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Basin, California
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and David R. Shelly

ABSTRACT

The 2015 Fillmore swarm occurred about 6 km west of the city
of Fillmore in Ventura, California, and was located beneath the
eastern part of the actively subsiding Ventura basin at depths
from 11.8 to 13.8 km, similar to two previous swarms in the
area. Template-matching event detection showed that it
started on 5 July 2015 at 2:21 UTC with an M ∼ 1:0 earth-
quake. The swarm exhibited unusual episodic spatial and tem-
poral migrations and unusual diversity in the nodal planes of
the focal mechanisms as compared to the simple hypocenter-
defined plane. It was also noteworthy because it consisted of
>1400 events of M ≥0:0, with M 2.8 being the largest event.
We suggest that fluids released by metamorphic dehydration
processes, migration of fluids along a detachment zone, and
cascading asperity failures caused this prolific earthquake
swarm, but other mechanisms (such as simple mainshock–
aftershock stress triggering or a regional aseismic creep event)
are less likely. Dilatant strengthening may be a mechanism that
causes the temporal decay of the swarm as pore-pressure drop
increased the effective normal stress, and counteracted the in-
stability driving the swarm.

Online Material: Tables of earthquake detections, relocations,
and focal mechanisms, and animation of swarm seismicity
evolution in time.

INTRODUCTION

Earthquake swarms that occur in a variety of tectonic settings
in southern California can be characterized by onsets ranging
from gradual to fast, lack of a prominent mainshock, and dif-
ferent styles of migration over time and space (e.g., Vidale and
Shearer, 2006). Tectonic swarms are often interpreted as being

either related to movement of fluids in the crust or, in some
cases, related to aseismic creep events causing localized changes
in stress (Roland and McGuire, 2009).

The greater Ventura region is characterized by an elevated
rate of background seismicity that is, in part, driven by rapid
tectonic convergence (∼7 mm=yr) in the region (Marshall
et al., 2013). Background seismicity from 1981 to 2015, with
average rate of approximately five M ≥3 events per year, is
mostly located on the north side of the Ventura basin (Fig. 1).
In contrast, the 2015 Fillmore swarm provided a unique
opportunity to study tectonic deformation processes at depth
below the basin sediments. In particular, the recorded seismic-
ity may reflect geologic processes at depth, including release of
fluids caused by metamorphic dehydration (Ague et al., 1998),
fluid migration, and cascading asperity failures along a detach-
ment zone.

The east–west-trending Ventura basin is the deepest of
several Cenozoic sedimentary basins in the Transverse Ranges
province of southern California (Yeats, 1976). The eastern half
of the basin is bounded by the San Cayetano fault to the north
and the Oak Ridge fault to the south (Fig. 1). The ongoing
subsidence and infill of sediments in the Ventura basin sup-
presses the crustal isotherms and results in low heat flow, as
low as 43 mW=m2 (DeRito et al., 1989). The suppressed iso-
therms in theVentura region are also consistent with unusually
deep seismicity beneath the basin (Bryant and Jones, 1992);
both mainshock–aftershock sequences and small swarms occur
down to depths of 25–30 km.

Previously, Vidale and Shearer (2006) identified 71 earth-
quake clusters in southern California, each consisting of more
than 39 earthquakes. They analyzed spatial, temporal, and
magnitude features of these 71 earthquake clusters and showed
that 19 sequences were swarm like. They favored pore-fluid
pressure fluctuations as the mechanisms most likely responsible
for seismicity bursts, although they suggested that, in some
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▴ Figure 1. (a) Map and (b) cross-section views of regional seismicity, with events in the cross section plotted in green on the map.
Outlines for three oilfields (South Mountain [SM], Sespe, and Fillmore) are shown. The cross section shows the modified 3D V P model
from Shaw et al. (2015) and the approximate locations of late Quaternary faults in the cross section from the Southern California Earth-
quake Center-Community Fault Model (SCEC-CFM) (Plesch et al., 2007; Marshall et al., 2013; Nicholson et al., 2014). The 1989 and 2015
swarms are plotted in red, and the 2000 swarm is shown in purple in the map view. Location of study area within California is shown in
upper left corner as a rectangle.
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cases, aseismic slip could play a role. In addition, Chen and
Shearer (2011) studied earthquake swarms in the Salton trough
area and obtained a hydraulic diffusion coefficient of
∼0:25 m2=s for the Salton Sea geothermal area. They found
migration velocities from 0.008 to 0:8 km=hr and argued that,
if the migration velocities exceeded 0:1 km=hr, fluid diffusion
is not rapid enough and therefore that other processes, such as
creep or slow-slip events, are required to explain the seismicity.

Two other small earthquake swarms have occurred in the
Ventura region since improved seismic monitoring became
available in 1981. First, a swarm of 50 earthquakes of
M 1.2–1.8 occurred near the southeast corner of the basin,
about 8 km south-southeast of Fillmore, in May 1989. It ex-
hibited similar spatial and temporal behavior as the 2015
swarm (Shearer, 1998). Second, Chen et al. (2012) also iden-
tified a comparable swarm in 2000, located adjacent to the
1989 Oak Ridge swarm.

This high-resolution seismological study involves a very
small crustal volume of 1:5 km × 0:5 km × 2 km. When com-
pared with a 90-km-long 1992 Mw 7.3 Landers rupture, this
cluster would be a mere dot on an aftershock map, and there-
fore the swarm does not contribute significantly toward under-
standing the broader regional tectonics. However, because the
California Institute of Technology (Caltech)/U.S. Geological
Survey Southern California Seismic Network (SCSN) seismic
station density is higher than in the past, and the digital data
are of higher quality, we are able to apply new data analysis
techniques to resolve intricate spatial and temporal details
of the crustal deformation processes and to explore the possible
driving mechanisms for such sequences.

DATA PROCESSING

The background seismicity (1981–2015) and the 2015 Fill-
more sequence were recorded by the SCSN and relocated using
waveform cross correlation and refined 3D velocity models as
described by Hauksson et al. (2012).

The SCSN routine picker and association algorithms
identified about 227 events from 5 July until late September
2015. Initially, the SCSN used a 1D model with station cor-
rections to determine the hypocenters for the events. Second,
we used SIMULPS to calculate absolute errors for the hypo-
centers of ∼0:5 km, which depend on availability of the P and
S picks as well as on the details of the complex 3D velocity
model (Thurber, 1993). Third, we relocated the events of
M ≥1:0 using both absolute and differential travel times de-
termined with waveform cross correlation. We used the new
version of hypoDD that uses a 3D velocity model from travel-
time calculations to determine the hypocenters (Waldhauser
and Ellsworth, 2000). We resampled the 3D VP and VP=V S
model (10 km × 10 km horizontal grid spacing, with 4 km
grid spacing in depth down to 32 km depth) described by Shaw
et al. (2015), which was slightly modified by allowing local seis-
micity to adjust the model. Finally, by applying a singular-value
decomposition technique in hypoDD, we determined the rel-
ative errors, which are less than 6 m horizontally and 12 m

vertically (Ⓔ Table S1, available in the electronic supplement
to this article).

To extend the SCSN catalog to lower magnitudes
(M ∼ 0), we applied template matching using the waveforms
of SCSN-detected events as templates, following the method
described by Shelly, Hill, et al. (2013) and Shelley, Moran, and
Thelen (2013). More than 1200 additional events were iden-
tified that could be precisely located (those retaining at least 15
correlation differential times for both P and S waves after in-
version). The absolute depths of these events were adjusted to
match the average depth of the SCSN-relocated events. The
pick-based (PB) and template-match (TM) events complement
each other in detail. The smallest TM events range down to
M 0, whereas the PB events range up to M 2.8. In the magni-
tude range from 1.0 to 1.5, events detected by both the PB and
TMmethods contribute to the cumulative total, demonstrating
the detection capability of the PB algorithm (Fig. 2). The mag-
nitudes of the TM events were determined by calibrating the
amplitudes for the events using the SCSN local magnitudes
(ML) (Uhrhammer et al., 2011), extending this scaling for
smaller-magnitude events (Ⓔ Table S2).

Focal mechanisms were determined with the HASH
search method (Hardebeck and Shearer, 2003) as applied by
Yang et al. (2012). The HASHmethod returns the most likely
set of mechanisms after taking into account various sources of

▴ Figure 2. (a) Southern California Seismic Network (SCSN)-
detected events (pick-based [PB]-events) cumulative (red line);
SCSN-detected and waveform-detected cumulative (TM-events)
(blue line); and binned (bars) numbers of events in the 2015
Fillmore swarm versus magnitude. SCSN-detected events are
shown in red, whereas the template-matching events are shown
in blue bins. We used ZMAP (Wiemer, 2001) to determine
b-values that range from 0.86 to 1.01 (for magnitude of complete-
ness, Mc 0.8 and 1.4), which is similar to the average b-value for
southern California (Hutton et al., 2010). (b) The temporal distri-
bution of the swarm versus magnitude using the same color
scheme.
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uncertainty, such as several possible 1D velocity models. We
included both first-motion polarities and S/P amplitude ratios
to constrain the nodal planes. A total of 41 focal mechanisms
were determined for events of M ≥2 (Ⓔ Table S3). These
focal mechanisms are well constrained and have average root
mean square angular difference of all planes or uncertainty of
less than 30°, which indicates high-quality mechanisms (Har-
debeck and Shearer, 2003).

RESULTS

The 1981–2015 Ventura seismicity that is scattered through-
out the Ventura region includes several swarms, but none have

been as prolific as the 2015 Fillmore swarm. Many of the seismic-
ity clusters that follow the San Cayetano fault are elongated in a
west-northwest direction, with the seismicity extending to greater
depths to the north. The spatial distribution of the Fillmore hypo-
centers was also elongated in a west-northwest direction (Fig. 3).

The 1989 and 2000 Oak Ridge and the 2015 Fillmore
swarms occurred toward the south and north edges of the
eastern Ventura basin, respectively. The three swarms are prob-
ably located beneath the bottom of the actively subsiding basin.
Moreover, the 2015 Fillmore swarm is located in the immedi-
ate vicinity of the inferred depth extension of the Simi–Santa
Rosa fault (SSRF), as described by Nicholson et al. (2014) and
represented in the Southern California Earthquake Center’s
Community Fault Model (CFM 5.0) (Plesch et al., 2007).
The principal slip zone of the fault, where major earthquakes
would occur, may have played a role in accommodating fluid
migration or aseismic creep to facilitate stress loading of small
adjacent asperities.

Time–Space Evolution
The Fillmore swarm expanded mostly down-dip from east to
west in map view, but low levels of activity continued through
the duration of the swarm near its origin (Figs. 3 and 4; see also
Ⓔ Animation S1). The N12°W-trending cross section shows a
dipping zone of seismicity no wider than 50 m, extending across
an area of approximately 1 km × 1:5 km, in the 11.8–13.8 km
depth range. The swarm defines a remarkably planar zone dip-
ping 26° to N12°W. There is also some indication of a second,
less-active plane about ∼100 m above the main plane of the
hypocenters.

The 2015 Fillmore swarm activity peaked on 9 and 10
July, with the largest event ofM 2.8, and continued with several
smaller spurts of activity, and tapered off in late July to late
September. The overall spatial and temporal evolution of the
sequence consisted of two distinct episodes of westerly down-
dip migration of the swarm events (Fig. 4). The main cluster is
shown in light blue to green, whereas the late cluster is shown
in red. In cross-section view, the 5–10 July burst occurred
across most of the activated zone. On 13–14 July, the west
down-dip edge was activated. From the end of July until late
September, the activity had resumed again at the initiation
point, becoming increasingly more scattered toward the end
of the sequence (see alsoⒺ Animation S1). In comparison, the
1989 swarm, consisting of 50 events with the largest event of
M 2.2, was located ∼8 km to the south-southwest near Oak
Ridge (Shearer, 1998). Its spatial–temporal migration was dif-
ferent, with the 1989 swarm outlining a more circular zone of
deformation (Shearer, 1998).

The detailed evolution of the Fillmore swarm with time,
distance from first event, and focal depth shows the two main
spurts of activity superimposed on a steady background rate
near the origin of the swarm (Fig. 4). The swarm had a low-
level onset lasting for approximately four days. The major spurt
of activity occurred around 9 and 10 July. The second spurt
occurred around 14 July. Several small spurts continued near
the point of initiation to late September. Assuming a stress drop

▴ Figure 3. (a) Detailed map view and (b) cross section of the
227 SCSN-relocated hypocenters; changes in color show the
temporal and spatial migration. The cluster of hypocenters forms
< 50�m-thick plane dipping 26° to N12°W. The inferred location
of the Simi–Santa Rosa fault (SSRF) zone is shown as a white
dashed line (Nicholson et al., 2014).
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of 3 MPa, the rupture lengths for the largest events are on the
order of 200–300 m. The diffusivity curves fit to the whole
swarm suggest an overall rate of diffusivity of 0:2–0:3 m2=s
when assuming a 1D model (Malagnini et al., 2012). The rate
of event migration is significantly higher for the two main clus-
ters (∼0:06 km=hr) as compared with a rate of 0:003 km=hr for
the whole sequence, showing that at least two different time
constants seem to be required to match the time–space evolu-
tion. The best-fit overall diffusivity curves indicate that the
swarm migration was consistent with plausible fluid movement
rates, whereas the behavior of the two clusters suggest cascading
asperity failures and complex feedback with deformation in the
area where the swarm originated.

State of Stress and Effective Stress Drop
A total of 31 focal mechanisms that were determined using
first motions and S/P amplitude ratios exhibited strike slip,
whereas 10 exhibited thrust faulting (Fig. 5). To compare
the orientation of the hypocenter plane with the nodal planes
of the focal mechanisms, we separated out the reverse mech-
anisms (with rakes from 45° to 135°) from the remaining
strike-slip mechanisms. Within uncertainties, all of the nodal
planes are inconsistent with the geometrical plane of the
swarm, which more closely follows the orientation of the SSRF
zone (Plesch et al., 2007; Nicholson et al., 2014). This suggests
the presence of secondary faults, perhaps related to asperities,
with strain or slip partitioning between high-angle strike-slip
faults and moderately dipping thrust faults. The heterogeneity
in the mechanisms suggests that the microseismicity may have
occurred within or adjacent to a possibly fluid-filled fault or
detachment zone, perhaps the SSRF or a fault splay in its hang-
ing wall, about 1.7 km below the sediment–basement contact
(Shaw et al., 2015). Elevated fluid pressures along detachment
zones have been documented in many other tectonic settings
(Hubbert and Rubey, 1959; Davis et al., 1983; Behrmann et al.,
1988; Bilotti and Shaw, 2005).

▴ Figure 4. (a) The spatial and temporal evolution of the whole
swarm (1456 events), including template-match-detected events,
showing down-dip migration. The size of the circles is scaled with
magnitude, and color is by date in July 2015. (b) Spatial and tem-
poral development of the swarm using distance from the first
event and event depth relative to the first event versus event date.
Curved lines indicate reference hydraulic diffusivities, according
to the model of Shapiro et al. (1997), r �

��������������
�4πDt�

p
, which as-

sumes homogeneous 3D diffusion. Red vertical lines indicate
approximate rupture dimension for earthquakes of at least M 1.0,
assuming a circular rupture and a 3 MPa stress drop. Red dashed
sloping lines indicate migration velocities as labeled.

▴ Figure 5. (a) Screenshot of Google Earth image, showing epi-
centers in magenta, and 71 lower-hemisphere focal mechanisms
of A and B quality forM ≥2:0 events, which predominantly exhibit
strike-slip motion. The scale bar of 375 m in lower left corner.
(Background Image Landsat ©2015 Google Earth; see Data and
Resources.) (b) Strike-slip and (c) reverse nodal planes, the plane
of the swarm (red), the orientation of the SSRF zone is shown as a
dashed plane (magenta), and the orientations of the three prin-
cipal stresses axes are also shown (red).
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We inverted the focal mechanism data for the state of
stress using the Michael (1984) stress inversion technique
(Fig. 5). The stress state is similar to that obtained by Yang
and Hauksson (2013), with the maximum principal stress
trending N162°E. The intermediate and minimum principal
axes have rakes consistent with a mixture of strike-slip and re-
verse faulting. The angle between the hypocenter plane and the
maximum principal stress plane is ∼23°, whereas the angle with
the reverse nodal planes is ∼40° and the strike-slip nodal planes
are slightly larger (∼40° to ∼45°). This suggests that the seis-
micity is caused by heterogeneous volumetric deformation that
includes both horizontal shear and compressional deformation
adjacent to a dipping plane. Such crustal deformation zones are
also often referred to as fault meshes (Hill, 1977; Sibson, 1996)
and may also reflect fault damage zones.

It was not possible to determine reliable stress drops for
individual events because of the small magnitudes of the events,
the consequential limited signal-to-noise ratio in the seismo-
grams, and the availability of data from only two nearby sta-
tions. To facilitate comparison with other swarms, we used the
approach of Chen et al. (2012) to determine a different quan-
tity, called the effective seismic stress drop for the sequence,
which is defined as the ratio of total seismic moment release
divided by the volume of the burst with radius r:

EQ-TARGET;temp:intralink-;;40;457 Δσquasi �
7
Pn

i Mi
o

16r3

We assume that Mw � 0:9ML � 3:5 for these small events
(from the second formula in fig. 7e in Clinton et al., 2006,
which corresponds to almost the same geographical region).
The seismic moment (M0) for each event was determined
using the standard empirical relation between Mw and M0
(Clinton et al. 2006). The total seismic moment release was
determined by summing up the moments for all the events
and was equivalent to M 3.6. We assumed a faulting volume
of 1:5 km × 0:75 km × 0:2 km and used an elasticity constant
of 30 GPa to determine an effective seismic stress drop of
0.6 MPa. Although this value should not be compared to the
stress drop of individual events, it is close to the median values
obtained by Roland and McGuire (2009) and Chen et al.
(2012) for other swarms, such as the Brawley, Obsidian Buttes,
and Salton trough sequences in the Imperial Valley of southern
California. Creep events have been shown to have similar ef-
fective stress drops (Brodsky and Mori, 2007). Therefore, the
low effective-stress-drop behavior, as for geothermal swarms, is
consistent with the presence of fluids.

Possible Crustal Deformation Mechanisms
We speculate that the occurrence of the 2015 Fillmore swarm
was caused by a combination of three possible mechanisms:
metamorphic dehydration that releases water, fluid migration
along a detachment zone, and cascading asperity failures along
a detachment zone. The first two proposed mechanisms would
represent a natural hydrofracture or hydroshear event. Presum-
ably slow, ongoing metamorphic dehydration reactions generate

fluids, and natural hydroshear events are generated when the
fluid pressures exceed the strength of local asperities or faults.

In anthropogenic hydrofracturing experiments, fluids are
injected to break the host rock. The associated fluid flow and
stress changes can cause seismicity extending well beyond
induced fractures (Raleigh et al., 1976). A hydroshear event
beneath the Ventura basin could be caused by the mostly
north-directed tectonic compression and by fluid generation
as sediments subside while undergoing diagenesis and sub-
sequent prograde metamorphism (Yardley and Bodnar, 2014).
As fluids are expelled during diagenetic or metamorphic proc-
esses near the bottom of the basin, they could migrate toward
the deeper crystalline basement, which can be a sink through
hydration reactions (Yardley and Bodnar, 2014), due to the
presence of seals (impermeable zones) in the overlying sedi-
ments (Obligado et al. 2002; Winterer and Durham, 1962).
Décollement surfaces, such as the SSRF, often form in zones
of locally elevated fluid pressures (Hubbert and Rubey, 1959;
Davis et al., 1983; Behrmann et al., 1988; Bilotti and Shaw,
2005) and can provide pathways for fluid migration. In addi-
tion, fluids along these detachments could migrate upward
along steeply dipping faults toward regions of lower fluid pres-
sure. Such migration could explain the spatial and temporal
evolution of the sequence through transient increase in pore-
pressure loading of local asperities failing in small earthquakes.
Loading of a random spatial distribution of asperities of differ-
ent size and strength can also lead to cascading failures with
different delay times, which may explain the burst behavior
of the Fillmore swarm (Amitrano, 2003). Subsequently, the
swarm quickly decays because failure of these asperities relaxes
the fluid pressures along the detachment as fluids migrate into
these regions of lower fluid pressure along faults.

Modeling of crustal dehydration processes also implies
that the Fillmore swarm could be associated with metamorphic
dehydration. The swarm likely occurred within upper
Cretaceous metasediments that are overlain by a thick Ceno-
zoic sedimentary section (e.g., Winterer and Durham, 1962)
suggesting the presence of fluids in the hypocentral zone. Ague
et al. (1998) applied a 1D model of coupled heat and fluid
transport, porosity feedback, and metamorphism to investigate
dehydration during burial of hydrous rocks. In particular, they
investigated the temporal evolution of pore pressure and
showed that repeated cycles of dehydration-induced seismicity
are likely in the midcrust where permeability is low. Because
the fluid pressures can be near lithostatic, normal stress will
decrease on both gently and steeply dipping faults. Ague et al.
(1998) also argued that the low porosity of metamorphic rocks
and the incompressibility of fluids facilitated rapid increases in
pore pressure and triggering of earthquakes with minimal
change in fluid volume. Further the volume of the Fillmore
swarm was small or approximately only one cubic kilometer.
Therefore, we conclude that properties of seismic waveforms
such as attenuation or the presence of non-double-couple com-
ponents of moment tensors are unlikely to reflect the presence
of fluids in this case.

812 Seismological Research Letters Volume 87, Number 4 July/August 2016



To simulate the occurrence of hydroshear-induced seis-
micity, Aochi et al. (2013) developed a numerical model with
heat and fluid migration, fault rheology, variable fault thick-
ness, and shear rupture. Similar to the complexity observed
in the Fillmore swarm, their model showed that the spatial
and temporal seismicity patterns are strongly affected by dehy-
dration rate and the presence of heterogeneous distribution of
asperities.

To explain the limited rupture size of the fluid-induced
swarm, Leclère et al. (2015) used both field evidence and
numerical modeling to show how fluid overpressures in crustal
fault zones develop and are maintained through elastic creep
compaction. Creep compaction or aseismic creep can locally
increase pore-fluid pressure, which in turn diffuses away and
triggers seismicity. Such stresses can be small, on the order
of 0.01–0.02 MPa (Leclère et al., 2015). To prevent a runaway
rupture, a stabilization mechanism is required. Dilatant
strengthening that consists of increase in porosity during ac-
celerated sliding can cause a drop in pore pressure. In turn, the
pore-pressure drop increases the effective normal stress and
counteracts the instability (Leclère et al., 2015).

DISCUSSION

Southern California earthquake clusters exhibit a wide range of
temporal, spatial, and moment release characteristics, ranging
from simple to complex evolution in time, space, and magni-
tude (e.g., Vidale and Shearer, 2006). The simplest clusters are
mainshock–aftershock sequences that exhibit rapid increase in
moment release, follow Båth’s law (Richter, 1958) with the
mainshock magnitude ∼1:5 units larger than the largest after-
shock, have high-effective stress drop, and exhibit a temporal
decay following the Omori law (Omori, 1907). In contrast,
swarm sequences exhibit a gradual increase of moment release,
deviate from Båth’s law, have low effective stress drop, and, in
some cases, exhibit slow Omori-like temporal decay (Roland
and McGuire, 2009). The occurrence of swarms is usually
explained with two different mechanisms, pressure front stress
increase associated with fluid flow or aseismic creep on a slip
surface, which both facilitate cascading failures of nearby asper-
ities (Chen et al., 2012).

The 2015 Fillmore earthquake sequence exhibited many
swarm-like characteristics, with gradual onset, low effective
stress drop, and low migration speed. The slow migration speed
of 0:003–0:06 km=hr is consistent with a sequence of events in
which fluid migration or an equivalent aseismic event propa-
gated along the SSRF zone, or a nearby splay fault, bringing the
state of stress closer to failure and triggering seismicity near a
principal slip surface. The sudden onset of bursts of seismicity
suggests the presence of cascading failures of asperities super-
imposed on slower fluid pressure migration. The coexistence of
these driving mechanisms is expected because they provide
positive feedback by increasing the permeability and by quickly
transmitting fluid pressure, driving the seismicity migration
(Shelly et al., 2015).

Although these types of swarms are relatively rare in the
Ventura basin region, their occurrence is expected because of
the high regional north–south compressive tectonic strains and
presence of fluids in the basin sediments (Yang and Hauksson,
2013). Fluid pressures higher than hydrostatic levels have been
interpreted from well logs but are only reported in the western
basin (Watts, 1948; Hubbard et al., 2014). The 12.5–13.5 km
depth of the Fillmore swarm agrees with the geodetically
determined locking depth of major faults in the ∼12–13-km-
depth range (Marshall et al., 2013). The effective normal stress
needs to be significantly reduced by near-lithostatic pore pres-
sure to accommodate episodic slow-slip events at the depths of
the Fillmore swarm, according to recent numerical models of
slow-slip events at depth in subduction zones (Liu and Rice,
2009). We speculate that, near the bottom of the brittle–
ductile transition zone as well as the basin sediments, metamor-
phic dehydration processes are likely to be very active, leading
to both aseismic and seismic deformation processes (Yardley
and Bodnar, 2014). However, because the earthquakes are
small, it is not possible to detect non-double-couple compo-
nents of the moment tensors, which could have confirmed a
dilational component to the deformation. Similarly, small and
deep aseismic slip events are unlikely to be detectable with
available geodetic methods.

CONCLUSIONS

Geologic observations of dehydration metamorphic processes,
modeling of fluid transport, and fault rheology argue for the
role of fluids and cascading asperity failures in the 2015 Fill-
more swarm. The relatively great depths beneath the Ventura
basin sediments, limited spatial extent, diversity of focal mech-
anisms, and complex spatial and temporal behavior all suggest a
role of fluids and cascading asperity failures. We infer that low
porosity of metamorphic rocks and the incompressibility of
fluids facilitated rapid increases in pore pressure and triggering
of earthquakes with minimal change in fluid volume (Ague
et al., 1998). However, the lack of similar seismicity in the exact
same area over the last 35 years suggests that the fault-slip rates
and associated dehydration processes may be very slow and that
such events are rare.

The nodal planes of the focal mechanisms are inconsistent
with the geometrical plane of the swarm, which could be the
SSRF zone or a nearby splay fault. A major earthquake presum-
ably would occur on a principal slip plane such as the SSRF, but
elastic creep compaction may have limited the size of this
swarm. The heterogeneous strain or slip partitioning between
high-angle strike-slip faults and moderately dipping thrust
faults suggests that, as fluids migrate toward regions of lower
fluid pressures, this causes cascading ruptures of dip- and strike-
slip faults localized by asperities.

DATA AND RESOURCES

We used waveforms and parametric data from the California
Institute of Technology (Caltech)/U.S. Geological Survey
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Southern California Seismic Network (SCSN; doi: 10.7914/
SN/CI), stored at the Southern California Earthquake Data
Center (SCEDC; doi: 10.7909/C3WD3xH1).
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