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Abstract We use seismic waveform data from the Mendocino Experiment to detect low-frequency
earthquakes (LFEs) beneath Northern California during the April 2008 tremor-and-slip episode. In southern
Cascadia, 59 templates were generated using iterative network cross correlation and stacking and grouped
into 34 distinct LFE families. The main front of tremor epicenters migrates along strike at 9 km d−1; we also
find one instance of rapid tremor reversal, observed to propagate in the opposite direction at 10–20 km h−1.
As in other regions of Cascadia, LFE hypocenters from this study lie several kilometers above a recent plate
interface model. South of Cascadia, LFEs were discovered on the Maacama and Bucknell Creek faults. The
Bucknell Creek Fault may be the youngest fault yet observed to host LFEs. These fault zones also host
shallow earthquake swarms with repeating events that are distinct from LFEs in their spectral and
recurrence characteristics.

1. Introduction

It is now widely agreed upon that repeating low-frequency earthquakes (LFEs) are the source of most if not all
tectonic tremor—the two terms refer to a single natural phenomenon. Throughout the paper we use “LFEs” to
refer to individual events and “tremor” to refer to them more generally. Tremor occurs as a product of slow-slip
downdip of the seismogenic zone in subduction zones [Obara, 2002; Rogers and Dragert, 2003] and major
strike-slip faults [Shelly et al., 2009; Aiken et al., 2013]. When it was first observed in subduction zones, many
predicted the source to be fluid flow, given its similarity to volcanic tremor. In most subduction zones where
tremor has been documented, it has been observed to coincide with a low-velocity zone (LVZ) displaying
high vp∕vs ratio. Most have interpreted the LVZ to represent a region with near-lithostatic pore fluid pressures
in the upper oceanic crust [Shelly et al., 2006; Audet et al., 2009; Song et al., 2009] or subducted sediments
[Calvert et al., 2011]. McCrory et al. [2012] suggested that beneath Oregon it could represent hydrated rocks in
the overriding plate. LFE focal mechanisms indicate that they result from shear slip [Ide et al., 2007; Royer and
Bostock, 2014], leading most to believe that they represent slip on or near the plate interface. Together with
theoretical and numerical modeling [Beeler et al., 2013; Yamashita, 2013; Gershenzon and Bambakidis, 2014], a
growing archive of observations related to LFE waveforms, recurrence, and migration are continually refining
our understanding of tremor.

In Cascadia most LFEs occur in∼2–3 week long, geodetically detectable episodes of slow slip that recur every
10–20 months, a phenomenon termed episodic tremor and slip (ETS) [Rogers and Dragert, 2003]. ETS recur-
rence intervals are segmented along major geological domains. Under the Klamath zone in southern Cascadia,
ETS repeats approximately every 10 months [Brudzinski and Allen, 2007], whereas farther north between the
Siletzia and Wrangellia terranes recurrence intervals are approximately 19 and 14 months, respectively. Audet
and Bürgmann [2014] hypothesized that variations in recurrence interval result from varying silica content in
the overriding crust; quartz precipitation above the plate interface reduces permeability, allowing fluid pres-
sures to build more quickly. Along transform faults such as the San Andreas Fault, episodic tremor has also
been observed, but with a typical recurrence interval of 1–4 months [Guilhem and Nadeau, 2012].

We use data from the EarthScope Flexible Array Mendocino Experiment, which was deployed between July
2007 and December 2009 over northern California, and recorded during the April 2008 ETS episode. This array
provides a unique opportunity to study LFEs in the region, as permanent stations are too sparsely distributed
to detect them effectively. First, we detect and locate LFE families in southern Cascadia, and we compare
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their locations to a catalog of double-difference relocated earthquakes from Waldhauser and Schaff [2008]
and the McCrory et al. [2012] plate interface model. Second, we observe shallow LFE families immediately
south of the subduction zone and compare their properties to LFEs within the subduction zone and local
earthquake swarms.

2. Methods

Data were collected for 25 stations from the Mendocino Experiment, as well as 7 permanent stations from the
Northern California Seismic Network, for the period of 21 March to 30 April 2008. Data were filtered between
1.5 and 9 Hz before LFEs were found using a combination of autodetection methods [Savard and Bostock,
2015] and visual identification; windows of 60 s around these LFEs were used as initial templates. Higher
signal-to-noise ratio (SNR) LFE signals were then recovered using iterative network cross correlation [Gibbons
and Ringdal, 2006; Shelly et al., 2007] to find and stack repeats of the initial template LFE. As this study spans a
larger area than previous implementations of this method, we used initial hypocentral estimates to create a
station-dependent taper window—this allowed us to use a short window of 12 s.

Phase-weighted stacking was employed until the final iteration of network cross correlation and stacking. This
technique has been demonstrated to increase SNR and produce more LFE detections [Thurber et al., 2014], but
in this study we found linear stacking to generate more detections in later iterations, once the template had
a sufficiently high SNR. For hypocentral location, we used a one-dimensional velocity model modified from
Verdonck and Zandt [1994].

Final templates were tested for uniqueness using two distinct methods. First, the number of shared detections
times was computed, allowing for a lag of up to 25 s since the signal can be shifted within the 60 s template. As
this method requires times to be shared to the nearest sample (Δt = 0.025 s), the templates were considered
to originate from the same family if >10% of detections were shared. As a second test, cross-correlation coef-
ficients were computed for each template pair, using only stations for which a phase was picked; again, this
allowed for a lag of up to 25 s. A correlation coefficient >0.3 was considered to suggest templates originated
from the same family.

3. Southern Cascadia

A total of 59 initial templates from Cascadia produced waveforms sufficiently clear to be picked. These 59
templates were found to represent 34 distinct LFE families. These families comprised 9900 LFEs, or a mean of
290 per family, with 870 as the largest number of detections in a single family.

LFE families were plotted in plan view (Figure 1) along with the stations used for this study, earthquakes
from the Waldhauser and Schaff [2008] catalog, and the plate interface model from McCrory et al. [2012]. The
Cascadia LFEs extend from 40∘N to 41.8∘N, but this northern limit may simply reflect a gap in station coverage
in southern Oregon. Hypocentral depths range from 28 km to 47 km, a larger distribution than in northern
Cascadia [Bostock et al., 2012] or Japan [Shelly et al., 2007].

The McCrory et al. [2012] model is the most recent and the most detailed plate interface model in Cascadia.
It relies primarily on the top of the Wadati-Benioff zone to mark the top of the slab, with active source and
receiver function profiles employed as supplemental data where seismicity is sparse. Audet et al. [2010] pro-
duced a plate interface model based on the location of the LVZ from stacked receiver functions but had low
station density in Northern California and could not resolve the slab curvature in the region.

LFEs and earthquakes from Cascadia are shown in cross section in Figure 2. In order to display all the data
on one plot while avoiding projection errors, all events were plotted relative to the McCrory et al. [2012] plate
interface model. First, the plate interface was plotted for a midlatitude east-west profile. For each LFE and
each catalog earthquake a model depth was found, meaning the depth of the plate interface model beneath
it. On the cross section the events were plotted at their true depth, but at the easting that corresponds to the
correct model depth. There are large earthquakes clusters both in the western, shallow, part of the slab and
in the overriding plate; McCrory et al. [2012] associate the former with flexure in the slab and the latter with a
detached piece of hydrated oceanic crust. Intraplate seismicity is abundant in the shallow part of the slab but
becomes sparse at the onset of the tremor-producing zone, with very few deeper events.
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Figure 1. LFE families are plotted in plan view along with earthquakes and the 20, 30, 40, and 50 km depth contours
from the McCrory et al. [2012] plate interface model. Each LFE family is labeled with its depth in kilometers. The southern
LFE families at 15 km and 21 km depth lie on the Maacama Fault, while the family at 16 km depth lies on Bucknell Creek
Fault. The location of the two shallow earthquakes used as templates for network cross correlation is indicated with blue
circles. MTJ: Mendocino Triple Junction, SAF: San Andreas Fault, MF: Maacama Fault, BCF: Bucknell Creek Fault, BSF:
Bartlett Springs Fault.

Many templates exhibited complicated waveforms that proved difficult to pick compared to those from the
southern Vancouver Island region [Bostock et al., 2012]. Even at relatively high SNR, the direct P wave often
lacks clear, impulsive arrivals, adding some uncertainty to source depths. We suggest that this is due to struc-
tural complexity in the overriding crust, and in Figure 2 we assume that this uncertainty is responsible for
much of depth scatter in LFEs. Nevertheless, LFE hypocenters consistently lie above the McCrory et al. [2012]

Figure 2. A cross section through southern Cascadia with LFEs (red circles) and regular earthquakes (blue dots) drawn
relative to the McCrory et al. [2012] plate interface model. Although there is some scatter in the LFE depths, they lie
distinctly above the model plate interface.
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Figure 3. A time-distance plot of LFE epicenters in southern Cascadia.
Distance is measured parallel to the strike of the McCrory et al. [2012]
plate interface model, with positive being approximately NNW. The
across-strike distance is shown in the color scale, with positive
corresponding to ENE. The main front is seen to travel NNW at
approximately 9 km d−1. One occurrence of rapid tremor reversal
stands out, traveling SSE at 10–20 km h−1.

plate interface model. As LFEs represent
a zone of active shear slip, this may sug-
gest that the model is biased deep and
that Wadati-Benioff earthquakes are not
occurring in the upper few kilometers of
the subducting slab. We cannot, however,
rule out that the bias is not related to the
velocity model used to locate the LFEs.

The vast majority of LFEs occur in large
bursts of tremor that last several minutes
to several hours. Subsequent bursts of the
same family often occur in the hours and
days following the initial burst. Only on a
few occasions is a burst separated from
another of the same family by more than
2 days, and these are generally associated
with rapid tremor reversals (RTRs). This
term is used by Houston et al. [2011] to
describe high-velocity tremor migration
in the direction opposite to the main front
within an ETS episode; they observe velo-
cities of 7–17 km h−1, 1–2 orders of mag-

nitude faster than the main front. In southern Cascadia we observe the main front to migrate NNW—
approximately along strike of the plate interface—at 9 km d−1, with one RTR observed to travel SSE at
10–20 km h−1 (Figure 3).

A distinct spatial anticorrelation between LFEs and regular earthquakes stands out in Figure 1. A similar obser-
vation was made by Boyarko and Brudzinski [2010] for tremor, who suggested that continual slow slip on the
plate interface reduces stress in the overriding plate, preventing regular earthquakes from occurring.

4. The San Andreas Fault System

Three LFE families were found well south of the subducting Gorda Plate, in the San Andreas Fault zone. Two
of these families appears to lie on the Maacama Fault (39.50∘N, 123.36∘W, 15 km depth; 39.56∘N, 123.33∘W,
21 km depth), which Castillo and Ellsworth [1993] mapped as dipping 70∘NE in this region, using earthquake
hypocenters. The other family lies on the northern Bucknell Creek Fault (39.45∘N, 123.10∘W, 16 km depth),
which accommodates shear stress between the western Maacama and eastern Bartlett Springs Fault zones
[Thomas et al., 2013]. The shallow portion of the fault is extremely young, ∼1 Myr, possibly making this the
youngest fault known to host LFEs. It is possible, however, that the deep sections from the fault are inherited
from older fabrics related to Farallon subduction.

We observe the Maacama and Bucknell Creek LFE families for 2 months (1 March to 30 April 2008) and find
tremor bursts throughout the whole duration, separated by as little as 1 day, but as many as 17 days. The
Maacama Fault LFE families had 869 and 302 repeats in this time span, respectively, and the Bucknell Creek
Fault family had 325. The setting and behavior of these LFEs resembles those documented by Shelly et al.
[2009] and Shelly [2010] on the San Andreas Fault, between 16 and 29 km in depth. While we do not believe
tremor on the Maacama or Bucknell Creek faults has been previously documented, Gomberg et al. [2008] did
observe tremor on several similar faults in central and southern California, triggered by surface waves from
the 2002 Denali earthquake.

During our search for LFEs, we also noted distinct families of other repeating earthquakes during this time
period, on the Macaama and Bucknell Creek faults at depths of 7 to 11 km. These earthquakes recur quasiperi-
odically as single events or in small groups, unlike deeper LFEs that occur as part of large tremor bursts.
These contrasting behaviors are displayed in network correlation coefficients for a single day in Figures 4a
and 4b. The contrast is also apparent in Figure 4c, which displays the cumulative number of detections for LFE
and shallow earthquake templates on each fault. The tremor burst behavior of LFEs results in staircase-like
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Figure 4. Network cross-correlation coefficients for 1 day from (a) the LFE family at 15 km depth on the Maacama Fault
and (b) repeating earthquakes at 9 km depth on the Maacama Fault. (c) The cumulative number of detected LFEs and
shallow earthquakes on both the Maacama and Bucknell Creek Faults, relative to the total number of detections from
their respective templates. The two Maacama Fault families are distinguished by their depth. Tremor bursts give the LFE
data a staircase-like appearance, contrasting the more continuous shallow earthquake activity. (d) Multitaper spectra of
velocity for LFEs and repeating crustal earthquakes from both the Cascadia subduction zone and Maacama Fault region.
Each spectra was normalized so that relative frequency content, rather than total power, can be easily compared. We
used averages from three different events over several stations and 8 s windows starting 1 s before the S arrival. The LFE
spectra are both distinctly elevated in the 1.5 to 4 Hz range, while energy in the crustal earthquakes is peaked at 5 to
10 Hz. The spectrum of intraslab earthquakes, shown in grey, is also richer in high frequencies than the LFEs. Each style
of event has a distinct spectra from ambient noise, shown in green.

progression, whereas the shallow earthquakes have a more linear trend. The earthquake templates each gen-
erated over 1000 detections, but most of these were not true repeating events. Since these earthquakes have
much greater SNR than LFEs, detections were often made when the largest portions of the S wave were
aligned, even if P arrival times indicated the two events originate from significantly different locations. A detec-
tion in this case indicates that the events are part of the same earthquake swarm [Thomas et al., 2013], but
their locations and source mechanisms can vary more than we expect for LFEs belonging to the same family.
It is plausible that these earthquake swarms are related to larger-scale slow slip on deeper sections of the fault.
Lohman and McGuire [2007] proposed a similar mechanism in which very shallow earthquakes are triggered
by aseismic creep on the southern San Andreas Fault.

Normalized power spectra of the LFEs and shallow earthquakes, computed using a multitaper approach, are
plotted in Figure 4d between 1 Hz and 20 Hz. LFEs from both Cascadia and the southern faults are found to
have energy peaked between 1.5 to 4 Hz, while the repeating earthquakes have energy peaked at 5 and 10 Hz.
To ensure the differences are characteristic of the sources and not due to high-frequency attenuation of LFE
signals, we examine the spectra of two intraslab earthquakes. The earthquakes were M ∼3 and occurred near
30 km depth, yet had spectra more similar to the shallow earthquakes. Both the LFEs and regular earthquakes
are shown to have distinct spectra from ambient noise. The LFE spectra observed on the Maacama and
Bucknell Creek faults are similar to those observed in subduction zones but peak at lower frequencies than San
Andreas Fault LFEs, for which energy is concentrated above 3 Hz [Nadeau and Dolenc, 2005; Shelly et al., 2009].

Seismic reflection surveys indicate that the Maacama fault cuts through the entire crust to the mantle, which
is only 25 km deep in the region [Beaudoin et al., 1996]; this may be an important factor in tremor production.
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As the Mendocino triple junction and the edge of the Juan de Fuca slab migrated northward [Furlong, 1993],
upwelling asthenosphere heated a mantle wedge that was previously cooled by the subducting plate. Kirby
et al. [2014] suggest that higher temperatures caused a serpentinized portion of the mantle wedge to dehy-
drate, forming olivine and talc. Water released from the mantle could then migrate upward into deep crustal
fault systems and play a crucial role in the generation of both tremor and regular seismicity through pro-
duction of high pore fluid pressures. Further evidence for the presence of abundant fluids underlying the
Maacama and Bartlett Springs fault zones comes from the work of Levander et al. [1998] who noted anomalous
reflectors in the region and hypothesized the presence of active mafic intrusives in the lower crust.

5. Conclusions

This study is the first documentation of extensive LFE activity in southern Cascadia. LFE hypocenters are con-
sistently a few kilometers above the McCrory et al. [2012] plate interface model. Additional families of LFEs
were discovered on the Maacama Fault and Bucknell Creek Fault, at the northern edge of the San Andreas
fault system. These events have similar recurrence behaviors to those found on the San Andreas Fault proper,
differing from those found in Cascadia. The Bucknell Creek Fault may be the youngest fault found to host
LFEs. Shallow earthquake swarms on these fault systems were found to have distinct spectra and recurrence
properties from LFEs. We speculate that these swarms are influenced by slow slip on deeper sections of
the fault.
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