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Abstract Earthquake swarms are manifestations of aseismic driving processes deep in the crust. We
examine the spatiotemporal distribution of aseismic processes in Southern California using a 12-years
catalog of swarms derived with deep learning algorithms. In a core portion of the plate boundary region,
which is not associated with elevated heat flow, we identify 92 long-duration swarms ranging from

6 months to 7 years that constitute 26.4% of the total seismicity. We find that 53% of the swarms exhibit
ultra-slow diffusive patterns with propagating backfronts, consistent with expectations for natural fluid
injection processes. The chronology of the swarms indicates that the aseismic driving processes were
active at all times during 2008-2020. The observations challenge common views about the nature of
swarms, which would characterize any one of these sequences as anomalous. The regional prevalence of
these sequences suggests that transient fluid injection processes play a key role in crustal fluid transport.

Plain Language Summary Earthquake swarms are one of the main types of earthquake
sequences. In contrast to mainshock-aftershock sequences, swarms are believed to be driven
predominantly by processes other than tectonic loading or earthquake interactions. We build a high
resolution catalog of earthquakes using machine learning algorithms to study long-duration swarms and
their physical driving processes. We find nearly 100 swarms lasting 6 months to 7 years that have spatial
and temporal patterns consistent with natural fluid injections in the crust.

1. Introduction

Fluid transport in Earth's crust is central to the behavior and evolution of hydrothermal systems (Cox, 2016),
the formation of mineral deposits, and groundwater storage. It is of importance for earthquake phenomena
at all stages of the seismic cycle (Fialko, 2004; Miller, 2020). Fluid flow is believed to vary with time, as
dynamic processes in the Earth can lead to transient changes in permeability (Elkhoury et al., 2006; Manga
et al., 2012). Some fluid migration processes are characteristically episodic. Understanding the origins of
transient permeability changes, the relevant time scales of these processes, and the distribution of fluid
transients in the Earth are fundamental problems in geoscience.

For resolving deep transient flow patterns, direct measurements are the most desirable but are scarce. Geo-
detic data, while indirect, can be used to infer deeper processes from surface deformation that is sufficiently
large (Fialko, 2004; Neal et al., 2019; Sigmundsson et al., 2015). The geological record contains various
forms of evidence for the frequent occurrence of transient fluid injection episodes, such as the textures of
hydrothermal mineral deposits (Cox, 2016; Sibson, 2020). Another line of evidence for deep transient fluid
processes comes from earthquake swarms, which are viewed as a byproduct of aseismic driving processes
and therefore an observable marker of them (Hainzl et al., 2013).

The most likely aseismic processes behind swarms are fluid pressure diffusion and aseismic slip (Holtkamp
& Brudzinski, 2011; Lohman & McGuire, 2007). These processes explain many distinctive characteristics
of swarms, such as migratory behavior, non-stationary temporal patterns, and delayed timing of the largest
events (Hainzl et al., 2013; Holtkamp & Brudzinski, 2011; Vidale & Shearer, 2006). The aforementioned
characteristics stand in contrast to those of mainshock-aftershock sequences, which are predominantly
driven by stress transfer (Dieterich, 1994; Felzer & Brodsky, 2006; Stein, 1999), and have aftershock rates
that decay with time. Swarms typically last days to months (Hauksson et al., 2016; Lindenfeld et al., 2012;
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Figure 1. Map of study region and 92 long-duration swarms identified in this study. Swarms are color-coded by
duration. Upper right inset shows the depth distribution of cluster centroids compared with regional seismicity depth
distribution. Swarm clusters have a narrower depth range. Lower panel shows cumulative number of earthquakes with
time, with the blue line indicating the 12-years average rate. The seismicity rate is relatively steady from 2008-2020.
Faults from U.S. Geological Survey and California Geological Survey (2004).

Rubhl et al., 2016), but have occasionally been observed to last for years (Kisslinger, 1975; Ross et al., 2020;
Thouvenot et al., 2016).

Swarms are common to regions associated with magmatism (Pang et al., 2019; Shelly et al., 2016; Yukutake
et al., 2011), rifting (Barros et al., 2020; Duverger et al., 2018; Ibs-von Seht et al., 2008) and hydrothermalism
(Enescu et al., 2009). Southern California is a region known for frequent earthquake swarms, with the Sal-
ton Trough being an epitome of such activity (Chen & Shearer, 2011; Hauksson et al., 2017, 2013; Johnson
& Hadley, 1976; Zaliapin & Ben-Zion, 2013). Other parts of California occasionally are host to swarms, with
the 2016-2020 Cahuilla swarm (Ross et al., 2020) being a notable example. This sequence was shown to
have likely been driven by natural fluid injection into a fault zone from a deeper reservoir, with the pressure
diffusing slowly through the fault over 4 years. The long duration of this sequence, low but steady seismicity
rate, and the relatively low heat flow make it appear anomalous with regards to typical views of earthquake
swarms.

Following the observations of this unusual sequence, we used deep learning algorithms to build a 12-years
high-resolution seismicity catalog to look for additional examples of this activity in Southern California
(Figure 1). We found that such multi-year ultra-slowly migrating swarms are not anomalous—but wide-
spread—and were active at all times during the 12-years study period. Many have characteristics of fluid
pressure diffusion as the driving process. These observations may indicate that transient fluid injection
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processes are an important part of crustal fluid transport in Southern California and, in addition to the
hydrogeological importance, such processes have a significant unrecognized impact on regional seismicity
patterns.

2. Data

We used EH and HH continuous waveforms provided by the Southern California Seismic Network (SCSN)
for the period 2008-2020, which are publicly available from the Southern California Earthquake Data
Center (scedc.caltech.edu). In total 99 continuous stations were used (Figure S1). The data were kept at
100 Hz sampling rate.

3. Methods
3.1. Seismicity Catalog Construction

We produced the seismicity catalog in this study from just the raw waveform data. Most steps performed are
identical to those described in Ross et al. (2020). The detection portion of the procedure uses two deep learn-
ing algorithms sequentially. These steps consist of first detecting earthquakes on individual three-compo-
nent stations, and then associating these detections across the seismic network to specific event detections.
Note that no magnitudes are computed because accurate estimation for very small events is inherently
difficult and is not needed for this work.

The phase detection stage uses the trained neural network architecture of Ross et al. (2020) without adjust-
ment, which outputs P- and S-wave probabilities at each time step. We applied this algorithm to the entire
12 years continuous waveform archive to detect P- and S-waves using 16 s seismograms. The data were
bandpass filtered 3-20 Hz beforehand. Picks were made by taking the peak sigmoid probability whenever a
value of 0.5 was exceeded for either phase type. This led to a database of 7.2 million tentative phase arrivals.

The next step of the procedure utilizes the PhaseLink algorithm (Ross et al., 2019) to associate the phase
detections to earthquakes and build an initial catalog. PhaseLink uses a recurrent neural network archi-
tecture made of bidirectional Gated Recurrent Units to sequentially predict and link together phase de-
tections (Ross et al., 2019). A synthetic training data set was created for the region shown in Figure S1 by
placing synthetic hypocenters randomly throughout the region. This procedure is described in detail in Ross
et al. (2019).

There are several hyperparameters associated with the Phase Link detection process, which we describe
next. Sequences of 500 picks were processed at a time with a maximum sequence duration of 120 s. These
are unchanged from the original paper. We required four phase detections to nucleate a cluster, merged
clusters with at least two phase detections in common, and required a minimum of 12 detections left after
removing duplicates to retain an event. We tuned these parameters based on random visual inspection of
events to ensure the false positive rate was below 1%. In total 323,709 events were detected. Next, we located
the events with NonLinLoc, a probabilistic non-linear hypocenter inversion algorithm (Lomax et al., 2000)
(Figure S2). We used the 1D velocity model of Hadley and Kanamori (Hadley & Kanamori, 1977) and the
equal differential time likelihood function.

The next step involved pairwise event relocation with waveform cross-correlation. We correlated all earth-
quakes with their nearest 500 neighbors to measure precise differential times. Seismograms were defined
using only picks that came out of the associator, starting 0.1 s before the pick. The seismogram windows
were 1.1 s long. P-wave correlations were only performed on the vertical component, while S-wave corre-
lations were done on the horizontal components. We band-pass filtered the data between 1 and 15 Hz and
required a minimum cross-correlation coefficient of 0.7. This resulted in roughly 245 million differential
times. Finally, we relocated the catalog with the GrowClust algorithm (Trugman & Shearer, 2017), a clus-
ter-based double-difference relocation algorithm. Here, we used a minimum r value of 0.7 and required at
least eight differential times for relocation. This catalog is the final one produced and is shown in Figure 1.
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3.2. Extraction of High-Density Seismicity Clusters

In visually examining the seismicity, a striking feature is that the seismicity often forms very dense clusters
~100-500 m in diameter that are spatially distinct. This observation motivates the usage of a clustering
algorithm to extract these dense clusters to study their evolution in space and time. We used the DBSCAN
algorithm (Ester et al., 1996) to achieve this, as the algorithm was designed for such density-based clustering
tasks. This algorithm has two hyperparameters that control the clustering results: a spherical radius used to
search for neighbor points and the minimum number of points within a sphere to grow a cluster. We applied
DBSCAN directly to the 3D hypocenters and used a spherical radius of 100 meters, while requiring at least
one event to be within the sphere to grow the cluster (the fewest number of events possible in a cluster).
Afterward, we only retained clusters with at least 50 events. This results in 255 clusters in total (Figure S3).

The parameters that we used to extract the clusters were chosen after trying a broad range of values and
visually examining the results. Since we required only one event to grow a cluster, the only parameter that
was tuned was the spherical radius, which was performed with the goal of extracting the ~100-500 m
clusters seen visually in the seismicity. When this value was too small, the seismicity clusters that we saw
visually in maps were incorrectly split into many smaller ones by DBSCAN. When the value was too large,
the many distinct seismicity clusters were erroneously merged into a single cluster by DBSCAN. By using
these guiding principles, we ended up at the optimal parameters described above, however we note that
there is some tolerance in these values. More importantly, the main conclusions of this study do not depend
on these values.

3.3. Swarm Identification

We visually examined all of the 255 clusters and their seismicity rates over 2008-2020 (e.g., Figure 2, and S4).
While many of these exhibited steady rates with time, almost half of them displayed non-stationary rates
that were primarily in the form of transient episodes of seismic activity lasting months to years. From these
observations, we developed a simple automated scheme to extract these transients and their associated
events, such that each could be promptly reviewed manually afterward.

The scheme for extracting these transients was designed to identify windows of time for which seismicity
rates exceed a background rate by a specified amount. Our procedure is motivated by the short-term aver-
age/long-term average (STA/LTA) algorithm for detecting seismic waves (Allen, 1982). For each of the 255
clusters, we first produced a smoothed seismicity rate at daily intervals (Marsan et al., 2013),

2
p(t) = .
a

where the quantity #,-t, represents a window of time containing exactly two events that is centered on ¢,
such that one event is contained in [f,, t], and another event is contained in [, t;]. The smoothed rate is then
divided by the minimum value observed during the 12 years, which is taken as a reference rate. We chose
this because some of the swarms last for 4-7 years, and the average value over the 12-year period is not
representative of the activity outside of the swarm. Then, with a simple trigger mechanism, we identify se-
quences whenever the normalized rate exceeds 20 and triggers off when the normalized rate falls below 10.
These parameters were tuned against visual inspection of the results. We only retain swarms that have more
than 50 events; while this number could have been lowered somewhat to increase the amount of sequences
for study, even with a minimum of 50 there was plenty of data available for analysis, and we felt no need to
lower the quality threshold further. Finally, we note for clarity that once the swarms are extracted (the start
time, end time, and set of events between them), we no longer use the rate values previously discussed in
any of the subsequent analysis.

This process results in 118 candidate swarms lasting at least 6 months. We then manually reviewed each of
these and found 92 of these to be genuine swarms based on temporal evolution, lack of rate decay with time,
and delayed peak rates after the start of each sequence. The start and end times of each sequence were man-
ually adjusted if the automated algorithm performed poorly at identifying these quantities. These genuine
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Figure 2. Temporal history of 10 Southern California swarms. Sequences vary in duration from ~2 to 7 years. Swarms generally exhibit initial rate acceleration
and eventual rate deceleration, with peak rate typically long after the onset. Overall daily rates are low but sustained for a long time, resulting in significant
cumulative activity. Counts are measured in 10-days bins. Bottom left panel shows the 2016-2020 Cahuilla swarm.

swarms were retained for final analysis, as the visual inspection of these results confirmed they were close
to what we would have determined manually.

We note that if two spatially disjoint seismicity clusters were active at the same time, perhaps as part of a
regional scale aseismic process, our approach may not result in these clusters being merged together. Merg-
ing such cases requires making fairly strong assumptions about the spatiotemporal behavior of seismicity,
which may be appropriate for short duration sequences but are difficult to justify across the entire catalog
for months-to-years long sequences like we are investigating here. As such, we avoid analyses that might be
impacted by inadvertently splitting spatially disjoint clusters.

An additional point of importance is that our method was designed to only identify swarms in relatively
low background rate areas. Therefore, areas like the San Jacinto fault zone, which has very high seismicity
rates, may also have such swarms, but these would be undetected by our approach; targeting these may be
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the subject of future work. We have therefore limited our analysis to interpreting the spatial distribution
of swarms where they are observed, and do not comment about what may be happening in regions where
they are absent.

4. Results

Figure 1 presents the relocated seismicity catalog for the study area, which focuses mainly on the region
bounded by the San Jacinto and Elsinore fault zones. The regional geology is largely crystalline rocks of
the Peninsular Ranges (Jennings et al., 1977), with low-to-average heat flow (Hauksson, 2011) (<75 mW/
m?). This area is very active seismically, having produced about 20% of all earthquakes listed in the regional
Southern California Seismic Network catalog from 1981-2020, despite no event being larger than M 5.4. We
focus our analysis on spatially dense seismicity clusters, which are defined using a density-based clustering
algorithm (see methods). The clusters contain at least 50 events, and most are about a few hundred meters
in size. Examples of these clusters are shown in Figure 1, with the full set obtained shown in Supplementary
Figure 3.

The aggregate regional seismicity rate is remarkably steady from 2008 to 2020 (Figure 1); however, when
considering the dense clusters individually, the seismicity rate is often highly non-stationary. Ten examples
are shown in Figure 2, with an additional 10 shown in Supplementary Figure 4. In each case, we observe
that the seismic activity grows rapidly from virtually zero prior activity. Then, following a period of in-
creased seismicity the cluster's activity diminishes. Using these time points, we infer that the transient epi-
sodes in Figure 2 range from 2 to 7 years in duration. Each swarm shown in Figure 2 would rank among the
longest previously documented—not just in Southern California—but globally; for example, the 1965-1967
Matsushiro, Japan swarm, the Ubaye, France swarms of 2003-2004 and 2012-2015 (Jenatton et al., 2007;
Thouvenot et al., 2016) and the 2008-2020 Cahuilla, USA swarm (Ross et al., 2020). Furthermore, there is
concurrency between several of them.

The time history of these transient episodes does not follow a single simple Omori law (Utsu et al., 1995),
which says that the rate of events decreases as t* and is a key differentiator of aftershock sequences from
swarms. We find the peak event rate is significantly delayed (~months to years) after the onset of activity
(Figure 2 and S4). The sequence shown in the bottom left panel of Figure 2 is the previously mentioned
2016-2020 Cahuilla swarm (Ross et al., 2020). The other swarms shown bear several similarities to the Ca-
huilla swarm, with more than half of them slowly accelerating to a relatively steady rate before decelerating
to a complete shutoff. While the swarms are active, some exhibit multiple cycles of acceleration and decel-
eration, which could be related to slow slip transients (Bourouis & Bernard, 2007; Zhu et al., 2020). These
characteristics may be useful observational constraints for modeling these sequences.

The seismicity rates during these swarms are relatively low compared to most documented in the literature
(Thouvenot et al., 2016; Vidale & Shearer, 2006) and, of those shown in Figure 2, the Cahuilla swarm is by
far the most active; the rates for the other swarms are much lower. It is only by considering the spatio-tem-
poral characteristics of the activity that it is apparent that these events are not simply background tectonic
events.

The swarms in Figure 2 are only a fraction of those identified with this behavior. To get a sense for their
geographical distribution, Figure 1 shows all clusters that contain least one swarm lasting 6 months or more
that meet a set of basic criteria (see methods). While even shorter swarms may indeed be occurring, our
focus here is on longer sequences that have previously been considered rare or anomalous. In total there
are 92 long swarms shown and colored according to their duration. Of these, 36 have durations between 1
and 2 years, and 28 are two years or longer. These sequences lack a clear Omori decay, often exhibit spatial
migration with time, and have anomalously long durations as compared with the largest magnitude event.
The long duration swarms are widespread over the study area, despite the low-to-average heat flow (Hauks-
son, 2011). There is no regional evidence for massive CO, degassing, as seen where other long duration
swarms (months-to-years long) have been identified, such as the Eger rift in the Czech Republic (Briuer
et al., 2009) or the Italian Apennines (Miller et al., 2004).
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Figure 3. Diversity of seismicity migration in swarms. Left: map view of each swarm cluster colored by depth. Blue
star indicates estimate of the location of the sequence origin based on the earliest events in the swarm. Right: radial
distance of seismicity relative to blue star. Sequences exhibit very slow migration fronts away from origin, as well as
migration backfronts, suggestive of natural fluid injection. These fault zones are inferred to have a permeability of
~1077-107" m*.
From visual inspection, 49 of the 92 swarms (53%) shown in Figure 1 exhibit prominent migration behavior,
and four exemplary cases are shown in Figure 3; these are accompanied by plots of the seismicity in map
view. Using the earliest events in each swarm as a reference point, the swarms expand outward and away
from this origin. These sequences demonstrate considerable diversity in their migration behavior. Their
durations vary from 2.5 to 4 years. The migration velocities are extremely slow, ranging from about 0.5 to
ROSS AND COCHRAN 7 of 12
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Figure 4. Chronology of swarms for the period 2008-2020. Sequences are sorted by inferred start time. Shorter swarms
are much more frequent than longer swarms. There is always at least one swarm active during the 12-year period.

1.5 m/day. Many of the sequences have a visible backfront to the diffusion, where events near the injection
point cease but activity continues at greater distances (Parotidis et al., 2004, 2005). Together, these charac-
teristics suggest that the swarms were driven by natural fluid injection (Cox, 2016; Ross et al., 2020). We
estimate the diffusivities of the swarms in Figure 3 to be 0.03-0.05 m?/s based on the rate of radial expan-
sion with time (Shapiro et al., 1997). Following the approach of Ross et al. (2020) and the values therein,
we find the permeabilities of the faults here to be ~107-107"® m® This is in contrast to permeabilities of
~107"-107" m? reported for other migrating earthquake sequences (Cappa et al., 2009; Miller, 2020). It is
unclear whether the swarms without a clear diffusion pattern represent genuine differences in the sequence
behavior or result from data limitations.

During a fluid injection transient, the backfront is related to the shutdown of the injection, which can
provide constraints on the duration of the injection process (Segall & Lu, 2015). For the swarms shown,
the injection process appears to last on the order of several months. As the duration of the swarm activity
is substantially longer, these observations suggest that the fluid injection source has a protracted impact
(for potentially years afterward), as fluid pressure continues to diffuse through the fault zone long after the
source shuts down.

As hinted at by the examples in Figure 2, there is concurrency among the individual episodes. With the
92 long swarms identified (Figure 1), it is natural to ask about their regional chronology, as this can pro-
vide greater context for the underlying aseismic processes and their importance. This is shown in Figure 4,
where each row represents a different swarm, and the collection of swarms is sorted by the time at which
each begins.

It is also of interest to examine the depth distribution of these swarms in comparison to the overall seismici-
ty distribution (Figure 1, inset). While the depth range over the whole region is relatively broad (~5-17 km),
the centroid depths of the swarm clusters have a fairly narrow distribution (5-11 km). This may suggest that
the causative processes are associated with properties of this particular depth range, although it is outside
the scope of this work to identify those processes.
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There are several important aspects that are worth discussing in detail. First, the swarms are clearly tran-
sient and range in duration from 6 months to 7 years. Shorter swarms are more frequent than longer
swarms. Second, there is a swarm active somewhere at all times during the 12-year period, which implies
the driving processes are always present in this region. Finally, while the longer duration swarms are less
frequent, there is nearly always one or more long swarm active during the 12-year period. If these swarms
are predominantly driven by fluid pressure diffusion, then these transients likely represent a critical mech-
anism for fluid transport deep in the crust. Other fluid diffusion transients could be occurring, but without
producing any, or only limited, seismicity and therefore not documented here.

5. Discussion

We have identified nearly a hundred swarms lasting months to years in an active portion of the Southern
California plate boundary not typically associated with this type of activity. Our observations do not ex-
clude the possibility of even longer swarms, which would not have been identified by the methods and
data utilized. Many of the swarms exhibit very slow diffusive behavior away from a common origin and
prominent migration backfronts, which likely is the byproduct of natural fluid injection into fault zones
(Ross et al., 2020); a small fraction of swarms (~3 sequences) however have distinctly different behavior,
with faster migration velocities and linear migration patterns, and may have been driven by aseismic slip
events instead (Chen et al., 2012; Lohman & McGuire, 2007). The combined observations of long swarm
duration, low but sustained seismicity rates, and relatively low regional heat flow would make any one of
these sequences an anomaly by standard views of earthquake swarms. The fact that nearly a hundred have
occurred in a 12-year period implies that this definition should be broadened.

Such long-duration swarms may have evaded prior detection in part because previous studies have used ex-
pectations of swarm behavior to define search criteria that would preclude their detection (Chen et al., 2012;
Holtkamp & Brudzinski, 2011; Vidale & Shearer, 2006; Zaliapin & Ben-Zion, 2013). The much more detailed
seismicity catalog also provides a more expansive view of these sequences. A consequence of the swarms
being previously unidentified is that studies would have assumed the bulk of these events were background
seismicity within a highly active tectonic region (Mueller, 2019; Powers & Field, 2013; Richards-Dinger &
Dieterich, 2012). Characterizing these events instead as part of swarms has important implications for seis-
mic hazard because the seismicity rates are highly non-stationary with time, and the maximum magnitudes
for swarms may be different than those assumed for tectonic event sequences. We find that 26.4% (56,823)
of the events in the relocated catalog occurred as part of these swarms. This is all the more remarkable given
that the study area includes the central San Jacinto fault zone, which is the most active part of southern
California (Ross et al., 2017). Applying a broader definition of swarms to other active tectonic regions may
lead to similar findings.

By interpreting these swarms as primarily a manifestation of transient fluid injection processes, the ob-
servation that one or more episodes was active at all times during the 12-years study period implies that
this physical mechanism is of broad regional importance for crustal fluid transport. This type of process is
consistent with fault valving (Cox, 2016; Sibson, 1981, 2020) and envisions episodic fluid injection into a
fault zone from a deeper natural reservoir. In this model the reservoir is initially sealed off from the fault
zone, perhaps due to mineralization (Cox, 2016), but somehow the seal breaks, resulting in overpressured
fluids being injected into the fault. Eventually the fault zone seals itself and the whole cycle repeats while
pressure builds back up. Fault valving can result in large fluid fluxes being transmitted through a fault
zone episodically and has been suggested to be responsible for creating fault-zone-hosted mineral depos-
its (Sibson, 2020). The 2016-2020 Cahuilla swarm itself is strong evidence for fault valving in situ (Ross
et al., 2020), and many of the swarms observed in this study have very similar evolutionary characteristics.
The origin of these fluids may be related to dehydration reactions (Hacker, 1997; Sibson, 2020) or influx of
mantle fluids (Kennedy et al., 1997).

The results of this study were aided by the use of a clustering algorithm to break up the seismicity into
spatially disjoint clusters and an automated method for estimating the swarm's temporal extent. While the
parameters of these algorithms can affect the obtained set of clusters and swarms, the widespread existence
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of these ultra-slow sequences, diffusive migration patterns over several years’ time, and their occurrence at
all times throughout the 12-years study period do not depend on such parameters.

When considering these fluid injection processes together with the complex surrounding fault zones, a pic-
ture emerges of southern California as a dynamic plate boundary environment not dominated by a single
process. Tectonic loading contributes to substantial regional seismicity, producing occasional moderate to
large events and considerable clustering, while fluid injection episodes are steadily occurring throughout
the region and compounding the total seismic activity with ultra-slow migratory earthquake swarms.
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All data used are publicly available from the Southern California Earthquake Data Center (scedc.caltech.
edu). The developed catalog will also be publicly hosted at the SCEDC.
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