffusion curves, both starting with lower
diffusivity and continuing with higher diffusivity. The
swarm starting on 08/12/1984 began with lower diffusivity
at shallower depth, and continued to deeper depths with a
higher diffusivity; the swarm starting on 08/01/1992 began
with lower diffusivity at deeper depth along a NE-SW
strike, and continued to shallower depth at SE-NW strike
with higher diffusivity (see Figure 6). The different migra-
tion behaviors within the same swarm may arise from
different diffusivity patches that account for hydraulic
heterogeneities.
[15] The linear migration velocities for swarms within the

linear migration group are mostly below 0.01 km/hour,
about an order of magnitude lower than the average
migration velocities for the SS-swarm (CS2011) and
swarms along transform faults [Roland and McGuire,
2009]. The typical aseismic slip velocity is on the order
of 0.1 km/hour to 1.0 km/hour [Roland and McGuire,
2009, and references therein]. Our low observed velocities
for these swarms are more comparable to fluid-driven
migrations [e.g., Hainzl and Ogata, 2005], but we none-
theless achieve better data fits with a constant linear
velocity than with a diffusion curve. Thus, these swarms
may have been triggered by slower or weaker aseismic slip
than previous work has suggested is typical for slow-slip
events. Future analysis with Epidemic Type Aftershock
Sequence (ETAS) models and physical seismicity models

Figure 6. (a) Map view of events within a swarm starting
on 08/01/1992 in Coso geothermal field. (b) Best-fitting dif-
fusive migration curve for all events with D = 0.04 m2/s. (c)
Best-fitting diffusive curve for the NE-SW striking events
at the early stage of the swarm with D = 0.008 m2/s. (d)
Best-fitting diffusive curve for the SE-NW striking events
at the later part of the swarm with D = 0.05 m2/s. Red dots
correspond to events in Figure 6c, black dots corresponds
to events in Figure 6d. Blue lines in Figures 6b–6d are the
predicted migration curve with corresponding diffusion coeffi-
cients in each figure. Distance in Figures 6b–6d is relative to
the first event in each figure.
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based on rate and state friction laws may help to reveal
additional information [e.g., Hainzl and Ogata 2005; Llenos
and McGuire, 2011].

7. Conclusions

[16] We examine 69 seismicity bursts across southern
California to quantify the spatial migration of their events
and to explore differences in their behavior as defined by
parameters that describe the time history of moment release
and stress drop estimates. Bursts that do not exhibit signifi-
cant migration (with migration significance sm < 0.8) have
low tmax, low ds, high m and high Dsquasi, and are mostly
aftershock-like sequences, while bursts with high sm feature
high tmax, high ds, low m and low Dsquasi, are more ‘swarm-
like’. Through diffusive migration behavior modeling, we
find over half of the migration bursts are better-fitted to a
diffusive curve with similar parameters to a well-recorded RIS
sequence, indicating fluid involvement, and the diffusivities are
consistent with previous studies for geothermal reservoirs. The
focal mechanism solutions for the fluid-involved bursts show a
high fraction of normal faulting mechanisms, consistent with
the hypothesis of an extensional stress field for geothermal
reservoirs. Further analysis with ETAS modeling and physical
models may help to further explain this behavior.
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