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Abstract Three prolific earthquake swarms and numerous smaller ones have occurred since 1980 in the
Mesozoic igneous plutonic rocks of the Perris block of the Peninsular Ranges, Southern California. The
major swarms occurred in 1980–1981, 1983–1984, and 2016–2018, with the latest swarm still ongoing. These
swarms have no clear mainshock, with the largest events of ML 3.6, ML 3.7, and Mw 4.4. Each successive
swarm had larger cumulative seismic moment release with about 314 and 411 events of M ≥ 1.5, while the
third swarm has produced about 451 events of M ≥ 1.5 (as of September 2018). The concurrent strike‐slip
faulting occurred on north to northwest striking planes but with no orthogonal northeast trending seismicity
alignments. These shallow swarms are probably driven by intrablock Pacific‐North America plate boundary
stress loading of the two bounding major late Quaternary strike‐slip faults, the Elsinore and San Jacinto
faults. The state of stress within the Cahuilla Valley pluton has a ~40° angle between themaximum principal
stress and the average trend of the swarms, suggesting that migrating pore fluid pressures aid in the
formation and growth of zones of weakness. These swarms, which last more than 600 days each, exhibit
clear bilateral spatial migration for distances of up to ~7–8 km and reach their full length in about
20 months. The slow spatial‐temporal development of the swarms corresponds to a fluid diffusivity of 0.006
to 0.01 m2/s, consistent with very low permeability rocks as expected for this block. There is no geodetic or
other evidence for a slow slip event driving the swarms.

Plain Language Summary There have been three unusual seismicity swarms in the Cahuilla
Valley, Peninsular Ranges, over the last 40 years: 1980–1981, 1983–1984, and 2016–2018, with the latest
still ongoing. They occurred within granite rocks that underlie the Cahuilla Valley pluton. The first two
lasted for about 2 years, and the current swarm is still ongoing more than 2.5 years after it began. These
swarms differ from mainshock‐aftershock sequences because the largest events occur months after the
swarm initiation event. These swarms are probably driven by plate boundary stress loading of the two
bounding major late Quaternary strike‐slip faults, the Elsinore and San Jacinto faults, and aided by changes
in pore fluid pressures.

1. Introduction

Southern California seismicity is mostly caused by Pacific and North America relative plate motion that is
accommodated along major crustal‐scale late Quaternary faults (Hutton et al., 2010). Other processes such
as gravitational collapse of mountain ranges, crustal delamination, natural or induced fluid flow, and
geothermal activity also cause seismicity (Hauksson et al., 2012). Seismicity occurs mostly as mainshock‐
aftershock sequences, but swarms are more common in transtensional regions, including the Salton
Trough and eastern California, as well as geothermal areas (e.g., Vidale & Shearer, 2006; Zaliapin & Ben‐
Zion, 2013).

In addition, there are less well‐understood swarms that occur within batholiths in the western United States,
away from the late Quaternary faults. In this study, we analyze such swarms within the Perris block of the
northern Peninsular Ranges. The Perris block forms the eastern part of the Peninsular Ranges and is char-
acterized by continental marginmagmatic arc rocks of tonalite composition (Morton et al., 2014). In contrast
to typical swarm areas in Southern California, the Perris block is mostly aseismic, has low heat flow, and has
low tectonic strain rate. There is also noticeable absence of late Quaternary faults within the dense, low‐
porosity, and low‐permeability plutonic rocks (Morton et al., 2014).
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Key Points:
• Since 1980, three prolific natural

earthquake swarms occurred
between the Elsinore and San
Jacinto faults, in the central
Peninsular Ranges

• These swarms are driven by
interseismic plate boundary strain
rates and modulated by pore fluid
pressure in low‐permeability
plutonic rock

• Shallow depths, absence of mapped
faults, and nonlinear seismic
moment release suggest concurrent
slip on foliations in the plutonic rock
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There have been three major seismicity swarms in the Cahuilla Valley over the last 40 years: 1980–1981,
1983–1984, and 2016–2018, with the latest still ongoing. Note that although the latest swarm is ongoing,
we label this the 2016–2018 swarm since that is the date range of available data used in this study. These
swarms are unusual in several respects (Figure 1). First, they occurred within the Mesozoic pluton in the
Perris block, away from any mapped late Quaternary faults, about midway between the Elsinore and San
Jacinto faults (Morton et al., 2014). Second, the first two lasted for about 2 years, which is unusually long
for Southern California swarms, and the current swarm is still ongoing more than 2.5 years after it began.
Third, the largest events in each swarm occur months after the swarm initiation event. The amount of seis-
mic moment release in these swarms is small, corresponding to a fraction of aM 5 earthquake, which would
have a shorter fault length of ~1 to 2 km as compared to the longest dimension of these swarms (~5 km;
Wells & Coppersmith, 1994). Fourth, the abundance of small earthquakes suggests the presence of a balance
between moment release and stress loading that causes a large number of small events.

Similar shallow earthquake swarms are common within other batholithic terranes in the western United
States. Vidale and Shearer (2006) identified several short‐time‐length (less than 28 days) swarms in the
southern Sierra Nevada. Ruhl et al. (2016) described the 2008 Mw 4.9 Mogul swarm that occurred within
the Sierra batholith, near Reno Nevada. The overall length was ~15 km, and the depth extent was similar
to the Cahuilla swarms or ~6 km. The overall fault structure was a dominant right‐lateral northwest trend
with minor left‐lateral orthogonal faults. Another example was the 2017 Sulphur Peak, Idaho, mainshock
of Mw 5.3, which was followed by an extended (lasting for a few months) unusual swarm‐like aftershock
sequence, which was attributed to slow aseismic slip (Koper et al., 2018).

We analyze seismicity data from the three Cahuilla swarms that are aligned almost north‐south, possibly
along geologically defined lineations. We compare the spatial‐temporal evolution and seismic properties

Figure 1. Map showing the location of the study area and regional seismicity (~113,000 events) from 1981 to September
2018. Major late Quaternary faults from Jennings and Bryant (2010) are shown in magenta. Earthquakes of M ≥ 5.0 are
shown as stars with red outlines and solid blue color. The red box outlines the study area. The red arrow points to the green
star with a white outline that represents the 2016 Mw 5.2 Borrego earthquake.
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of these swarms to infer the possible driving mechanisms (Figure 2). We also compare their temporal
behavior with the nearby 2016 Mw 5.2 Borrego Springs mainshock‐aftershock sequence (Ross et al., 2017).
The Borrego sequence was selected because it is the best recorded nearby mainshock‐aftershock sequence.
Our goal is to understand the temporal evolution and seismic moment release in these swarms, even
though the temporal behavior is rich with embedded aftershock sequences.

2. Data Processing

For our data analysis we used the updated relocated Southern California Seismic Network (SCSN) catalog
that was developed with the approach of Hauksson et al. (2012). All of the Cahuilla events were detected
by the SCSN automated picker and reviewed by data analysts. The relocation process consists of the follow-
ing three steps: (1) We first locate the events using a Southern California 1‐D velocity model; (2) we relocate
the events individually by applying a 3‐D velocity model (Hauksson, 2000); and (3) we determined relative
arrival times via cross correlation to 750 nearest neighbors, and we used the clustering algorithm from
Matoza et al. (2013) to perform a pairwise double‐difference relocation of the events. We relocated the
1980 seismicity using the 3‐D velocity model but without waveform cross correlations. The waveforms for
the events that occurred in 1980 are of low quality and have not been cross‐correlated. In some of the figures
we also included the 1980 seismicity from the SCSN catalog, to display the beginning of the 1980–
1981 swarm.

We list in Table 1 the first event in each swarm, which we use as the initiation point for the diffusivity esti-
mates. These events were selected because they appear to be the initiation point for the whole swarm.
Another nearby event in time or space could have been picked, but these events best match the fit of the

Figure 2. (left) Map showing the locations of the three swarms with locations of cross sections (A, B, and C red lines)
shown in Figure 4. (right) Latitude versus date (year) showing the temporal evolution of the seismicity with events of
M < 3.0 as circles and 23 events ofM ≥ 3.0 as stars. The cumulative number of 1,696 events ofM ≥ 1.5 recorded from 1980
to 2018 is shown as a red curve with a scale on the right‐hand side as vertical axis. In both figures, the approximate outlines
of the swarms are shown as white or black boxes, and all events are color coded by date.

Table 1
The Initial Event in Each Swarm

Date GMT Latitude Longitude Depth (km) Event ID #

1 Jan 1981 06 hr 17 m 33° 29.51′ −116° 47.15′ 5.5 3301498
5 Apr 1984 10 hr 39 m 33° 32.34′ −116° 47.41′ 4.7 35902
11 Sep 2016 19 hr 19 m 33° 29.65′ −116° 47.31′ 6.5 37475951
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diffusivity curves to the seismicity space‐time distribution. There is a short gap in the catalog in March 1981
due to technical difficulties in SCSN operations. Other gaps are considered to be real.

Small events are easily detected in this region, because of the good SCSN monitoring coverage, low back-
ground seismic noise levels, and the high near‐surface Q values for the plutonic rocks (Hauksson &
Shearer, 2006). Improvements in SCSN data quality since 1980 affect the magnitude of completeness (Mc)
as well as focal depth distributions. The availability of P and S picks to determine the hypocenters varies
through time, and correspondingly, the errors become smaller whenmore short‐distance picks are available.
For the 2016–2018 swarm the one‐sigma errors for horizontal accuracy range from 0.1 to 0.6 kmwith a mean
error of 0.25 km. Similarly, the vertical errors range from 0.2 to 1.0 km with a mean vertical error of 0.6.
These errors are small because one of the seismic stations (NP.5241) is located with 1.0 to 4.0 km of the
majority of the events. Similarly, the average horizontal and vertical errors for the 1984–1985 swarm range
from 0.3 to 0.7 km. The average vertical errors for the 1980–1981 swarm are larger or about 2.5 km because
the nearest station was located about 18 km away, but the vertical errors became smaller when a station was
installed about 5 km away in June 1981. Usually, the relative errors are an order of magnitude smaller than
the absolute errors (Hauksson et al., 2012).

We used the Yang et al. (2012) approach to measure S/P amplitudes and the HASH method of Hardebeck
and Shearer (2003) for determining focal mechanisms using both first motions and S/P amplitudes. The
events analyzed for this study are of A, B, and C quality, with average angular uncertainty of ~30°. We
applied the method of Michael (1984) to invert the focal mechanism data for the orientations of the principal
stresses and the corresponding stress ratio for each swarm. We calculated maximum likelihood b values
using ZMAP software (Wiemer, 2001).

3. Results

The Cahuilla swarms were located 10 to 20 km away from two major Pacific‐North America plate boundary
faults, the Elsinore and San Jacinto faults, which strike to the northwest across the region. We focus our ana-
lysis on the three swarms (1980–1981, 1983–1984, and 2016–2018, which we also use as names for the
swarms) as outlined by the black box and two white boxes (Figure 2). We compare various features of the
three swarms including spatial and temporal evolution, focal mechanisms and stress, temporal evolution
of the seismicity rate, Gutenberg‐Richter distributions, interevent time distributions, and cumulative seismic
moment release. In turn, we interpret the characteristics of the swarms to estimate hydraulic diffusivity and
fluid pore pressures.

3.1. Spatial and Temporal Evolution

The three swarms had spatial extents of ~5 to ~7 km and lasted for ~2 to over 2.5 years. The first two swarms
were separated in time by about ~2 years, while the third swarm occurred ~31 years later. Low‐level back-
ground seismicity in the intervening period (1985–2016) was more prevalent in the southern part of the
study region near the first swarm. The minimumMc of the SCSN catalog for this region was ~1.5 until about
a decade ago, with a Mc ~ 0.5 for the most recent swarm (Figure 2).

The 1980–1981 Cahuilla swarm consisted of several tight clusters spatially distributed over an area that
extended ~3 km in the east‐west direction and ~5 km to the north‐south, across the western Cahuilla
Valley proper (Figure 2). The swarm started in June 1980 with a relatively low seismicity rate and grew bilat-
erally north‐south for ~2 years (Figure 3). In February 1981 a ML 3.6 earthquake occurred, which was fol-
lowed by a short‐lived aftershock sequence. Background swarm activity continued for another year after
this largest event.

The 1984–1985 Cahuilla swarm was located directly northwest of the 1980–1981 swarm. It started gradually
in early February 1984 (Figure 3), followed by a ML 3.6 mainshock‐aftershock sequence that occurred
3 months later. The aftershock sequence lasted for a few days and extended north‐south ~2 km. Elevated
seismicity rate consisting of clusters of smaller events extended bilaterally away from the selected initial
event for each swarm. After ~2 years of activity, the swarm had formed a north‐south lineation ~7 km long.

The 2016–2018 Cahuilla swarm started in mid‐2016, spatially overlapped the western third of the 1980–1981
swarm, and abutted the southern end of the 1984–1985 swarm. This Cahuilla swarm had a low level of
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activity at first but has grown steadily in number of events (~7,300 of M >0.5 as of 31 December 2018). It
forms an almost north‐south striking linear trend of ~5 km (Figure 3). On 11 August 2018 the seismicity
accelerated with an ~120‐event foreshock sequence, which culminated with a mainshock of Mw 4.4 on 15
August 2018. The Mw 4.4 shock was followed by more than 143 aftershocks of M > 0.5 over a period of
12 hr, and the overall rate of M ≥ 1.5 events increased by 2.5 over the following 4 months. This new
activity extended the spatial distribution of the sequence ~0.2 km to the south‐southwest.

The focal depths relative to the sea level of each swarm exhibit different temporal depth distributions. These
changes in the focal depth distributions also reflect improvements in the quality of focal depths with time
(Figure 3). The 1980–1981 swarm consisted of events with scattered focal depth distribution reaching from
~0‐km depths to ~8 km, while the 1984–1985 swarm is limited to the depth range of ~2 to ~5 km. The 2016–
2018 swarm, which has the best determined focal depths with uncertainties of <1 km, exhibits upward and
downward migrations in the depth range of 3 to 8 km, with the most recent focal depths at ~3‐ to ~6‐
km depth.

In general, these swarms are shallower than events along the San Jacinto or Elsinore faults, reaching only
about half the depth of the ~14‐km‐thick seismogenic zone (Hauksson & Meier, 2018; Ross et al., 2017).
In addition, the absence of clear geodetic (Global Navigation Satellite Systems (GNSS) and interferometric
synthetic aperture radar) anomalies associated with the 2016–2018 swarm (Y. Fialko, personal

Figure 3. (left column) All located events in each swarm are plotted with distance along strike from the initial event in
each swarm (Table 1) versus days. The N value is the number of recorded events in each swarm, and M ≥ 3.0 events
are shown as red stars. The red and blue curves show the maximum and minimum diffusivity, respectively, calculated
using the method of Shapiro et al. (1997). (right column) Focal depths versus date for all recorded events in the three
clusters. The most recent cluster (2016–2018) includes more events because of the lower detection threshold and magni-
tude of completeness of Mc ~0.5.
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communication, 19 April, 2018) is consistent with this swarm being of very limited spatial extent and
occurring at shallow depths, given the large spacing (~30 km) between GNSS in the region.

We compare the depth distribution of the three swarms in Figure 4. All three swarms appear to illuminate
several subparallel seismicity surfaces. In each swarm, the deformation occurred in a zone that is ~2 to
~4 km wide and ~5 to ~7 km long. Because the SCSN monitoring capabilities have improved over time,
the focal depths of the 1980–1981 events are less well constrained than are the focal depths for the
1984–1985 and 2016–2018 swarms. This may explain the large depth scatter in the first swarm, but the
overall relative shifts in the median of the depths by 1‐ or 2‐km depths are well constrained by the pairwise
double‐difference relocation.

3.2. Focal Mechanisms and Stress

The focal mechanisms exhibit predominantly strike‐slip motion with one of the nodal planes striking north
to northwest, while the other strikes east to northeast, consistent with the regional stress loading (Lindsey &
Fialko, 2013). The north to northwest striking nodal planes follow the general spatial trend of each swarm
(Figure 5); note that there are no northeast to east cross‐trending seismicity alignments. Motion along north
to northwest striking planes is consistent with geological mapping of the region, which shows geomorphic
lineaments in the area have a north to northwest strike (Morton et al., 2014).

In detail, the three swarms form several separate seismicity trends (Figure 4), suggesting that the seismic
moment release is taking place on several subparallel fault strands. Such fault strands appear to show
~1‐km separation in the 1980–1981 swarm, 0.5‐km separation in the 1983–1984 swarm, and ~0.25‐km
separation in the 2016–2018 swarm. In addition, during the 2016–2018 swarm both the seismicity

Figure 4. The southwest to northeast trending depth cross sections for the 1980–1981, 1984–1985, and 2016–2018 swarms
are shown at the same scale. Only the seismicity in each swarm is included in the respective cross section as indicated in
Figure 2. The background colors indicate the 3‐D Vp model from Hauksson (2000). The map in Figure 2 shows the epi-
centers of the three swarms and locations of the cross sections as red lines.
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trends and the nodal planes exhibit an apparent rotation in strike toward a more northerly orientation at
the north end of the sequence.

The azimuth of the horizontal component of the maximum principal
stress (SHmax) for the three swarms was determined by inverting for the
state of stress for each swarm as 24°, 33°, and 26° (Figure 5). The stress
shape, defined as the ratio of (σ1 − σ2) to (σ1 − σ3) for all three swarms,
is ~0.5, consistent with strike‐slip faulting. These SHmax azimuth values
are similar to the Southern California crustal stress field determined by
Yang and Hauksson (2013).

3.3. Statistical Properties of the Swarms

The overall statistical properties such as rate of seismicity, b value, intere-
vent time distribution, and seismic moment release of the three swarms
are similar, but the details differ.
3.3.1. Temporal Evolution of the Seismicity Rate
The beginning of the first two swarms had no clear mainshocks, here
defined as being ~1.5 magnitude units larger than other events in the
swarm (Båth's law; Båth, 1965), with the largest events of ML 3.6 and
ML 3.7 occurring months after the swarm initiated (Figure 6). The 2016–
2018 swarm is strikingly similar in seismicity rate to the 1980–1981
sequence (until the last few months of 2018) and less prolific than the
1984–1985 swarm (again until the last few months of 2018 when a Mw

4.4 event occurred) when comparing catalogs with similar Mc (Figure 6).

Figure 5. High‐resolution maps of the three swarms showing color‐coded epicenters with date, and randomly selected
focal mechanisms. The map of the 2016–2018 swarm only includes events for Mc ≥ 0.5 for clarity. The black arrows
indicate the azimuth of the SHmax direction as determined with stress inversion for each swarm (Michael, 1984).

Figure 6. Cumulative number of M ≥ 1.5 events versus date for the three
swarms and the 2016 Mw 5.2 Borrego sequence. Each cumulative distribu-
tion is plotted in a separate color (see labels) with corresponding events of
M ≥ 3.0 events plotted as color‐coded stars.
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The temporal evolution of the seismicity rate in the three major swarms exhibited slow onset, lasting for
~100 to ~300 days (Figure 6). The 1980–1981 sequence seems to have a quite clear change in seismicity
rate after ~200 days. The 1984–1985 sequence has a significant jump in the seismicity around 100 days
and an overall higher rate after that sequence (that again increases ~250 days into the sequence). And
the 2016–2018 swarm seems to have a steadily increasing rate, so it is difficult to define a slope break,
but the rate changes near ~250–300 days. This slow onset is consistent with the absence of a step‐
function type load (e.g., a mainshock) that would have imparted a sudden stress pulse on the source
region (Shapiro et al., 1997). This onset of all three swarms was followed by a steady rate of activity
with ~25 events per month of M ≥1.5 for a duration of about 300 days. The steady seismicity rate sug-
gests the presence of a persistent balance between loading, pore pressure, and stress release in the
swarm regions. In comparison, the 2016 Mw 5.2 Borrego mainshock imparted an abrupt step‐function
load that caused a flurry of aftershocks within days, but the activity almost ceased during the following
weeks to months.
3.3.2. Gutenberg‐Richter Distributions
The Gutenberg‐Richter distribution for the catalog of all three swarms has an average b value of ~0.9, which
is similar to the average b value for Southern California (Hutton et al., 2010). We used an average complete-
ness magnitude, Mc = 1.5, although the Mc varies for the three swarms, with Mc ~ 1.5 for the first two
swarms and Mc ~ 0.5 for the most recent swarm.

The temporal and depth variations of b value are shown in Figure 7. Although the seismicity rate of each
swarm fluctuates from day to day or week to week, the temporal changes in b value are small and within
error bounds.

The b values with depth for the three swarms increase in the ~2‐ to ~4‐km depth range for the 1980–1981
swarm, but the increase is deeper or ~3 to 5 km for the 1985–1985 and 2016–2018 swarms. This increase
is most clearly observed in b value estimates for the 2016–2018 swarm; however, the overall increase is small
or from ~0.9 + 0.02 to ~1.3 ± 0.08. The depth variations in b values suggest that the bulk of each swarm is
occurring within a depth‐limited weak zone as compared to the strength of the crustal blocks above
and below.
3.3.3. Interevent Time Distributions
Interevent time distributions (sometimes called waiting time between successive events) depict the temporal
occurrence of events within a swarm (Hainzl & Fischer, 2002; Touati et al., 2009). In other words, this is a
way to describe temporal behavior (even if Omori's law does not hold) where there is no mainshock near
the start of the sequence. The normalized density of number ofM≥ 1.5 events per day for detecting a waiting
time W−w between events for the 2016 Borrego sequence and the three Cahuilla swarms is shown in
Figure 8. Logarithmically binned data from each sequence can be fit by a power law, which suggests that
these swarms are strongly clustered in time. If these distributions were Poissonian in time, an exponential
fit would provide a much better match (Hainzl & Fischer, 2002).

The interevent time distributions are correlated to the relative number of mainshocks in a catalog (Hainzl
et al., 2006). The power law form of the interevent time distributions shows that the clustering properties
of aftershock sequences and swarms are different from each other, with slower decay for extended‐duration
swarms. These swarms have stronger event correlations that appear as longer‐duration distribution of
interevent times. Because the swarms decay at a slower rate than an equivalent aftershock sequence, of simi-
lar moment release, the interevent time probability density functions provide a quantitative comparison of
the clustering strength of seismicity sequences.

Hainzl (2004) showed that a power law description of an interevent time distribution of W −1.5 is clus-
tered on all timescales (also referred to as fractal). We observe a fractal clustering for the 2016 Mw 5.2
Borrego aftershock sequence that decayed quickly (Figure 8). In contrast, the three swarms examined
here exhibit lower power law decay, with the 1980–1981 and 1983–1984 swarms both having interevent
time distributions of (W−0.9) and the 2016–2018 swarm having W−1.1. The difference between the early
two swarms and the more recent swarm reflects the relative role of mainshocks in the overall seismic
moment release for each swarm (Hainzl et al., 2006). In general, these power law exponents for the
swarms reflect the overall longer temporal duration of the swarms as compared to the 2016 Borrego
earthquake aftershock zone.
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3.3.4. Cumulative Seismic Moment Release
The cumulative seismic moment release as a function of earthquake number through time (event index) can
be interpreted as diagnostic of the area that is involved in the overall rupture process when assuming con-
stant plate tectonic loading rate (Hainzl & Fischer, 2002). In the special case where the area of seismic
moment release does not significantly change across the time span of a sequence, and the stress loading rate
is approximately constant, the cumulative moment rate is expected to be time independent, which would
correspond to a slope of i1.0 in Figure 9.

Figure 7. The maximum likelihood b values for the three Cahuilla swarms. (a) b values with date and (b) b values with
depth. The number of events and overlaps (ni/x) used in each b value calculation; x is the number of overlaps in depth
plots. Mc values are shown in each panel.
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We examine the cumulative seismic moment release versus event index
for the Cahuilla swarms and the 2016 Borrego sequence (Figure 9). The
Borrego foreshocks and the 1984–1985 sequence show similar time‐
independent moment release behavior (i1.0). However, following the
mainshock, the 2016 Borrego sequence moment release behavior changes
abruptly. The moment release in the 1980–1981 and 2016–2018 swarms
followed a steeper power law (i1.7), indicating larger than linear moment
release per event.

Previously, Hainzl (2004) showed that this relationship (M0 ~ i1/4) was
consistent with basic fracture mechanics of a crack model. In a crack
model the stress at the crack tip is proportional to the square root of crack
extension parameter, c, which in turn is proportional to the square root of
the crack area. For the 1980–1981 and 2016–2018 swarms, the i 0.7 (where
we have removed the linear part [i1.0]) suggests about 3 times higher
moment release rate than observed by Hainzl and Fischer (2002) for the
Vogtland swarms, located on the border region of Czech Republic
and Germany.

The Vogtland swarms were interpreted to involve seismicity on a single
rupture surface; thus, our results suggest that there may be several subpar-
allel joints or slip surfaces accommodating the moment release in these

two Cahuilla swarms. This interpretation is also consistent with the three separate subparallel depth strands
that were observed for the 2016–2018 swarm.

Stress drops for some of the Cahuilla events that were determined by Shearer et al. (2006) and by T. Goebel
(personal communication, April 1, 2015) confirm that the slip surfaces are of average size as compared to
other similar‐sized events in Southern California. In general, they show typical Southern California values
ranging from 0.1 to 10 (MPa), with a median of ~1.5 (MPa). Thus, the stress drop values also support the idea
of the presence of subparallel slip surfaces.

3.4. Hydraulic Diffusivity

Hydraulic diffusivity is the ratio that describes the balance between transport and storage of fluids in a rock
(Song & Renner, 2007). In general, the diffusivity is controlled by permeability, fluid pore compressibility of
the host rock material, and the fluid viscosity (Wibberley, 2002). The clear spatial‐temporal migration, lack
of mainshocks, and abundance of small events are consistent with pore fluids playing amajor role in the evo-
lution of Southern California swarms (Vidale & Shearer, 2006). We model the overall fluid‐driven evolution
of these three swarms using a 1‐D fluid diffusion model (Malagnini et al., 2012; Shapiro et al., 1997). This
model assumes that the earthquakes are triggered when the pressure front arrives at their hypocenter,
although the peak stress may arrive somewhat later.

To determine the north and south diffusivity constants for each swarm, we select a first event and assign two

envelope curves to each distribution (Table 1). We use the Shapiro et al. (1997) formula for the envelope: r

¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πDtð Þp

where r is distance, D is the diffusivity constant, and t is the time (Figure 3). The diffusivity con-

stants for the three swarms have low values of ~0.006 to ~0.015m2/s, consistent with low‐permeability rocks,
and have varying diffusivity to the north or south. The focal depth distribution of the 2016–2018 swarm exhi-
bits similar diffusivity rates.

The overall space‐time seismicity trends in Figure 3 also exhibit short‐term successive surges in the rate of
seismicity, suggesting that shorter‐time constants may contribute to the overall temporal evolution and
cause higher diffusivity during short periods of time. However, resolving such temporal anomalies
is difficult.

3.5. Fluid Pore Pressure

We use the friction angle between the trend of SHmax (also called σ1) and the average strike of the epicentral
distribution of each swarm to determine the likely range of fluid pore pressures (Leclère et al., 2012;
Sibson, 1985).

Figure 8. Probability density of number ofM≥ 1.5 events per day for detect-
ing an interevent timeW between events, for the 2016 Borrego sequence and
the three Cahuilla swarms. Using logarithmic binning, data from each
sequence can be fit by a power law that quantifies the temporal clustering of
each sequence.
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Assuming that the Coulomb failure criterion applies, and no fault cohesion, Sibson (1985) showed that acti-
vating slip on a fault depends on the following: the relative angle between σ1 and the fault plane, the coeffi-
cient of static friction, and the pore fluid pressure at the depth of faulting (Leclère et al., 2012). To determine
if the stress on a fault was sufficient to cause slip on a fault, Sibson (1985) derived the following formula to
determine the conditions of fault reactivation:

R ¼ σ1−pf
σ3−pf

¼ 1þ μs cot θð Þ
1þ μs tan θð Þ

where R is the effective stress ratio; σ1 and σ3 are the maximum and minimum principal stresses, respec-
tively; pf is pore fluid pressure; μs is the coefficient of static friction on the slip surface; and θ is the friction
angle between the fault surface and σ1. Sibson (1985) plotted R versus θ to identify the conditions for which
faulting was favorable or unfavorable. In the range of 10° < θ < 43° the value of R required is less than 1.5
times the minimum value of R (Figure 10). In the unfavorable oriented range of θ an unrealistically large R
value is required.

Figure 9. Cumulative seismic moment release versus event index for the 2016 Mw 5.2 Borrego aftershock sequence and
the three Cahuilla swarms. The slope of i1.0 is indicative of time‐independent moment release. The steeper slopes sug-
gest a larger rate of moment release with successive events, which can be interpreted as concurrent frequent ruptures on
subparallel surfaces.
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Sibson (1985) showed that R has a minimum positive value of Rmin

¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ μ2s

p þ μs
� �2

at the optimum angle for fault reactivation. This mini-

mum is flat around the optimal θ value, but R approaches two singulari-
ties at 1.5 * Rmin where the faults are unfavorably oriented (Leclère
et al., 2012). We select a coefficient of friction of 0.75, which is appropriate
for intact rock and consistent with Byerlee's friction in the range of 0.6 to
0.85 (Leclère et al., 2012). If a smaller μs value is selected, the required
stress ratio becomes smaller but the angle of reactivation does not change
significantly. In Figure 10 we apply Sibson's formula to show how the
effective stress ratio varies as a function of the activation angle and the
coefficient of friction.

The optimal activation angle is 27°, while the friction angle for the
Cahuilla swarms is ~13° larger, suggesting that only somewhat elevated
pore pressure and minimal cohesion are probably present to accommo-
date the faulting.

In contrast, a swarm in a granitic terrane of the French‐Italian Alps was
reported to have a larger friction angle of θ = 63° by Leclère et al.
(2012). Using a pore fluid factor‐differential stress diagram method by
Cox (2010), they inferred that an excessive water pressure in the range
of 7 to 26 MPa was needed to activate faulting at such unfavorable stress
state. In comparison, the angle difference for the Cahuilla swarms is about
one third, suggesting elevated pore pressures by 2 to 8 MPa. Thus, there is
no need for permeability barriers in the Cahuilla region to explain the
seismicity, which are often invoked to explain the presence of high pore
pressures. Such layers are sometimes thought to sustain cyclical accumu-
lation of overpressure in addition to slow long‐term stress loading
(Sibson, 2014).

4. Discussion

There are several properties that the Cahuilla earthquake swarms have in
common with typical swarms, while other properties are unusual or may
be absent. The expected properties include the following: the spatial‐
temporal evolution of these swarms in a limited depth range, the absence
of mainshocks, and the relatively high seismicity rate. The unusual prop-
erties consist of their location within the Cahuilla Valley pluton, signifi-
cantly extended duration, very long range temporal clustering, the
absence of variations in b values with time, and the nonlinear increase
in seismic moment rate with time. The absence of geodetic data anomalies
and the lack of a mapped late Quaternary throughgoing fault system are
also unusual and noteworthy (Morton et al., 2014).

The lack of mainshocks in the two early‐1980s swarms as well as in the
ongoing (2016 to present) Cahuilla swarm activity suggests that the
small‐earthquake stress release in the region so far is incomplete.
Presence of tectonic intrablock strain loading, pore fluids at depth, and
discontinuous fractures with low permeability at low effective stress could
explain the extended temporal distribution of the seismicity as well as
continued activity in the latest swarm.

4.1. Characteristics of the Swarms

The spatial‐temporal evolution of the Cahuilla swarms differ from average
aftershock sequences in Southern California, which reach a maximum length within hours and do not
subsequently expand (Helmstetter et al., 2003). The gradual spatial spreading of these swarms is slow, and

Figure 10. (a) The effective stress ratio (R) versus the activation angle, θ, cal-
culated for a mean coefficient of friction of 0.75. The activation angles from
10° to 43° have favorable orientations for faulting, while activation angles
<10° or >43° range from unfavorably oriented (UO) to severely misoriented
(Sibson, 1985). Rmin corresponds to the optimal angle of faulting, while the
1.5 * Rmin is selected as the boundary between favorably and unfavorably
oriented faults. The red star represents the Cahuilla swarm with θ = 40°,
which is in the upper end of the favorable range. The Ubaye, southwestern
France‐Italian Alps, swarm data are from Leclère et al. (2012). (b) The
effective stress ratio (R) versus the coefficient of static friction (μs) for an
activation (faulting) angle of θ = 40°. The Cahuilla swarm fits within the
Byerlee friction range of 0.6 < μs < 0.85. Also, see Leclère et al. (2012) for
comparison with the Ubaye swarm.

10.1029/2019JB017494Journal of Geophysical Research: Solid Earth

HAUKSSON ET AL. 3944



if we assume the rate of growth is driven by fluid pressure changes, it is consistent with the low permeability
of the plutonic rocks of the Peninsular Ranges. At higher spatial resolution, bursts of seismicity, including
some embedded mainshock‐aftershock sequences, are superimposed on the overall spatial‐
temporal migration.

The predominant focal depth range, from ~2 to ~7 km, suggests that these ruptures do not extend through
the seismogenic part of the brittle crust (Figure 11). The crust may simply be too cold and strong at depths
below 8 km to accommodate seismicity as discussed by Hauksson and Meier (2018) who analyzed seismicity
to constrain the strength of the crust. Similarly, the shallow depth of seismicity within a crustal block could
be explained by lower and more diffuse strain rate and stress levels away from the main plate boundary
faults. In this case, the depth of earthquakes is limited to regions of the crust where the shear stress exceeds
the failure strength (Miller & Furlong, 1988).

The Cahuilla swarms have small overall moment release compared to M > 5 mainshock‐aftershock
sequences that occur about every 6 years in the map area shown in Figure 1. However, the rate of small
events is high, in part because it is easy to detect these events in the low attenuation of the batholith and
absence of cultural noise sources. The fractal temporal clustering of these abundant swarm events is consis-
tent with a critical failure stress field. In such a stress field, the occurrence of small events may trigger future
events (Hainzl & Fischer, 2002). In particular, the power law increase of the average seismic moment release
suggests that more than one fault surface is participating in the seismic moment release consistent with the
findings of Hainzl (2004).

The ongoing activity in the 2016–2018 swarm supports the idea that the stress release so far is incomplete
and the latest swarm will continue. The two most likely future evolution paths for the 2016–2018 swarm
are as follows: (1) it continues at the present activity rate for months but slowly decays or (2) it culminates
with a larger event in the M 5 range and evolves into a typical decaying aftershock sequence.

4.2. Implications of Invariant b Values

The b values of the Cahuilla swarms appear to be invariant with time and similar to average values for
Southern California (Figures 7 and 8). This observation differs from the observations by Hainzl and
Fischer (2002) who reported a b value decrease as the Vogtland swarms progressed. They interpreted the

Figure 11. Crustal strength profiles showing differential stress and temperature profiles as a function of depth; from
Hauksson and Meier (2018). (left) The depth histogram for (1981–2017) seismicity recorded within the east Peninsular
Ranges block. (right) The depth histograms for the three Cahuilla swarms color coded with 1980–1981 (black), 1984–1985
(green), and 2016–2018 (red). Note the comparatively shallow depth distributions for the swarms.
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decreasing b value and the nonlinear seismic moment release to indicate that the swarms occurred on a sin-
gle fault surface driven by one source of pore fluids. In a volcanic study, Shelly et al. (2016) analyzed b values
for high‐diffusivity (2 m2/s) swarms in Mammoth Lakes and argued that during periods with low b values a
single fault surface was fault activated, while high b values were associated with seismicity across
several faults.

The Cahuilla swarms exhibited clear strike‐slip faulting on a north‐south population of joints or foliations
that lengthened with time. Migration of activity may be modulated by changes in pore fluid pressure and
associated reduction in grain cohesion or could indicate the creation of new fault surfaces. The growth of
these surfaces and constant temporal b values of the Cahuilla swarms may be related to a precarious balance
between tectonic loading, limited pore fluid supply, and Coulomb stress triggering interactions between
swarm events.

4.3. Absence of Geodetic Signals

The absence of a measured geodetic anomaly makes it difficult to associate the Cahuilla swarms with aseis-
mic slip in the epicentral region (Y. Fialko, personal communication, 2018). The most prominent Southern
California slow‐slip anomaly that was associated with a short‐lived swarm occurred near the southern end of
the Salton Sea (Lohman & McGuire, 2007). They modeled geodetic data recorded during the 2005 Obsidian
Buttes swarm at the south end of the Salton Sea and inferred the occurrence of a shallow aseismic slip event
above the seismicity. The migration velocity of 0.1–1.0 km/hr that was observed in the Salton Trough area is
fast compared to the Cahuilla swarm migration speeds of 1 to 2 km/year. If there are geodetic signals occur-
ring here, they are too small, or strain accumulation is perhaps too slow, to be detected.

4.4. Comparison With Other Earthquake Swarms

Previously similar earthquake swarms in granitic terranes have been reported at locations in other conti-
nents. Pytharouli et al. (2011) analyzed induced seismicity located in Brazilian Archean gneisses and
Neoproterozoic granites to illuminate fractures extending down to depths of ~2 to ~3 km. They suggested
that the seismicity was being accommodated by movement on an up to 400‐m‐wide young fracture zone
related to mechanical contrast between different geological material exposed by erosional processes. In con-
trast, the protofault damage zone appeared to remain inactive. They inferred that the first event opened a
pathway for a pressure pulse, which in turn triggered the subsequent activity. They analyzed time‐distance
migration of the swarm and estimated average permeability associated with long open fractures to be 10−15

to 10−17 m2.

A similar prolific earthquake swarm occurred in the batholithic rocks of the Ubaye Valley, French‐Italian
Alps, from 2003 to 2004. This swarm consisted of more than 16,000 events in the magnitude range of −1.3
to 2.7 with low‐diffusivity values of ~0.05 m2/s (Jenatton et al., 2007). Using more precise hypocenter reloca-
tions, Daniel (2011) interpreted the space‐timemigration of the Ubaye swarm as being caused by diffusion of
fluid overpressure of <8 MPa within the crystalline basement. Applying a formal stress inversion, Leclère
et al. (2012) showed that the friction angle for the Ubaye swarm was 63°, which required high overpressures
confined by hydraulic barriers. To explain the more than 2‐year duration of the swarm, Jenatton et al. (2007)
speculated that stress transfer and fluid circulation were in a careful balance enabling the swarm to continue
for a long time. The Ubaye and 2016–2018 Cahuilla swarms are very similar in the space‐time behavior and
geological setting, but the friction angle for the Cahuilla swarm is closer to optimum, and it is probably dri-
ven by smaller excess fluid pressures. The tectonic stress loading of the Perris block may provide the extra
loading needed to maintain the lower friction angle of 40°.

Previously, Hauksson et al. (2016) studied a swarm located at 12‐ to 13‐km depth beneath the sediments of
the Ventura basement in California and found diffusivity values of 20 to 30 times faster than at Cahuilla.
Similarly, using seismicity data collected near the German Continental Deep Drilling Borehole (KTB),
Shapiro et al. (1997) found higher hydraulic diffusivity of ~1 m2/s at 7.5‐ to 9‐km depth. Analyzing data from
an earthquake swarm in Greece, Duverger et al. (2015) found several hydraulic diffusivity values ranging
from about 0.01 to 0.5 m2/s in a highly fractured layer (probably the phyllite‐quartzite nappe) at ~7‐km
depth. In an unusual case, Malagnini et al. (2012) found diffusivity values around 50 m2/s for the 2009
L'Aquila earthquake sequence. In a laboratory study, Song and Renner (2007) measured hydraulic diffusiv-
ity in sandstone. For sandstone with 8% porosity they found diffusivity of 1 to 2 m2/s. Rock samples with 5%
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porosity had diffusivity of ~6 × 10−6 and ~7 × 10−5 m2/s, which is representative of the bulk rock. In a dif-
ferent laboratory study, Wibberley (2002) found hydraulic diffusivity of fine fault zone clay gouge around
10−7 (m2/s). This wide range in diffusivity values suggests different permeability values, rock composition,
and loading stresses. The estimated diffusivity of the Cahuilla swarms that is at the low end of the rangemea-
sured from seismicity (but still higher than bulk laboratory values) is consistent with the plutonic rocks,
which presumably have very low intrinsic permeability values of ~5 × 10−17 m2. The Cahuilla swarms
may be near the lower boundary for pore fluid‐triggered seismicity (Talwani et al., 2007).

Regional geological studies by Morton et al. (2014) identified foliations or joints within the plutonic rock in
the area of the swarms. However, there is no evidence for a well‐developed late Quaternary fault with a
gouge zone. The limited spatial extent of the foliations or joints that likely are accommodating the seismic
slip, the lack of a throughgoing fault, and the lack of conjugate foliations (Morton et al., 2014) may explain
the very low permeability (and diffusivity) and the limited depth distribution of the swarm events. Because
foliations by their nature are spatially heterogeneous and sometimes sealed, they can cause heterogeneity of
pore fluid pressures, which may result in earthquake‐driven fault‐valve behavior (Sibson, 2007). In a differ-
ent study, Zaliapin and Ben‐Zion (2013) identified swarm‐like clusters and associated them with mixed
brittle‐ductile failures in regions of high temperature or fluid content. Both the temperature and permeabil-
ity of the crust in the Peninsular Ranges are relatively low, demonstrating that small quantities of fluids at
average crustal temperatures can also cause earthquake swarms of extended duration.

5. Conclusions

In this paper, we synthesize data from three Cahuilla Valley earthquake swarms that occurred in 1980–1981,
1983–1984, and 2016–2018 within the Cahuilla Valley pluton of the batholithic terrane of the Peninsular
Ranges of Southern California. The cause of the Cahuilla swarms is most likely a combination of intrablock
plate tectonic stress loading and presence of pore fluids along favorably oriented weak joints or foliations
embedded within a strong rock matrix. These swarms are located halfway between the San Jacinto and
Elsinore faults and thus do not accommodate significant plate motion and may not be affecting either fault
with stressing rate changes.

The lack of mainshocks, abundance of small events, and clear spatial‐temporal migration is consistent with
pore fluid‐driven swarms and Coulomb‐type stress interaction between events. The overall slow migration
velocities and very long duration are to be expected for low strain rates and very low permeability. The
absence of a late Quaternary fault zone and geodetic anomalies, as well as very low permeability, and limited
depth distribution suggest that these may be reactivated joints or foliations in the plutonic rock. In addition,
regional spatial heterogeneity in rock composition and possibly slightly enhanced pore fluid pressures (~2 to
~5 MPa) may influence the details of the features of the three swarms such as geographical location, total
duration, the speed of onset, and depth distributions.

The earthquake hazards implications of the 2016–2018 Cahuilla swarm zone of seismic slip are minimal as
compared to the nearby major players, the San Andreas, San Jacinto, and Elsinore faults. In part these earth-
quakes are limited in size because the swarm zone only penetrates about halfway to the base of the seismo-
genic zone and because both the stress level and strain rate are too low to counteract the strength of the
plutonic rocks. The absence of large events (M > 5) and ongoing activity across the 2016–2018 swarm zone
supports the idea that the stress release so far is incomplete and the 2016–2018 swarm will continue possibly
for months.
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