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Near-continuous tremor and low-frequency earthquake
activities in the Alaska-Aleutian subduction zone
revealed by a mini seismic array
Bo Li1 and Abhijit Ghosh1

1Department of Earth Sciences, University of California, Riverside, California, USA

Abstract Tectonic tremor and low-frequency earthquakes (LFEs) are relatively poorly studied in the
Alaska-Aleutian subduction zone due to the limited data availability, difficult logistics, and rugged terrain.
Using 2 months of continuous data recorded by a mini seismic array in the Akutan Island, we detect
near-continuous tremor activity with an average of 1.3 h of tectonic tremor per day using a beam
backprojection method. Tremor sources are clustered in two patches with an ~25 km gap in between them.
In addition, we visually identify three low-frequency earthquakes, and using them as templates, we detect
~1300 additional LFEs applying a matched-filter method. Tremor and LFE activities agree well in space and
time, and LFEs show a much smaller recurrence interval during tremor than during non-tremor time periods.
Tremor sources propagate both along the strike and dip directions of the subduction fault with velocities
ranging between 13 and 110 km/h. Prolific patchy tremor and LFE activities suggest lateral heterogeneity in
the locked to freely slipping transition zone, indicating that slow earthquakes may play an important role in
the earthquake cycles in this subduction zone.

1. Introduction

Tectonic tremor (TT) or nonvolcanic tremor, low-frequency earthquakes (LFEs), very low frequency earth-
quakes, and episodic slow slip events (SSEs) are observed as coupled phenomena in many subduction zones,
such as southwestern Japan, Cascadia, and Costa Rica [Brown et al., 2009; Ghosh et al., 2012, 2015; Hutchison
and Ghosh, 2016; Shelly et al., 2006]. Tremor event has been found to be triggered by stresses as low as a few
kilopascals produced by tidal and dynamic stresses from passing teleseismic waves [Ghosh et al., 2009;
Rubinstein et al., 2008; Thomas et al., 2013]. Tremor activity is thought to represent slip on small asperities
due to slow slip in the surrounding region [Bartlow et al., 2011]. Therefore, migration directions, patterns,
and speed of tremor sources may provide clues about the dynamics of the slow earthquakes and the rheo-
logical properties of the asperities on the subduction interface [Ghosh et al., 2010a, 2010b; Gershenzon et al.,
2011; Obara et al., 2011]. SSEs release accumulated plate boundary strain with durations on the order of days
to years with no or little seismic radiation. Tremor event is typically known to occur during episodes of SSEs
and located on fault segments downdip of the seismogenic zone [Rogers and Dragert, 2003; Shelly et al.,
2006]. LFEs are also thought to be generated by slip on relatively small asperities on the plate interface
[Ide et al., 2007a, 2007b; Royer and Bostock, 2014]. There is evidence that signals from LFEs comprise at least
a portion of tremor, and the LFEs occur on the plate interface, coincident with the inferred zone of slow slip
[Frank et al., 2013, 2015; Shelly et al., 2006, 2007b]. Thus, more detailed studies of tremor and LFEs in the sub-
duction zones help better understand the subduction processes, fault dynamics, mechanism of tremor
sources, constrain the depth of slow slip events, and delineate the transition zone and plate interface more
accurately. Compared to other subduction zones, investigating tremor and LFEs along the Alaska-Aleutian
subduction zone is more challenging due to the harsh weather conditions, limited land, sparse seismic
station coverage, and the interference due to signals from volcanic activities.

The Alaska-Aleutian subduction zone is about 3800 km long and forms the plate boundary between the
Pacific and North American plates [Ruppert et al., 2007]. Convergence directions and velocities change along
strike ranging between 5.1 and 7.5 cm/yr [DeMets et al., 1994]. It is one of themost seismically and volcanically
active subduction zones in the world. In the last 80 years, four large earthquakes withMw > 8 have occurred:
the 1938Mw 8.2 Shumagin Islands, 1957Mw 8.6 Andreanof Islands, 1964Mw 9.2 Good Friday, and 1965Mw 8.7
Rat Islands earthquakes [Brown et al., 2013] (Figure 1). TT and LFEs have previously been identified in south
central Alaska and along the Alaska-Aleutian Arc [Brown et al., 2013; Gomberg and Prejean, 2013; Peterson
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et al., 2011]. Details of their spatiotemporal distribution, however, is poorly known due to limited number of
tremor/LFE studies in this area.

Here we study the tremor and LFEs in the Akutan and Unalaska region using 2 months of high-quality
continuous seismic data set recorded by a mini seismic array (array stations are distributed within a small
aperture, a few kilometers) (Figure 1). We detect and locate tremor signals and LFEs, analyze their spatiotem-
poral distribution, and explore the relationship between them. In addition, we compare their locations with
the rupture zone of the 1957Mw 8.6 earthquake in this region. Finally, we discuss possible implications for the
observed distribution of tremor and LFE sources in the study area.

2. Data and Method

In this study, we use data from a dense mini seismic array designed with 11 three-component stations
deployed on Akutan Island in 2012. The array was operational for 2 months from early July to September.
Array technique has been successfully applied to detect and locate tremor activity in Cascadia and along
the San Andreas Fault [Ghosh et al., 2012; Ghosh, 2014]. It is also logistically easier to deploy and service mini
arrays as opposed to a conventional seismic network, which requires greater interspacing distance and aper-
ture, particularly in the Alaska-Aleutian subduction zone due to its remoteness, rough, unpredictable
weather, and challenging terrain.

For tremor signal detection and source location, we apply a beam backprojection method [Ghosh et al., 2009,
2012] to automatically scan 2 months of seismic data collected by this mini array. Assuming that tremor
source is occurring on the plate interface, we divide the interface into 0.02 by 0.02° grid points and calculate
the slowness of each grid along the raypath to the array center with a velocity model for this area. Then the
beam backprojectionmethod traces the slowness calculated using the array data back to the slab interface to
find the location of the signal. This method consistently detects a longer duration tremor signal than visual
detection or envelope cross-correlation method in Cascadia subduction zone [Ghosh et al., 2009, 2012]. We

Figure 1. Tremor sources and LFEs distribution in the study region and historic large earthquakes in the Alaska-Aleutian
subduction zone. Each red star represents the location of 1 min tremor signal determined by the beam backprojection
method, and the black stars show three visually detected LFEs located using arrival times of body waves. The yellow lines
AB and AC are used to calculate the along strike and along dip distances of tremor source migrations. The contour lines
show the depth of the subduction interface according to the United States Geological Survey (USGS) slab model [Hayes
et al., 2012]. The black open circles show regular fast earthquakes (1 January 2002 to 10 January 2016) located near the
subduction surface. They are taken from the AdvancedNational Seismic System (ANSS) catalog. The red triangle represents the
mini array location, and the green dots show the Alaska Volcano Observatory (AVO) stations. The right bottom panel shows
the distribution of the mini array stations. The right top figure shows the Alaska-Aleutian subduction zone, with the yellow
dotted closed lines showing the rupture zones for larger earthquakes [Brown et al., 2013]. The red box shows our study area,
which is located along the eastern edge of the 1957 M 8.6 and to the west of the 1938 Mw 8.2 megathrust earthquakes.
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use the United States Geological Survey (USGS) slab model [Hayes et al., 2012] as the subduction interface
and a 1-D velocity model [Fogleman et al., 1993] to locate the tremor sources. Then we discard spurious scat-
tered sources (less than three counts in one grid region) using a clustering algorithm. After that, the tremor
source locations are calibrated applying an empirical calibration function, which is calculated by analyzing
regular earthquake signals recorded by the array [Ghosh et al., 2012]. We compare the earthquake locations
obtained by the beam backprojection method and the locations in the Advanced National Seismic System
(ANSS) earthquake catalog. Then we determine a calibration function by minimizing the summed location
differences. Finally, we calculate the location uncertainty for tremor sources. Average location uncertainty
in NS is 3.51 km and EW is 3.78 km (Figure S1 in the supporting information). The frequency band of
2–6 Hz is used for the analyses of LFEs, and a slightly narrower band for tremor to separate tremor signals
from noise.

For tremor, we use a 1 min independent (no overlap) sliding time window to determine its source location
and migration patterns. The repeating LFEs are difficult to detect due to their inherently low signal-to-

Figure 2. (a) Example of 2–8 Hz filtered velocity seismograms for the tremor activity on 23 July 2012, recorded by the mini
array. The red arrow shows one of the visually identified LFE templates. (b) Tremor detection comparison using beam
backprojection and visual scanning method. The beam backprojection method detects 5 times more duration of tremor
activity compared to visual detection.

Geophysical Research Letters 10.1002/2016GL072088
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noise ratios (SNRs) [Brown et al., 2008; Shelly et al., 2006]. This problem can be circumvented once LFE
templates are identified. Scanning 2 months of continuous seismic data, we visually identify three
“clean” LFEs and use them as templates to search for additional LFEs that show similar waveforms
across the array applying a matched-filter method. For each template, we use a sliding 6 s time window,
with a 0.025 s time step to search this 2 months of continuous seismic data. Though it is difficult to
distinguish S and P wave arrivals in an LFE at a single station due to low SNR, they become recognizable
on aligned and stacked waveforms. We use both the mini array stations and the USGS-Alaska Volcano
Observatory (AVO) stations to locate the LFE families using phase arrivals and the hypoinverse algorithm
[Klein, 2002].

3. Results
3.1. Tectonic Tremor (TT)

The beam backprojection method results in significant improvements of tremor detection over the visual
detection. During the time period of this study (2 months), the beam backprojection method detects tremor
activity for a duration lasting 5 times longer than that detected by visual inspection (Figure 2). The beam
backprojection method detects 1.3 h of tremor activity per day on average. In contrast, visual inspection
reveals tremor activity of only 0.27 h per day on average. The duration of continuous tremor activity lasts from
minutes to hours, and tremor sources show a spatiotemporally heterogeneous distribution in the study
region (Figures 3 and S2).

The tremor source catalog produced using the beam backprojection method shows that the tremor sources
are located to the south of the array in two clusters, with the majority of them distributed offshore to the
south of the Unalaska and Akutan Islands. Assuming that the tremor is generated by slip on the subduction
interface, the two clusters are located at a depth range between 45 and 70 km. This is deeper than the

Figure 3. (a) Tremor source migrations along the strike relative to the reference line AB in Figure 1. Each circle represents
the tremor source location that is determined by the beam backprojection method using a 1 min independent time win-
dow. Blue and red colors indicate the tremor source locations in western and eastern clusters, respectively. (b) Tremor
sources migration along the dip direction using the reference line AC in Figure 1. Black arrows point to the tremor sources
shown in Figure 4.

Geophysical Research Letters 10.1002/2016GL072088
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30–35 km depth range in SW Japan, and the 30–40 km depth range in northern Cascadia and Costa Rica
[Brown et al., 2009]. Tremor sources in the western patch show a larger depth variation than the eastern
patch. Interestingly, the downdip edge becomes progressively shallower from west to the east (Figure 1).
Tremor studies in western Japan suggest that tremor sources are located downdip of the rupture zones
and outline the depth extent of extensive slip during large earthquakes [Ide et al., 2007a, 2007b]. This relation-
ship has also been observed near Kodiak Island, Alaska, where tremor activity and LFEs occur near the down-
dip extent of the 1964 Mw 9.2 Alaska earthquake [Brown et al., 2013]. In our study region, the sources of
tremor appear to be located downdip of the rupture zone of the 1957 Mw 8.6 earthquake (Figure S2).

Along strike, there is an approximately 25 km gap in between the two tremor source clusters. The western
cluster aligns along strike to the south of the Unalaska-Akutan Island and covers much larger area in map
view (Figures 1 and S2). On the other hand, the eastern cluster is much smaller and located to the southeast
of the Akutan Island. The location density map shows more detailed pattern of spatial distribution, indicating
that tremor sources are not uniformly distributed even in the same cluster (Figure S2). The majority of the
tremor source locations are within a few discrete patches in the western cluster, with the most tremor-active
patch just offshore the Unalaska Island.

Figure 4. Different tremor source propagation patterns in the study region. Top row represents the tremor source propa-
gation in the eastern cluster, and the middle and bottom rows show the tremor source propagations examples in the
western cluster. The red lines represent the average velocity along dip and strike as delineated in Figure 1. The average
velocities for each case are marked at the bottom left of the panels.

Geophysical Research Letters 10.1002/2016GL072088
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Tremor in the western cluster is temporally more active and has a longer duration than that in the eastern
cluster (Figure 3). Tremor in the eastern cluster is only active for a few times during this 2 month period, while
the western cluster shows activity almost daily for the entire 2 months. Migration is one of the most impor-
tant features of tremor sources. In the study region, tremor sources generally show along strike migration. In
the eastern cluster, tremor sources propagate to the southwest along strike at a speed about 13–15 km/h
(Figure 4), with only a small amount of along dip propagation (Figures 3 and 4). In the western patch, they
move in both directions along strike, with a higher velocity (30–110 km/h), and show movements along both
strike and dip directions (Figure 4).

3.2. Low-Frequency Earthquakes (LFEs)

The low SNR of LFEs makes it very difficult to detect and analyze an individual LFE event. Swarms of repeating
LFEs have been observed within tremor, with each source producing many LFEs over time—known as multi-
plets [Shelly et al., 2007a, 2007ab]. We visually inspect seismic array data and identify three clean LFEs (Figure
S3a) and use them as the templates to detect more repeating LFEs (Figure S3c). Using the detection threshold
as 10 times of the root-mean-square (Figure S3b), we detect a total of ~1300 LFEs. Similar to the findings in
the southwestern Japan, Cascadia, and Costa Rica [Brown et al., 2009], the majority of the LFE activities are
observed when the rate of tremor is high (Figures 5 and S4) and show a short recurrence interval (time
between two consecutive LFEs), even though they are detected using two very different and independent
techniques. In contrast, only scattered LFEs are detected with long recurrence intervals during times of tre-
mor quiescence. In total, there are about 15% of LFEs detected in the absence of tremor. All three LFEs are
located using P and S arrival times observed in the array stations and stations in the local network (AVO) in
Unalaska and Akutan Islands. They are located within the tremor source clusters. Two LFEs are located in
the western cluster, and the other one is in the eastern cluster (Figure 1). The two western LFEs occur over
the entire 2 months, while in the eastern cluster, only intermittent LFE activity is detected (Figure S4)—
consistent with the tremor activities.

4. Discussions and Conclusions

The abundant tremor activities and spatiotemporal distribution of their sources in the Unalaska/Akutan
region may indicate frictional properties of the plate interface changing from stick-slip to creeping in both
the dip and lateral directions [Rubin, 2011; Gomberg and Prejean, 2013]. Tremor events are heterogeneously
distributed at greater depths in the Unalaska-Akutan region compared to other subduction zones. They are
located offshore and clustered to the south of the Islands. Heterogeneous distribution of tremorgenic area
along strike and dip may be due to the temperature variations along the arc that controls the distribution
of hydrous minerals releasing fluids [Katsumata and Kamaya, 2003] enabling tremor activity. The Alaska-
Aleutian subduction zone shows higher heat flow near the surface in the western part [Batir et al., 2013]. In
addition, both Makushin and Akutan volcanoes are active and closer to the western tremor source cluster.
The volcanic activity requires the magma produced by partial melting below the surface. It needs the

Figure 5. Tremor activity and the LFE recurrence intervals (in natural log scale). The black line shows the tremor duration every 6 h. The red star represents the recur-
rence interval between two successive LFEs.
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water dehydrated from the subducting crust to contribute to flux melting of the mantle rock [Charles and
David, 1996]. Thus, there might be higher fluid pressure in the subduction region near the volcanoes, and
as a result, more frequent tremor activities in the western cluster.

There is an ~25 km gap between the two tremor source clusters. Two months is too small of a time period to
gauge long-term tremor behavior, but if this gap is a temporally stable feature, it may indicate lateral hetero-
geneity in the transition zone. Tremor sources in the study region distribute roughly in a zone between the
slightly coupled and the decoupled area of the plate based on geodetic models [Cross and Freymueller, 2008;
Freymueller et al., 2008]. It is possible that this gap represents a predominantly aseismic creeping zone releas-
ing stress without much seismic radiation. Using the ANSS earthquake catalog, we compare the tremor
source distribution with earthquakes near the subduction interface (<5 km) for the last 15 years (1 January
2002 to 10 January 2016) (Figure 1). Interestingly, earthquakes appear to be occurring along the edge of
the tremor source clusters, possibly delineating the boundaries of transitional asperities in the study region.

Tremor source migration is an important feature of its tectonic behavior and reflects the dynamics of slow
earthquakes. Tremor sources in the eastern cluster show along strike migration in one direction—southwest,
at a relatively low velocity (~13 km/h). In contrast, tremor sources in the western cluster show southwest and
northeast propagation at a higher velocity, with both along strike and dip movements. Larger spacing
between tremor source asperities would slow down slow slip propagation, which presumably drives the tre-
mor propagation, due to the presence of more steadily creeping area in between asperities. In the numerical
model, Nakata et al. [2011] also show that larger spaces/gaps between tremor asperities would result in lower
propagation velocities, consistent with our interpretation. Based on the tremor source density distribution,
the area covering the western cluster may have more frequent asperities, again consistent with
our interpretation.

The majority of the LFEs occur within the tremor activities and show a much shorter recurrence interval than
the LFEs occurring in the non-tremor time periods. The LFEs in the western cluster are more active than that
in the eastern cluster, which is consistent with the tremor activities in the study region. Additionally, all three
LFEs are located within the tremor source patches. This supports the notion that LFEs comprise at least a por-
tion of tremor [Shelly et al., 2007b; Brown et al., 2008]. In addition, there are some LFE activities that do not
temporally coincide with tremor activities. This may be explained by the possible incomplete detection of tre-
mor because of the limitation of the station distribution and low SNR. Similar phenomenon has been
observed in Guerrero, Mexico, where only 18.3% of LFEs are reported to occur during tectonic tremor for a
yearlong period [Frank and Shapiro, 2014; Husker et al., 2012]. LFEs are considered small seismic events that
occur at the fault releasing accumulated tectonic stress [Ide et al., 2007a, 2007b; Shelly et al., 2007a, 2007b;
Ohta and Ide, 2011; Bostock et al., 2012]. In addition, we calculated the relative moment of tremor sources
by integrating the far-field displacement pulse [Shearer, 2009] and then corrected for distance from the
source location to the array center. The result shows that more larger moment tremor events occur in the
western cluster. Thus, more frequent activities of tremors and LFEs in the western region may suggest a
higher seismic slip rate than that in the eastern region.

In conclusions, the beam backprojection method shows high capability of tremor detection and spatial
resolution in locating tremor in the Unalaska-Akutan subduction zone. The near-continuous tremor activity
is clustered in two patches. The western patch has a larger depth range and shows higher tremor source
propagation velocities. There is an ~25 km gap between the two tremor source clusters, possibly indicating
lateral heterogeneity in the transition zone. Regular earthquakes are located along the edges of the tremor
source patches possibly delineating the boundaries of the tremorgenic transition zone. The spatial and
temporal distributions of LFE and tremor activity coincide with one another. More frequent tremor events
and LFEs in the western patch may be a result of higher fluid activity and indicate a higher seismic slip rate
than the eastern region.
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