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SUMMARY

Swarm-like earthquake sequences are commonly observed in a diverse range of geo-
logic settings including volcanic and geothermal regions as well as along transform plate
boundaries. They typically lack a clear mainshock, cover unusually large regions relative
to their total seismic moment release, and fail to decay in time according to standard af-
tershock scaling laws. Swarms often result from a clear driving phenomenon, such as a
magma intrusion, but most lack the necessary geophysical data to constrain their driving
process. To identify the mechanisms that cause swarms on strike-slip faults, we use rel-
ative earthquake locations to quantify the spatial and temporal characteristics of a set of
swarms along Southern California and East Pacific Rise transform faults. Swarms in these
regions exhibit distinctive characteristics, including a relatively narrow range of hypocen-
tral migration velocities, on the order of a kilometer per hour. This rate corresponds to
the rupture propagation velocity of shallow creep transients that are sometimes observed
geodetically in conjunction with swarms, and is significantly faster than the earthquake
migration rate associated with fluid diffusion. The uniformity of migration rates and low
effective stress drops observed here suggest that shallow aseismic creep transients are the
primary process driving swarms on strike-slip faults. Moreover, the migration rates are
consistent with laboratory values of the rate-state friction parameter b (0.01) as long as

the Salton Trough faults fail under hydrostatic conditions.
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1 INTRODUCTION

The term earthquake swarm typically refers to a cluster of moderate earthquakes that occur over a pe-
riod of hours to days without a distinct mainshock. In regions of magma intrusion and CO5 degassing,
swarms have been linked to fluid-flow processes that alter the stress field and trigger seismicity (Hill
1977; Smith, et al. 2004; Hainzl & Ogata 2005). However, with recent improvements in seismic ob-
servation capabilities, it is becoming clear that swarms occur in a variety of tectonic settings, not just
in areas of volcanism. High rates of seismic swarms have been observed historically in the south-
ern region of the San Andreas transform fault system, where it extends into the Salton Trough in
Southern California (Richter 1958; Brune & Allen 1967; Johnson & Hadley 1976). Recent studies
of high-quality earthquake catalogs have demonstrated that swarms are a common feature of various
large-scale tectonic fault systems including those in California and Japan (Vidale & Shearer 2006;
Vidale, et al. 2006). Additionally, analysis of aftershock productivity and foreshock occurrence rates
on mid-ocean ridge transform faults indicate that oceanic sequences are generally more swarm-like

than typical sequences on continental strike-slip boundaries (McGuire, et al. 2005).

Although in may cases, geophysical observations are not available to constrain the specific pro-
cess, certain swarm seismicity characteristics reflect an underlying driving mechanism that is funda-
mentally different from mainshock-aftershock Coulomb stress triggering. Earthquake swarms are of-
ten characterized by an effective seismic stress drop (the ratio of total seismic moment release to fault
area) that is an order of magnitude lower than stress drop values typical for mainshock-aftershock
sequences on strike-slip faults (Vidale & Shearer 2006). Empirical laws developed from observations
of aftershock sequences triggered from a single large event also do a poor job of fitting swarms on
transform boundaries. Omori’s Law of seismicity rate decay following a mainshock (Omori 1894) and
Bath’s law, which describes the difference in the magnitude of a mainshock and its largest aftershock
(Helmstetter & Sornette 2003b), cannot be applied to earthquake swarm seismicity with values typ-
ical of continental strike-slip fault systems. Observations of unusual temporal and spatial seismicity
patters associated with swarms can also be extended to earthquake sequences on the East Pacific Rise
(EPR). In their study of oceanic transform seismicity, McGuire et al. (2005) showed that foreshocks
are an order of magnitude more common on EPR transform faults than on faults in California, while
aftershocks are an order of magnitude less common. This analysis demonstrated that EPR transform
seismicity cannot be explained by typical earthquake triggering models, and went on to suggest that
an aseismic driving process was likely responsible for the increased foreshock activity. Forsyth et
al. (2003), inferred an anomalously low stress drop associated with a swarm on the western bound-
ary of the Easter Microplate. Based on unusual spatial properties, aseismic slip events were similarly

hypothesized to trigger the swarm seismicity in that analysis.
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A few studies have directly associated swarms on transform faults with geodetically observed
aseismic creep. On the central San Andreas, Linde et al. (1996) used creepmeter observations to con-
nect a small number of earthquakes with magnitude ~5 creep events that had time scales of a few
days. Lohman and McGuire (2007) studied a large swarm in the Salton Trough using both seismic and
geodetic data, and inferred that the magnitude of surface deformation that occurred during the swarm
could not be explained by the recorded seismicity alone. Their modeling of the observed deformation
required a significant contribution from shallow aseismic creep coincident with the swarm. A hypocen-
tral migration velocity on the order of 0.1-1.0 km/hr, which was observed during the early stage of the
Lohman and McGuire sequence, is a common feature of strike-slip swarms in the Salton Trough
(Johnson & Hadley 1976). This velocity is consistent with estimated rupture propagation speeds of
creep events in California (King et al. 1973; Burford 1977; Linde 1996; Glowacka et al. 2001), and
is significantly faster than the migration rate of earthquakes observed in regions of COy degassing
and borehole fluid injections. Seismicity initiated by fluid overpressure tends to reflect fluid diffusion
time scales, with earthquakes spreading spatially proportional to /2 and migration velocities not ex-
ceeding fractions of a kilometer per day (Audigane et al. 2002; Hainzl & Ogata 2005; Shapiro et al.
2005). Based on the the wide disparity between migration rates associated with fluid diffusion and
aseismic slip, hypocentral migration velocities observed during seismic swarms may be used to infer
the specific stress transfer mechanism driving seismicity, even if direct observational evidence of the
mechanism is not available.

Here, we continue to investigate the physical mechanisms that cause earthquake swarms, and
explore the possibility that swarms are generally associated with aseismic creep on strike-slip plate
boundaries. In this study, seven swarms are analyzed from Southern California and EPR transform
faults. Reliable earthquake locations are derived and used to identify spatial migration patterns, which
are taken as a proxy for the physical triggering mechanism driving the sequences. We employ temporal
characteristics of the moment release to develop an objective definition of an earthquake swarm, and
identify spatial moment release characteristics that are common to most swarms in our data set. We
utilize the effective stress drops and hypocentral migration rates to constrain the potential mechanism
causing swarms on strike-slip faults in Southern California and the East Pacific Rise, and compare our

results to predictions calculated from rate-state friction and crack propagation models.

2 DATA & METHODS

We systematically explore the physical mechanisms causing tectonic swarms by analyzing a number
of sequences from the Salton Trough and EPR. Owing to the vast difference in the quality and density

of seismic data available, sequences from these two regions are analyzed with different relocation
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methods. Seven earthquake sequences are analyzed in total: three in Southern California that have
accurate relocations available from prior studies, one in Southern California that we relocate using
body waves recorded by local arrays and three EPR sequences that are detected and located using
teleseismic surface wave arrivals at Global Seismic Network (GSN) stations. Using locations and
magnitudes, we estimate the effective stress drop and along-fault hypocentral migration rate of each
swarm. We also calculate the skew of the temporal history of seismic moment release for each episode,
which is a quantitative way of distinguishing swarms from aftershock sequences. Below we describe

the details of each type of calculation.

2.1 Southern California seismicity: body-wave relocations

For each Southern California swarm analyzed here, relative hypocentral locations were derived using
body wave arrival times from local seismometer arrays. A swarm in 1975 was relocated by Johnson &
Hadley (1976), and locations were derived for two swarms in 1981 and 2005 by Lohman & McGuire
(2007). We utilize estimates of migration velocity from these two analyses. For the 1981 and 2005
swarms, burst-radii were calculated here, using the Lohman & McGuire locations, as the mean of the
distance of each event to the spatial centroid of the sequence. The burst radius of the 1975 swarm was
calculated in the same manner from the Southern California Earthquake Data Center (SCEDC) catalog
locations. For a swarm on the Imperial Fault in 2003, arrival time data was combined from two cata-
logs to determine relative relocations using the double-difference algorithm (Waldhauser & Ellsworth
2000). Arrival time picks from the Southern California Seismic Network (SCSN) were combined with
arrivals from the RESNOM network, maintained by the Centro de Investigacion Cientifica y de Edu-
cacion Superior de Ensenada (CICESE), which provided additional azimuthal coverage south of the
US-Mexico border. For the double-difference relocations, we required event arrival pairs to be ob-
served at a minimum of 8 stations within 500 km and separated by no more than 5 km. We employed
a one-dimensional velocity model appropriate for the Salton Trough, which was extracted from the
Southern California Earthquake Center’s 3D unified Southern California reference velocity model,

version 4 (Magistrale et al. 2000).

2.2 EPR seismicity: surface-wave relocation

We analyze three swarms from transform faults on the EPR and the Galapagos Ridge using a surface-
wave earthquake detection and location method that makes use of Rayleigh wave empirical Green’s
functions (EGFs). In the frequency band between 0.02 and 0.05 Hz, first-orbit Raleigh (R1) waves have
a high signal-to-noise ratio and a group velocity that is fairly constant for young oceanic lithosphere,

around 3.7 km/s (Nishimura & Forsyth 1988). This allows arrival times to be interpreted in terms of
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source location differences rather than dispersion (Forsyth et al. 2003). Waveforms from individual
earthquakes on the same fault are essentially identical, and at low frequencies the amplitude of the
waveforms scale with the moment of the earthquake. We identify and locate swarm events relative to
an EGF based on their correlation coefficients and differential arrival times from a set of azimuthally
distributed GSN stations. The magnitude and location of the selected EGF are taken from the Global
Centroid Moment Tensor (CMT) catalog directly when a CMT solution is available for one of the
earthquakes in the sequence. If a moment calculation is not available, one of the large earthquakes
in the sequence is cross-corelated with an appropriate CMT catalog event from the same fault to
determine its seismic moment. That event is used as the EGF for the rest of the event locations. All of

the EGF events used here are greater than M,,4.7.

Two swarms that occurred on the Galapagos Ridge transform in 2000 and the Siqueiros transform
in 2001 were detected by an array of autonomous hydrophones operated by NOAA, moored in the
eastern equatorial Pacific (Fox et al. 2001). The earthquake catalogs derived from t-phases recorded
by these hydrophones have a detection threshold of approximately M,,3, and we utilized these cata-
logs for identifying the source times of large events within the swarm. Magnitude estimates from the
hydroacoustic catalogs are unreliable however, owing to complicated wave phenomena and the high-
frequency energy of the t-phase (McGuire 2008). To determine reliable M,, estimates and locations,
GSN waveforms for each t-phase event were extracted from a number of stations, bandpass filtered
and cross correlated with the EGF R1 waveform. Relative event locations were then obtained by fitting
a cosine function to the differential R1 arrival times using an L1-norm fit. Best-fit cosine scale and
phase parameters characterize the distance and azimuth of the earthquake relative to the Green’s func-
tion event (McGuire 2008). The location error is estimated using a bootstrap algorithm that assumes a
Gaussian distribution with a 1 second standard deviation for the differential travel-time measurement
errors (Shearer 1997; McGuire 2008). For the 2007 Gofar transform swarm, no events were detected
by standard teleseismic catalogs. One of the sequence events was utilized as the EGF after its moment
was first estimated relative to a nearby CMT event; the CMT event was used as a preliminary Green’s
function for the single EGF moment calculation. The other events in the swarm were then detected by
cross correlating the EGF waveform with seismograms from several GSN stations. Individual events
were identified in the cross-correlation process as arrivals with a high cross-correlation coefficient
at a sufficient number of stations to ensure azimuthal coverage. The relative locations of these newly

detected events were determined using the same procedure as for the Galapagos and Siqueiros swarms.
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2.3 Skew of moment release

Seismic swarms are distinguished from typical mainshock-aftershock sequences by their unique seis-
micity patterns: the largest swarm events tend to occur later in the sequence, swarms contain several
large events as opposed to one clear mainshock, and elevated swarm seismicity is more prolonged
in time (Fig. 2). Swarms thus deviate from established triggering models developed for aftershock
sequences, such as Omori’s law, which describes the decay rate of earthquakes following a main-
shock (Omori 1894). Because of these deviations, quantitative earthquake triggering models such as
the Epidemic Type Aftershock Sequence (ETAS) model (Ogata 1988) do not provide a good fit to the
temporal evolution of moment release during a swarm (Llenos & McGuire 2008). One simple way
to quantitatively identify earthquake clusters with swarm-like properties is through characterizing the
timing of the largest earthquakes relative to the rest of the seismicity. To accomplish this, we calculate
the skew of the seismic moment release history (i.e. the normalized third central moment) for each of
the sequences that we analyze.

To calculate a skew value for a given sequence from its moment release history, we define the
duration of the swarm as the period of time during which the seismicity rate is at least 20% of its
maximum value. The rate is calculated here using two-hour time bins. The moment release history,
F(t), is normalized so that within the determined time period of heightened seismicity tlirglo F(t)=1.

The third central moment is then calculated as an integral over the duration of the sequence:
i3 = /(t — t*)3dF(1), (1

where " is the centroid time (Jordan 1991). The normalized third central moment represents the skew
of seismic moment release, and is equal to the third central moment divided by the square root of the
variance. Skew values quantitatively reflect the temporal evolution of the moment release during an
earthquake sequence, with a value of zero for a symmetric sequence, a negative value for a sequence
that begins slowly and ends abruptly, or a positive value for a sequence that begins abruptly and decays
slowly, such as a typical mainshock-aftershock sequence. This value serves as a rough way of quan-
titatively differentiating swarm-like sequences from mainshock-aftershock sequences (see discussion

section).

2.4 Stress Drop

To differentiate swarm and aftershock sequences based on their spatial properties, we calculate an
effective seismic stress drop for each sequence. While stress drop values for large strike-slip earth-
quakes are on the order of 10 MPa (Abercrombie & Rice 2005), the effective stress drop of swarms

in Southern California tends to be an order of magnitude lower than mainshock-aftershock sequences
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(Vidale & Shearer 2006). We estimate the effective stress drop for each swarm using the approach of
Vidale & Shearer (2006), where a rupture area is estimated for an earthquake sequence from a burst
radius, which is calculated as the mean distance from each event to the spatial centroid of the cluster.
We assume a vertical strike-slip fault for the oceanic sequences and a circular fault for the smaller
Southern California sequences with reliable depth estimates. An area estimate is made using the burst
radius and is used along with the cumulative moment to calculate a stress drop, Ao, again assuming
either a circular fault:

Tt D
Ao = p— 2
T 1610 )

or a rectangular fault:

3)

(Kanamori & Anderson 1975). Here, p is the shear modulus, D is the average slip, a is the burst
radius, w is the seismic width, which we assume to be 5 km on the EPR transforms (Trehu & Solomon

1983) and S = 2aw is the fault area.

3 RESULTS
3.1 1975 Brawley Swarm

In 1975 a large earthquake swarm occurred in the NW-striking Brawley seismic zone, just south of the
Salton Sea. This swarm was analyzed by Johnson and Hadley (1976) using data recorded by 16 short-
period instruments that were part of the USGS Imperial Valley array. Two hundred and sixty four
events spanning 8 days were located; the relative occurrence times and magnitudes of these events
are displayed in the first panel of Fig. 2. Brawley swarm event locations exhibit bilateral migration,
spreading outward at a rate of approximately 0.5 km/hr (Johnson & Hadley 1976). A source model
involving the propagation of a right-lateral creep event was hypothesized as an explanation for the
hypocentral migration. Johnson and Hadley cited a number of observations as support for this model,
including an increase in detected shallow seismicity directly before the onset of the swarm, as well as
the existence of seismically quiescent fault segments in the region.

During the 1975 Brawley swarm, elevated seismicity levels persisted for over 100 hours after the
largest events. Moment release that, in this way, is uniquely prolonged in time is reflected in a large
skew value of +20 (Table 1). Including the largest event, there were 6 earthquakes with moment
magnitudes between 4.0 and 4.7. The effective stress drop calculated for this sequences based on 162

SCEDC catalog locations was 0.2 MPa, with a burst radius of 4.5 km. Our estimate of burst radius
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is roughly consistent with the Johnson and Hadley estimate of the swarm’s spatial extent, which was

determined using local network data.

3.2 West Moreland and Obsidian Buttes Swarms

The 1981 West Moreland swarm and 2005 Obsidian Buttes swarm both occurred within the Braw-
ley Seismic Zone. Events associated with these sequences were recorded by the Southern California
Seismic Network and were the focus of the study by Lohman & McGuire (2007). Peak seismicity
during the West Moreland swarm spanned more than 3 days, and seismicity was elevated above the
background rate for over 130 hours before the occurrence of the largest event, a M,,, 5.9. Swarm events
demonstrate bilateral hypocentral migration at a rate of about 1.0 km/hr, spreading outward along a
15 km section of the NE-trending fault segment (Fig. 3). A few hours after the largest earthquake,
events began migrating onto a north-south trending fault, 10 km to the north, at a rate of about 0.5
km/hr. Similar to the West Moreland swarm, bilateral migration was observed during the multiple day
Obsidian Buttes swarm. During the first 15 hours, earthquake hypocenters spread bilaterally at a rate
of approximately 0.5 km/hr along the northeast-striking fault (Fig. 4). Deformation associated with
this swarm was also observed geodetically, using InSAR observations, as well as recordings from two
nearby Southern California Integrated GPS Network (SGIGN) stations. An inversion of the InSAR
data demonstrated that significant shallow aseismic slip was required during the swarm to explain the
extent of surface deformation (Lohman & McGuire 2007).

We calculate skew values of approximately -17 and -8 for the West Moreland and Obsidian Buttes
swarms, respectively. These negative values result from a large amount of seismic release before the
sequences’ temporal centroid, which is essentially coincident with the largest event, and signify the
ramping up of seismic activity before the largest events occur. The effective stress drop for each these
sequences was estimated at 1.28 and 3.75 MPa, again values that are relatively low compared to

effective stress drop values typical of large mainshocks in the region.

3.3 2003 Imperial Fault Swarm

In May 2003, an earthquake swarm occurred on a NE-striking fault within the Imperial Fault Zone.
During this sequence, seismic activity was elevated for approximately 30 hours, with the largest earth-
quake, a M,, 3.8, occurring about 9 hours after the onset of elevated seismicity. Arrival times from
the Mexican RESNOM and Southern Californian SCSN catalogs were combined and used to relo-
cate swarm events. About ten thousand P- and S-wave arrivals observed from a combination of 46
Californian and Mexican stations were used to relatively relocate 51 earthquakes (Fig. 5b). Event

hypocenters focus onto a fault plane approximately 3 km long, with location errors of 10 meters based
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on the SVD error analysis. Events of this sequence also demonstrate northward hypocentral migra-
tion along the fault, at a rate between 0.1 and 0.5 km/hr (Fig. 5c¢). The skew value calculated for the
Imperial Fault swarm moment release is -2, again reflecting a pattern of abundant small-magnitude

seismicity ramping up to the largest events. The effective stress drop was estimated at 0.18 MPa.

3.4 2000 Galapagos Swarm

In October of 2000 a seismic swarm was recorded on a left-lateral transform fault offsetting the Gala-
pagos Ridge, just north of the Galapagos Islands. One hundred and thirty eight t-phase arrival times
associated with the two-day swarm were recorded by the NOAA hydrophone array deployed in the
eastern Pacific Ocean (Fox et al. 2001). Approximately 5 hours after the onset of the swarm, a M,;, 5.2
event occurred, followed by a decrease in moment release rate until approximately hour 12, when a
doublet (M,, 5.7 and 5.5) occurred. These were followed a few hours later by the largest event, a M,
5.9. In total, 30 events greater than M,, 4.0 occurred before the seismicity rate abruptly returned to
background levels approximately 36 hours after the swarm began.

Events associated with this swarm were located relative to an EGF which occurred on 10/21 at
15:52:53 UTC using the surface wave relative relocation method (see Methods section) with GSN
waveform data from 19 stations. The EGF was the largest event of the sequence with a Global CMT
magnitude of M,, 5.9. Twelve events with the best centroid inversions have been used here to ana-
lyze the spatial characteristics of this swarm (Fig. 6). Based on locations derived using this method,
bilateral migration along the transform has been inferred at a rate between 0.1 and 1.0 km/hr. (Fig. 7)

Seismicity associated with the Galapagos swarm was also recorded by an 11 station broadband
seismometer array, deployed on the Galapagos Islands (Hooft et al. 2003). Although the land-based
seismometer array, located entirely to the south of the fault, and the hydrophone array, located entirely
to the west of the fault, were not well placed for recovering Galapagos Ridge earthquake locations,
they were useful for determining event magnitudes with a higher degree of accuracy than can be
achieved from teleseismic data. Love-wave arrivals from rotated radial-component records were iden-
tified using an EGF technique similar to that used with the teleseismic R1-arrivals, as described above.
One hundred and nine events were detected with cross-correlation coefficients greater than 0.7 from
seismograms filtered to 0.03-0.08 Hz. Magnitude estimates for these events are displayed in Fig. 7a
as black symbols. Based on this data set we calculated a skew of -4 reflecting the significant amount of
moment release before the largest event of the sequence. The cumulative moment from the Love-wave
magnitude estimates was used with the burst-radius from surface-wave relocations to determine an

effective stress drop of 1.0 MPa.
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3.5 2001 Siqueiros Swarm

A large earthquake sequence on the Siqueiros transform fault in April of 2001 was detected by the
eastern Pacific NOAA hydroacoustic array (Fox et al. 2001). One hundred and seventy t-phase events
associated with the 2001 sequence were observed by hydrophones; these events had locations corre-
sponding to the S2 and S3 segments of the Siqueiros fault (Gregg et al. 2006). The largest event was
a M,,5.7, as calculated in the Global CMT catalog, which occurred very early in the sequence. With
the CMT event as the Green’s function, 13 events with magnitudes greater than 4.2 were detected and
located using the surface-wave location method. Seismograms used in the centroid location inversions
came from 21 GSN stations that were bandpass filtered to 0.02-0.04 Hz. Earthquake centroids clearly
locate onto the two fault segments, however the spatial evolution of seismicity during the sequence is
difficult to interpret (Fig. 8). During the first 8 hours following the largest event, centroids migrated
from west to east along the S3 segment of the Siqueiros fault, corresponding to the first 45 t-phase
events. Seismicity then became active on the S2 segment to the west, and again migrated east for the
remainder of the episode. These two fault segments are separated by an inter-transform spreading cen-
ter (ITSC). Gregg et al. (2006) proposed that some of the later seismicity to the west actually occurred
on secondary normal faults flanking the ITSC. While this may account for some of the smaller seis-
micity seen in the t-phase data, based on the surface wave locations and waveform similarity, the large
events occurred as right-lateral strike-slip earthquakes, similar to the CMT catalog event. The skew
of the Siqueiros sequence is positive, around 5, reflecting the occurrence of the largest event early in
the sequences, followed by prolonged seismic activity. The total stress drop from earthquakes on both

segments was calculated at approximately 1.0 MPa.

3.6 2007 Gofar Swarm

The Gofar transform fault is the southernmost, and most seismically active of the Quebrada-Discovery-
Gofar fault system that offsets the EPR at approximately 4°South. On 12/28 2007, an earthquake
sequence was recorded on the western segment of the Gofar transform, lasting approximately 2 days.
Events associated with this sequence were detected and located using the R1 surface-wave method,
with data from 15 GSN stations. The location and magnitude of the empirical Green’s function event
used in this analysis were calculated relative to a CMT event that occurred on the same fault segment
in 2003. The EGF used for locating the remainder of the sequence events was a M,,5.3 that occurred
on 12/29 at 00:48:00, approximately 5 hours after the initiation of the sequence. The 13 events with
the best locations focus onto a 30 km long segment of the fault (Fig. 9). It is apparent from the
surface-wave derived locations that event centroids migrated to the east at a rate of 0.5-1.0 km/hr. This

sequence has a skew of +5 and a stress drop of approximately 0.2 MPa.
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3.7 Southern California Distributed Seismicity

In order to develop a basis for comparison in our analysis of earthquake swarms on transform bound-
aries, we combine our findings from the seven moderate-sized recent and historical sequences de-
scribed above, to those recently published by Vidale and Shearer (2006). In their analysis of small
seismicity clusters (burst radius < 2 km) in Southern California, 71 seismic bursts were identified us-
ing data from the SHLK _1.01 catalog of cross-correlation relocations (Shearer et al. 2005). Fourteen
of these events were classified as aftershock sequences on the basis that they began with their largest
event, and 18 events were identified as swarm-like, based on various qualitative factors. Specifically,
swarms were recognized as episodes with the largest events occurring later into the sequence, large
spatial extents relative to the largest earthquake (implying a low stress drop), and in many cases, a
systematic spatial evolution of hypocenters, spreading either outward along the fault or linearly in one
direction with time. We calculate skew and stress drop values for the 14 aftershock and 18 swarm-
like sequences in the Vidale and Shearer data-set; these are displayed in Fig. 10 along with values
calculated for the other seven swarms presented above. Swarm-like sequences characterized using
these parameters, cluster toward the low stress drop-low skew quadrant of the plot, with an occasional
anomalously high skew outlier, like that associated with the Brawley swarm. Aftershock sequences,
meanwhile, cluster fairly regularly into the quadrant representative of higher stress drops and small
positive skew values, usually around zero and not more than 5, which reflect established empirical trig-
gering patterns such as Omori’s Law. These quantitative parameters correspond well with the Vidale
and Shearer observational classification of a sequence being “swarm-like”, based on the long duration

and lack of an initiating mainshock, as well as the large spatial extent.

4 DISCUSSION

Our analyses of the spacial and temporal characteristics of swarms on Southern California and East
Pacific Rise transform faults expose three distinct properties of these sequences that signify a consis-
tent physical driving mechanism. Low effective stress drops, deviation of the temporal evolution of
moment-release from typical scaling laws, and migration velocities of 0.1-1.0 km/hr are all consistent
with a model in which aseismic fault slip modifies the stress-field and triggers swarm seismicity. His-
torical surface deformation observations as well as recent geodetic studies in the Salton Trough have
noted a prevalence of shallow creep events (Lyons et al. 2002; Lyons & Sandwell 2003; Lohman &
McGuire 2007), demonstrating the feasibility of this mechanism for the Southern California faults.

There have been no direct geodetic observations of creep on EPR transform faults, but it is well doc-
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umented that oceanic transforms must have a significant component of aseismic fault slip (Bird et al.

2002; Boettcher & Jordan 2004), making creep a plausible explanation for the EPR swarms as well.

Many of the sequences examined here display a gradual ramping-up of moment release, with
the largest events occurring late in the sequence, and seismicity that is prolonged in time relative to
Omori-like decay. These characteristic features of seismic swarms are manifest into negative or some-
times anomalously high positive skew values relative to those associated with aftershock sequences
(Fig. 10). The Epidemic-Type Aftershock Sequence (ETAS) model (Kagan & Knopoff 1991) com-
bines a number of empirical triggering laws, including Omori’s Law, and has been used to represent
the normal occurrence rate of earthquakes triggered by previous events (Ogata 1988; Helmstetter &
Sornette 2003a). We infer that anomalously low or high skew values indicate earthquake sequences
that conform to different moment release patterns and cannot be fit by the ETAS model (Ogata 2005).
Anomalous skew values should indicate periods of time when seismicity deviates from aftershock-
like Coulomb stress-triggering patterns, and is driven instead by a transient stressing event. In Fig.
11, ETAS-predicted seismicity is optimized over the 26-month time period preceding the large swarm
in 2000 on the Galapagos Ridge transform fault. Predicted seismicity is displayed as a straight line
in ETAS-transformed time (red line). Transformed time represents the amount of time predicted to
elapse before the next seismic event, based on the background seismicity rate and the seismic history.
ETAS trigging parameters, derived here as the maximum likelihood fit based on events greater than
3.6 (the magnitude threshold of our surface-wave derived catalog), are fairly typical values of back-
ground seismicity rate, 4 = 0.03 and local seismicity parameters ¢ = 0.01 and k£ = 0.3, with the
Omori time decay parameter, p, constrain to 1.0 (Bohnenstiehl et al. 2002) and moment-distribution
exponent, «, constrained to 0.8 (Boettcher & Jordan 2004). The observed seismicity (blue line) devi-
ates significantly from that which is predicted using these parameters during the period of the swarm
(shaded region). Early in the sequence, the cumulative number of observed earthquakes far exceeds
the ETAS-prediction, and then following the largest swarm event, shows a relatively diminished rate
(slope of the blue line). It is interesting to note that the final cumulative number of events that actu-
ally occurs on this fault over the multiple year time span is significantly less than that predicted for
a fault exhibiting ETAS-like aftershock sequences, despite the accelerated rate observed early in the
2000 swarm. Anomalous skew values, like the -5 skew of the Galapagos swarm, reflect these types
of deviations, and indicate a triggering phenomenon that cannot be represented by empirical laws that

emulate aftershock seismicity.

Low effective stress drop values characteristic of swarms also provide evidence for a unique driv-
ing process. Values calculated for sequences here, on the order of 0.1-1.0 MPa, are significantly lower

than values for typical mainshock-aftershock sequences of similar size (i.e. 2-10 MPa). Recently,
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Brodsky and Mori (2007) demonstrated that creep events have lower stress drops than ordinary earth-
quakes, on the order of 0.1 MPa. Low effective stress drop values for swarms determined in this study
are thus consistent with values that would be expected for aseismic creep events. Assuming the 0.1
MPa value applies to creep events driving the EPR swarms as well, we can roughly estimate the mag-
nitude of the aseismic slip. For the example of the Gofar sequence, with a fault length, . = 30 km,
width w = 5 km and stress drop Ao = 0.1 MPa we find an aseismic moment release of approxi-
mately M,,5.3. While this is clearly only a first order estimate, it suggests that aseismic slip during
the EPR swarms would be comparable in size to the seismic component, roughly agreeing with the
long-term partitioning of slip between the two failure modes as seen in global studies of the slip deficit
on oceanic transforms (Bird et al. 2002; Boettcher & Jordan 2004).

The relatively narrow range of spatial migration velocities between 0.1 and 1.0 km/hr may be the
most direct evidence of aseismic fault slip. Observations of seismicity triggered by borehole fluid in-
jection (Audigane et al. 2002; Shapiro et al. 2005) and subsurface fluid flow from magma degassing
(Hainzl & Ogata 2005) consistently show earthquake hypocenters that spread following much slower
pore-pressure diffusion, with distances that increase proportional to ¢1/2 at rates not exceeding meters
per day. Based on the migration rates seen here, the Salton Trough and EPR swarms are most likely
not caused by fluid-flow transients. Geodetic observations further rule out magma intrusion in favor of
fault slip (Lohman & McGuire 2007). Limited geodetic observations of propagation speeds associated
with slow earthquakes and aseismic creep events are, to first order, consistent with migration rates be-
tween 0.1-1.0 km/hr. Studies using creepmeters to observe creep events on the San Andreas, Calaveras
and Hayward faults determine propagation speeds on the order of 10 km/day (0.4 km/hr) (King et al.
1973; Burford 1977). More recently, borehole strainmeter observations of a slow earthquake sequence
on the San Andreas were found to be consistent with rupture propagation rates between 0.2-0.35 m/s
(0.7-1.3 km/hr) (Linde 1996). In the Salton Trough, creep events from the Cerro Prieto step-over at
the southern end of the Imperial fault have been observed with a rupture propagation velocity of 4
cm/s (0.14 km/hr) using multiple creep meters (Glowacka et al. 2001). While data on creep event
rupture propagation velocity is limited due to sparse instrumentation, values from strike-slip faults in
California and Mexico are within the range of our observations of seismicity migration rates.

Theoretical expressions relating stress drop, rupture propagation velocity and slip velocity provide
the final link between earthquake swarms and aseismic creep events. Ida (1973) and Ohnaka and
Yamashita (1989) derived a relation between maximum slip velocity, vy,q4, and rupture propagation

velocity, v, for a mode II shear rupture propagating with a constant velocity of the form:

Ao
Umax = VTbvr . “4)

Here, ~ is a constant on the order of one and Aoy, is the breakdown stress drop, characterizing the
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difference between the peak stress and stress at frictional sliding (Shibazaki & Shimamoto 2007).
Rate-state friction models were used by Rubin and Ampuero (2007) to determine essentially the same
relation for a propagating rupture front with a quasi-steady shape:

Uy 7 bo
= — A = —
Umaz AT’ and T [Vmaz0/ D]’ )

with 0 representing the ‘state’ ahead of the propagating front, D, the characteristic slip distance

for state evolution, b, a lab-derived friction parameter that characterizes the drop in friction from
peak to steady-state sliding levels and o the effective normal stress. Using this relation for slip and
rupture propagation velocity with approximate values derived from our analyses of swarm seismicity,
Ao ~ 0.1 MPa, v, ~ 0.5km/hr ~ 0.14m/s (Table 1) and the shear modulus iz = 30 GPa, we
derive a maximum slip velocity, Uymaz ~ 5 x 1077 m/s. This value is significantly slower than slip
speeds during typical earthquakes, which are on the order of meters per second, but is comparable to
surface displacement rates observed during creep events. On the Imperial fault, Glowacka et al. (2001)
observed peak slip-rates using creep meters on the order of 100 mm/day (10~ m/s) during creep
transients. Based on these relations, as long as the dominant slip mode is aseismic creep (vyae ~ 1077
m/s) rather than seismic fault slip (vy,q ~ 1 m/s), our estimates of stress drop and rupture propagation
velocity provide a self-consistent model of fault failure with either crack or rate-state equations. These
calculations are also consistent with observations of shallow aseismic creep in the Salton Trough.
Combining our estimate of rupture propagation velocity (v, = 0.28 m/s, for the Obsidian Buttes
swarm), the observed slip velocity of Salton Trough creep events, vynqr ~ 107 m/s (Glowacka et
al. 2001), laboratory values of b ~ 1072, a density of 2500 kg/m?, an S-wave velocity of 2.7 km/s
(i.e. a shear modulus of 19 GPa), and a representative value of In[v,,4,0/D.] of 5 (Rubin & Ampuero
2007) yields a normal stress of 33 MPa. This value matches the expected normal effective stress for
hydrostatic conditions at a depth of 2.3 km. Lohman and McGuire (2007) found the peak aseismic
slip during the Obsidian Buttes swarm occurred between depths of 1 and 3 km. We thus find that the
observed rupture propagation velocity of the Salton Trough and EPR swarms and a slip velocity on
the order of that assumed for aseismic creep are consistent with laboratory derived values of the rate-
state friction parameter b ~ 0.01 (Kilgore et al. 1993) as long as the Salton Trough faults fail under

hydrostatic conditions.

5 CONCLUSIONS

Based on our analysis of seismic swarms on Southern California and EPR transform faults, we have
identified several parameters that point to aseismic creep as the likely driving mechanism for the

recurrent swarms on these strike-slip plate boundaries. Swarms show a large spatial extent relative to
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their cumulative seismic moment and a correspondingly low effective stress drop, a temporal evolution
that is inconsistent with standard scaling laws and spatial migration speeds on the order of 0.1-1.0
km/hr. These characteristics are consistent with field observations of creep events as well as with
theoretical models of fault slip at creep rates. Given the relative frequency of swarms in the Salton
Trough and EPR, it appears likely that a significant fraction of moderate and large earthquakes on
these boundaries are triggered by aseismic fault slip. Moreover, all three properties of swarms could
be easily identified in real time if high precision locations were available. In view of the significant
damage Salton Trough swarms have caused in the past, these systematic properties could be used
to improve real-time hazard estimates by detecting the existence of a swarm-like sequence relatively
early in its evolution and identifying the increased level of hazard compared to a typical aftershock

sequence.
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Figure 1. Strike-slip focal mechanisms from Global Centroid Moment Tensor (CMT) solutions representative
of the three oceanic transform fault earthquakes analyzed here: EPR sequences from the Siqueiros (SIQ-2001)
and Gofar (GOF-2007) transform faults, as well as the Galapagos Ridge transform (GAL-2000). Inlay map dis-
plays Southern California seismicity, including focal mechanisms representative of four Salton Trough swarms:
Obsidian Buttes, West Moreland, Imperial Fault and Brawley swarms (focal mechanisms clockwise from north-
east). Dots show Southern California locations of seismic bursts identified by Vidale and Shearer (2006) as

swarm-like (red dots) and those identified as aftershock sequences (black).

Figure 2. Earthquakes associated with swarms are displayed here in terms of their time and moment magnitude,
with time in hours relative to the largest event. Similar triggering patterns are apparent. Several sequences
display their largest events occurring several hours after the onset of increased seismicity. All seven sequences,

including those that begin with their largest events, deviate from established earthquake triggering models.

Figure 3. 1981 West Moreland swarm. a.) Moment magnitude (M,,) versus time, in hours, from the onset of
increased seismicity rate. b.) Event locations derived from HypoDD double-difference arrival time relocation
algorithm (Lohman & McGuire 2007). Bilateral hypocentral migration can be observed, spreading outward
along the fault during the period of highest seismicity rate, then moving northward late into the sequence. c.)
Along fault migration rates are between 0.5 and 1.0 km/hr. In all plots, color indicates relative occurrence time

of individual event in the sequence.

Figure 4. 2005 Obsidian Buttes swarm. a.) Earthquake moment magnitude versus time. b.)Event locations de-
rived from HypoDD double-difference arrival time relocation algorithm (Lohman & McGuire 2007). ¢.) During
the swarm, hypocenters migrate bilaterally along the NE-trending fault at a rate between 0.1 and 0.5 km/hr.

Color corresponds to relative time of event.

Figure 5. 2003 Imperial Fault Swarm. a.) Moment magnitude versus time displays a nearly symmetric temporal
moment release pattern, with small magnitude seismicity ramping up to the largest event 10 hours into the
sequence. b.) Event locations derived from HypoDD double-difference arrival time relocation algorithm using
data from SCEC (California) and RESNOM (Mexico) seismic arrays. ¢.) Hypocenters migrate unilaterally along
the NE-trending fault from the southwest to the northeast at rates between 0.1 and 0.5 km/hr. Color corresponds

to time of event.
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Figure 6. Locations of events associated with the 2000 Galapagos sequence derived from R1 surface-waves (a).
Three example centroid location inversion figures are also shown here (b, ¢, d). The empirical Green’s function
cross-correlation technique used to identify arrivals with similar focal mechanisms in seismograms from GSN
stations is illustrated in the upper panel of each location figure. Blue lines represent the bandpass-filtered EGF
waveform at each station, red lines represent waveforms of the event being located. Locations are derived by
fitting a cosine function to relative arrival time delays from a set of azimuthally distributed stations (shown in
lower panels). Azimuth and distance relative location information derived from the cosine fit is illustrated by
comparing the cosine phase and amplitude of events located north (b, ¢) of the Greens function event, shown as

the black star, to those located to the south (d).

Figure 7. 2000 Galapagos Swarm a.) Black symbols correspond to times and magnitudes derived from Love-
wave cross-correlation using data from the seismometer array on the Galapagos Islands. Colored symbols corre-
spond to events relocated using teleseismic R1 surface-wave data. b.) Derived centroid locations for events along
the transform fault demonstrate migration from south to north during the swarm at rates (¢) of approximately

1.0 km/hr. Color in all plots indicates time of event.

Figure 8. 2001 Siqueiros transform sequence. a.) Time and magnitudes and b.) locations derived from surface-
wave relocation technique, displayed here as colored symbols. Black dots represent t-phase data from the NOAA
hydroacoustic catalog. Earthquakes occurred on two fault segments with a complicated temporal-spatial evo-
lution. ¢.) During this sequence, seismicity migrated from west to east along both segments at variable rates,
moving from the eastern segment to the western segment during the late stages of the sequence. Color corre-

sponds to time of event.

Figure 9. 2007 Gofar Swarm a.) Time-magnitude of 13 large events and b.) locations are derived using R1
surface-wave location technique. ¢.) Event centroid locations appear to migrate along the eastern segment of the

Gofar transform from west to east at a rate on the order of 1 km/hr. Color corresponds to time of event.

Figure 10. Comparison of calculated values of the skew of seismic moment release history and effective seismic
stress drop for each of the 7 sequences presented here along with those from the Vidale and Shearer (2006)
analysis of seismic bursts in Southern California. Oceanic transform events (blue stars) as well as continental
transform events from the Salton Trough (brown stars) trend toward the low skew-low stress drop quadrant of
the parameter space, especially compared to values associated with aftershock sequences (stress drop ~10 MPa,
positive skew). Circles are from the Vidale and Shearer study, and are also consistent with this trend; grey circles

represent aftershock sequences and red circles represent sequences determined to be swarm-like.
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Figure 11. ETAS-transformed time versus cumulative number of events that occurred on the Galapagos Ridge
transform fault from May 1999 to September 2002. The seismicity rate predicted by the ETAS model is depen-
dent on the time elapsed since the last event as well as the occurrence times and magnitudes of other previous
events and the background seismicity rate (Ogata 1988). Maximum likelihood estimates of ETAS parameters
derived here (1 = 0.03, ¢ = 0.01 and k = 0.3) are optimized for the first 26 month time period with p and «
constrained to 1.0 and 0.8 respectively. We assume a lower magnitude threshold of M,,3.6. The best fit ETAS
parameters are used to extrapolate the predicted cumulative number of events for the entire data set (red line).
Blue line represents actual data. A significant deviation from the ETAS prediction is associated with the two-
day earthquake swarm in October of 2000 (shaded region). The occurrence of largest event of that sequence, a
M,,5.9 at 15:53 on October 21st, is indicated with dotted line. Grey lines represent the 20 confidence interval for
the extrapolation of the ETAS prediction beyond the optimization time period, assuming a standard Brownian

process with a linear trend slope of 1 (Ogata 2005).

Table 1. Southern California and RTF Swarm Seismicity Parameters
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SEQUENCE SKEW TOTAL M,, BURST RADIUS STRESS DROP APPROX. MIGRATION RATE
BRAWLEY1975 +20 5.04 4.5 km 0.2 MPa ~0.5 km/hr  (Johnson & Hadley 1976)
WEST MORELAND 1981 -17 5.80 6.03 km 1.28 MPa ~1.0 km/hr  (Lohman & McGuire 2007)
OBSIDIAN BUTTES 2005 -8 5.27 2.28 km 3.75 MPa ~0.5 km/hr  (Lohman & McGuire 2007)
IMPERIAL 2003 2 3.84 1.2 km 0.18 MPa ~0.5 km/hr  (this study)
GALAPAGOS 2000 -4 5.89 11.5 km 1.0 MPa ~1 km/hr (this study)
SIQUEIROS 2001 +5 5.85 12.2 km 1.5 MPa UNCERTAIN
GOFAR 2007 +4 5.05 5.2 km 0.2 MPa ~1 km/hr (this study)
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