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[1] We characterize and locate tremor not associated with volcanoes along the AlaskaAleutian subduction zone using continuous seismic data recorded by the Alaska Volcano
Observatory and the Alaska Earthquake Information Center from 2005 to present.
Visual inspection of waveform spectra and time series reveal dozens of 10 to 20 min
bursts of tremor along the length of the Alaska-Aleutian subduction zone. We use
autocorrelation to demonstrate that these tremor signals are composed of hundreds of
repeating low-frequency earthquakes (LFEs). The tremor activity we characterize is
localized in four segments, from east to west: Kodiak Island, Shumagin Gap, Unalaska,
and Andreanof Islands. Although the geometry, age, thermal structure, frictional, and other
relevant properties of the Alaska-Aleutian subduction zone are poorly known, these
characteristics are likely to differ systematically from east to west. Locations near Kodiak
Island are the most reliable because station coverage is more complete. LFE hypocenters in
this region are located on the plate interface near the down-dip limit of the 1964 Mw 9.2
Alaska earthquake rupture area. LFE hypocenters in the remaining areas along the arc are
also located down-dip of the most recent Mw 8+ megathrust earthquakes. Although
these locations are less well constrained, our results support the hypothesis that tremor
activity marks the down-dip rupture limit for great megathrust earthquakes in this
subduction zone. Lastly, there is no correlation between the presence of tremor and
particular aspects of over-riding or subducting plate geology or coupling. It appears that
LFEs are a fundamental characteristic of the Alaska-Aleutian subduction zone.
Citation: Brown, J. R., S. G. Prejean, G. C. Beroza, J. S. Gomberg, and P. J. Haeussler (2013), Deep low-frequency
earthquakes in tectonic tremor along the Alaska-Aleutian subduction zone, J. Geophys. Res. Solid Earth, 118, 1079–1090,
doi:10.1029/2012JB009459.

1. Introduction
[2] The Alaska-Aleutian subduction zone forms the plate
boundary between the Paciﬁc and North American plates
for 3800 km between eastern Russia and central Alaska
[Ruppert et al., 2007]. From east to west: the sense of plate
motion ranges from trench normal to transform, the velocity
of relative plate motion ranges from about 5.1 to 7.5 cm/yr
[DeMets et al., 1994], and the Paciﬁc Plate ranges in age
from ~35 to ~63 Ma (Figure 1).
[3] The Alaska-Aleutian subduction zone is both seismically and volcanically very active. This margin ruptured in
All supporting information may be found in the online version of this article.
1
Department of Geophysics, Stanford University, Stanford, California, USA.
2
U.S. Geological Survey, Alaska Science Center, Anchorage, Alaska,
USA.
3
U.S. Geological Survey, University of Washington, Department or
Earth and Space Sciences, Seattle, Washington, USA.
Corresponding author: J. R. Brown, Department of Geophysics, Stanford
University, 397 Panama Mall, Stanford, CA 94305-2215, USA.
( jrbrown5@stanford.edu)
©2012. American Geophysical Union. All Rights Reserved.
2169-9313/13/2012JB009459

four Mw 8+ earthquakes within the last 75 yr: 1938 Mw 8.2
Shumagin Islands, 1957 Mw 8.6 Andreanof Islands, 1964
Mw 9.2 Good Friday, and 1965 Mw 8.7 Rat Islands (Figure 1).
While some portions are clearly locked between large earthquakes and accommodate the majority of deformation seismically, other areas, such as the Shumagin Gap, appear to lack
large earthquakes and may deform aseismically [Hauksson
et al., 1984; Freymueller et al., 2008]. Tremor and slow slip,
commonly referred to as “episodic tremor and slip”, occur in
other circum-Paciﬁc subduction zones and in other parts of
plate interfaces that are transitional between seismic and
aseismic slip. Ohta et al. [2006] identiﬁed slow slip/creep
events in the south-central Alaska portion of the subduction
zone to the east of our study area, and Peterson et al.
[2011] also identiﬁed tremor-like signals along the AlaskaAleutian subduction zone.
[4] Tremor is intrinsically difﬁcult to study due to its low
signal-to-noise ratio (snr). Studying nonvolcanic tremor in
the Alaska-Aleutian subduction zone is particularly challenging for three reasons: (1) Harsh weather conditions in this
sparsely populated part of the world generate strong seismic
noise. (2) Seismic and geodetic studies are restricted to
land-based linear instrument deployments westward of
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Figure 1. Regional bathymetric/topographic map of the Alaska-Aleutian Subduction Zone. Trianglehinged line denotes subduction megathrust. Yellow arrows indicate the motion of the subducting Paciﬁc
Plate relative to the North American Plate. Rupture areas for the four largest megathrust events in the
20th century are shaded in pink and are shown with their respective focal mechanisms. Volcanoes with
elevated activity during 2005–2010 are shown as orange triangles. Numbered boxes 1 through 4 correspond
to the Kodiak island, Shumagin Gap, Unalaska, and Andreanof Islands regions where tremor is characterized in this study, respectively.

Kodiak Island due to the expense and logistics of amphibious
geophysical studies. (3) The Alaska-Aleutian Arc seismic
records include frequent signals from volcanoes, earthquakes,
and possibly hydrothermal activity related to magmatic activity.
[5] Deep, nonvolcanic tremor was ﬁrst discovered in
southwest Japan [Obara, 2002] and in Cascadia it was found
to occur during episodes of slow slip [Rogers and Dragert,
2003]. Our understanding of tremor is evolving rapidly and
accounts of the state of knowledge can be found in several
review papers [Schwartz and Rokosky, 2007; Gomberg,
2010; Rubinstein et al., 2010; Beroza and Ide, 2011]. In this
paper we focus on the analysis of low-frequency earthquakes (LFEs) as a way of understanding tremor. Brown
et al. [2009] demonstrated that low-frequency earthquakes
comprise tremor on the plate interface down-dip of the
locked portion of three subduction zones. LFEs are small
earthquakes (less than magnitude ~2) with amplitudes that
decay at higher frequencies, particularly above ~10 Hz that
occur during episodes of deep tremor in southwest Japan
[Katsumata and Kamaya, 2003; Shelly et al., 2006] and
belong to a newly discovered class of slow earthquakes
[Ide et al., 2007]. Tremor generation may be related to ﬂuid
release during oceanic slab dehydration [Katsumata and
Kamaya, 2003]; however, empirical moment tensor analysis
reveals that LFEs are generated by shear slip [Ide et al., 2007]
on the deep extension of the plate boundary [Shelly et al.,
2007a]. The spectral characteristics of tremor and LFEs are
essentially identical [Shelly et al., 2006] and comparison of
tremor and LFE waveforms indicate that tremor in southwest
Japan is comprised of LFE swarms [Shelly et al., 2006; Shelly
et al., 2007b; Brown et al., 2008].

[6] Although tremor was detected along the Alaska-Aleutian
Arc [Peterson et al., 2011], not much is known about its location and possible relationship to slip in large earthquakes.
[7] For this paper, we scan nonvolcanic tremor-like signals
previously cataloged by the Alaska Volcano Observatory
(AVO) recorded throughout the Alaska-Aleutian subduction
zone using running autocorrelation to detect LFEs within
tremor [Brown et al., 2008] and to distinguish deep tremor
from other signals (long-period events, volcanic tremor,
and noise). Once we detect LFEs within tremor, we relocate
them using a combination of waveform-based differential
arrival time measurements and the double-difference location technique [Waldhauser and Ellsworth, 2000]. We ﬁnd
that tremor appears to occur on the down-dip extension of
the locked portion of the plate interface, and that it occurs
in a wider range of subduction zone environments than had
previously been recognized. An apparent depth dependence
from east to west along the arc suggests that temperature
may play a controlling role in tremor occurrence, but other
more complex factors could inﬂuence its occurrence as well.

2. Tectonic Tremor Versus Volcanic Tremor
[8] Volcanic tremor is a long duration low-amplitude signal
that, in most cases, occurs within the upper 5 km of the crust
within a volcanic ediﬁce [McNutt, 1992]. Volcanic tremor
can be attributed to a wide variety of processes including
ﬂuid migration and degassing, and is commonly associated
with eruptive activity [e.g., Chouet, 1985; Julian, 1994;
Hellweg, 2000; Johnson and Lees, 2000]. Discriminating
between nonvolcanic, or what we refer to as “tectonic
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Figure 2. Examples of (a) an earthquake, (b) deep long
period from 18 km depth, (c) co-eruptive tremor at Okmok
Volcano, (d) pre-eruptive tremor at Redoubt Volcano,
(e) nonvolcanic tremor in the Eastern Aleutians, and (f) noise
in the Aleutians. Amplitudes are in nm/s.
tremor” from here onwards, and volcanic tremor in the
Alaska-Aleutian subduction zone can be challenging due to
similarities in their characteristics and low snr. All of the seismic instrumentation in the Aleutians is deployed on volcanic
islands, and many of the volcanoes are active.
[9] It should be possible to discriminate between volcanic
and tectonic tremor using their spectra. Tectonic tremor
energy is conﬁned to the 1–10 Hz band whereas volcanic
tremor is often excited between 1–5 Hz and can extend to
higher frequencies as well. In addition, tectonic tremor is
inharmonic whereas volcanic tremor can be both harmonic
and inharmonic. Because of the wide range of behavior for
volcanic tremor, neither of these differences reliably discriminates one signal from the other. Depth and location, on
the other hand, can be strongly diagnostic of volcanic versus
tectonic tremor. Typically volcanic tremor originates at
shallow depths (< 5 km) [McNutt, 1992], whereas tectonic
tremor in subduction zones locates at the deep extension
of the locked portion of the megathrust [Brown et al.,
2009] at depths of ~40 km. In this paper, we use the locations of LFEs within tectonic tremor to show that the signal
is tectonic in origin.

2008]. Unfortunately, the recording geometry in the AlaskaAleutian margin is limited by geography compared to other
subduction settings where tremor has been observed and
prevents the successful application of these approaches. For
that reason, we use visual inspection to identify possible
tremor episodes in this more observationally challenging
environment.
[12] The U.S. Geological Survey AVO monitors seismic
activity around volcanoes throughout the volcanic arc using
a combination of short-period, high gain, and broadband
sensors. An AVO seismologist inspects spectrograms of all
operating channels every 12 h and logs seismic activity that
may be generated by diverse mechanisms, including: volcanic tremor, volcano-tectonic earthquakes, long-period earthquakes, deep magmatic-related activity, cultural noise,
weather, and tectonic tremor (Figure 2). We searched the
AVO log for any reference to tremor-like activity from
2005 to present, and visually inspected waveform spectra
during these periods using Swarm and the online monitoring
tool Volcano Analysis and Visualization Environment
[Cervelli et al., 2002].
[13] A signal is considered a tremor if it meets the following
criterion from visual inspection of the waveforms and spectrograms. (1) The signal must be band-limited to 1–10 Hz to
avoid analyzing high-frequency volcanic tremor, weather,
and noise (Figure 3). (2) The waveforms should share a
similar shape for at least ﬁve stations within a 50 km radius,
but not beyond. We use this criterion to ensure a local
source and exclude teleseisms. (3) The duration of the signal
must be at least 5 min (Figure 4). For subduction environments where deep tectonic tremor signals originating on the
plate interface are known to occur, these criteria hold true
[Obara, 2002; Schwartz and Rokosky, 2007; Brown et al.,
2009, Figures 3 and 4]. Table 1 lists the tremor-like signals
analyzed in this study. We note that, due to the inconsistent
visual inspection and the variability of noise levels, the
tremor catalog is likely far from complete during 2005–
2010. Rather this catalog represents the clearest recordings

3. Methods
[10] Our approach to characterizing tremor sources involves:
(1) identifying tremor-like signals, (2) detecting and timing
LFEs within these signals, and (3) locating LFE sources.
For the most part, the technique matches that of Brown
et al. [2008].
3.1. Identiﬁcation of Tremor-Like Signals
[11] In order to study low-frequency earthquakes, we ﬁrst
identify the tremor-like signals where LFEs may occur.
Tectonic tremor detection in subduction zones has been
successfully automated in the Cascadia subduction zone
[Kao et al., 2007; Kao et al., 2008; Wech and Creager,

Figure 3. Velocity spectra of tectonic tremor from circumPaciﬁc subduction zones. The stacked noise spectrum from
Unalaska is the blue dashed curve. The shaded gray area
are the attenuation curves using exp(–pft/Q) for t = 19 s and
Q-200-400.
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Figure 4. Tectonic tremor time series (left) and spectrograms (right) at four stations during the 24 May
2010 tremor episode in the Unalaska region. Time series are normalized. Spectrograms in all plots range
from 1 to 20 Hz with spectral amplitudes in decibels.
of tectonic tremor along the Alaska-Aleutian Arc during that
period.
3.2. Low-Frequency Earthquake Detection
[14] Once the tremor was identiﬁed we searched for repeating LFEs within the signal using the running autocorrelation
method of Brown et al. [2008]. We analyzed continuous
velocity seismograms recorded at a minimum of ﬁve stations
for the time periods and locations listed in Table 1. Data were
bandpass ﬁltered from 1–8 Hz and autocorrelation was used
to ﬁnd waveforms that nearly repeat across the seismic network of interest. We use all available data that is sufﬁciently
close to record a common signal. For example, we are blind
to tremor in the central portion of the 1957 rupture zone
(between boxes 3 and 4 in Figure 1) due to a large hole in
seismic networks. As a result, the coverage is uneven along
the arc. Detections and locations are more reliable for areas
closest to mainland Alaska where station coverage is densest.
[15] We performed a ﬁrst pass at running-window autocorrelation to search for similarity at all stations and over

all components. Forty minutes of continuous data were segmented into 8 s windows lagged by 0.5 s. The ﬁrst half of the
signal presumably includes no tremor whereas the last half
of the 40 min includes the tremor-like signal identiﬁed in
the AVO catalog (Figure 5). The 8 s windows are longer than
the 6 s window length used previously by Brown et al.
[2008], but we found it to be optimal for this study because
moveout of the seismic phases were unknown across the
network a priori, which may lead to greater variation in
LFE depths.
[16] If we use shorter time windows the result yields fewer
signiﬁcant detections. This occurs because the stations furthest from the source have later phase arrivals than stations
closest to the source. If the window only captures arrivals
for stations closer to the source there will not be an arrival
for stations further away and the corresponding window at
those stations are correlating noise, which depresses the
summed autocorrelation coefﬁcient. Conversely, longer
time windows also resulted in fewer signiﬁcant detections,
because they include nonsimilar parts of the waveform,
which result in a lower snr. Longer time windows are not

Table 1. Catalog of Tremor Bursts Throughout the AlaskaAleutian Subduction Zone
Year

Month

Day

Hour : Min

Location

2007
2007
2007
2007
2008
2008
2008
2008
2008
2008
2008
2008
2008
2008
2009
2010
2010
2010

January
April
May
July
May
July
September
November
November
November
December
December
December
December
February
March
May
May

31
7
8
24
27
13
26
7
7
7
10
11
11
11
22
24
24
24

13:14
7:14
23:50
3:32
4:30
19:54
10:10
5:58
6:46
10:02
16:05
3:17
3:30
11:19
0:57
21:32
17:08
17:25

Kodiak Island
Shumagin Gap
Unalaska
Andreanof Islands
Kodiak Island
Andreanof Islands
Unalaska
Unalaska
Unalaska
Unalaska
Kodiak Island
Kodiak Island
Kodiak Island
Kodiak Island
Unalaska
Shumagin Gap
Unalaska
Unalaska

Figure 5. Detections (shown in red) of repeating LFEs
within 40 min of continuous data from (a) Kodiak Island,
(b) Shumagin Gap, (c) Unalaska, and (d) Andreanof Islands.
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optimal because the autocorrelation process will be approximately twice as long for roughly the same number of windows if the successive lag is the same. We also experimented
with different lags. The trade-off here is that computation
time increases as the spacing decreases, but large lags yield
fewer detections because the similarity is aliased. When we
used 6 s windows lagged at 0.5 s the number of detections
was approximately 50% of the number of detections when
we used 8 s windows. When we used 9 s windows the number of detections in all four areas decreased, and decreased
even more for 10 s windows to approximately 30%. When
we keep the window length constant at 8 s and vary the lag
at 0.25 s and 1 s, the number of detections decreased to
55% to75% and 0% to 30%, respectively, in all four regions.
Although 8 s windows lagged at 0.5 s is ideal for the time
periods we analyzed in this paper, we recognize that other
tremor-like activity outside of the periods we analyzed could
be occurring along the Alaska-Aleutian subduction zone and
these parameters would more than likely change.
[17] Following Brown et al. [2008], we consider a network
of N channels recording ground motion in time windows
represented by the vector u at time ti. The corresponding
network array autocorrelation coefﬁcient (CC) sum, Aij is
written as a correlation of the time-series with itself
Aij ¼

X

 
CCijN ¼ uðti Þ  u tj

(1)

N

i.e., the sum of the normalized CC across the network.
Summing across the network allows us to search for times
when the entire network exhibits waveform similarity during
tremor, and greatly enhances the ability to distinguish signal
from noise and other unwanted signals. We detect on the statistics of Aij relative to that of all other lags and use the
median absolute deviation (MAD) to set a detection threshold [Shelly et al., 2007a]. The MAD ensures that the detection statistics are not adversely affected by the fraction of
the population with high values corresponding to positive
detections. Pairs of time lags showing strong similarity in the
autocorrelation correspond either to repeats, or near-repeats,
of any signal including LFEs within the tremor. We save all
window pairs that exceed our detection threshold of seven
times the MAD, and deﬁne these as candidate events. We ﬁnd
no LFEs from autocorrelation in the times of the data where
the AVO ﬁnds no tremor-like signals (Figure 5). Table 1
catalogs the regions along the arc of where and when tremor
occurs. Examples of detections of repeating LFEs within continuous data are shown in Figure 5 for all four regions.
[18] Like ordinary earthquakes, LFEs from tremor in other
circum-Paciﬁc subduction zones cluster in both space and
time. Closely spaced events with similar source processes
should yield similar waveforms at a common station due to
the similar source mechanisms and nearly identical sourcereceiver paths. After detecting the LFEs, we apply waveform
cross-correlation for all pairs of candidate events recorded at
a common station to ﬁnd P- and S-wave arrivals. Next, we
cross-correlate the windows at a sampling frequency of
50 Hz within a 24 s segment (appending  8 s to the initial
window in an attempt to detect P waves). Due to the weak
nature of tremor signals in general, P-waves prove to be difﬁcult to detect; however, we are able to capture S-waves
(Figure 6). We sum the waveform cross-correlation coefﬁcients for all components across the network and save event

pairs with CC sum exceeding N * 0.3, where N = total channels
used. LFE waveform alignments from the cross-correlation
derived differential times are shown in Figure 7. An average coefﬁcient value of 0.3 per component is consistent
with typical CC measurements for previously detected
LFEs [Shelly et al., 2007a; Brown et al., 2009].

4. Low-Frequency Earthquake Locations
[19] We use the program hypoDD to estimate event
locations assuming a ﬁxed velocity model from the Alaska
Earthquake Information Center (AEIC) [Hauksson, 1985;
Ruppert et al., 2011] using relative S arrival time measurements. We automate the measurement of S-wave arrival
times by ﬁrst choosing the peak amplitude of the absolute
value of cross-correlation window pairs on all components.
Next, we search for P-wave arrivals by cross-correlating
8 s window segments prior to the S-wave pick on all channels and choose the peak amplitude within the modiﬁed
window with the requirement that a pick is more than 2 s
behind the S arrival. This requirement ensures that any emergent S arrivals are not mispicked as P waves. Unfortunately,
we are unable to identify a set of repeating P waves that are
coherent across an entire network. This poses a challenge for
determining an initial starting location.
[20] The hypoDD code can determine hypocenter locations
from differenced arrival times measured by cross-correlation
given a starting location for all events. We treat each tremor
episode as individual event clusters. In other words, differential data is not linked from one episode to another. This criterion is important and is discussed later in this section. Since
the starting locations for LFEs are unknown, we assumed
45 different candidate starting locations (see Table S1 in the
supporting information) assuming all events are initially located at an assumed centroid in a grid within the four regions
we ﬁnd tremor-like signals.
[21] Since we know the locations of the stations recording
the tremor-like signals in each region, we chose a location
~50 km trenchward of the centroid of the stations as the spatial center of the grid, which happens to be where we would
expect LFEs from tremor based on tremor/LFE epicenters
in other circum-Paciﬁc subduction zones [Brown et al.,
2009]. Since we do not want to rule out the possibility of
events occurring in other portions of the subduction zone,
we added grid nodes in both directions along strike, and in
both directions inboard and outboard bringing the total number of spatial grid nodes to nine. Five depths of the grid nodes
are chosen to span starting locations well above, in the vicinity of, and well below the plate interface bringing the total
number of grid nodes to 45. Since the precise depth of the
plate interface is not well constrained, we consider the vicinity of the plate interface to be the dipping structure illuminated by local earthquake hypocenters.
[22] We ﬁnd this approach to be reasonable given the
relatively small dimension of each region along the AlaskaAleutian Arc. We use the LSQR option of hypoDD to
iteratively minimize the residuals between observed and
calculated travel-time differences and assess the quality of
each starting location with respect to ﬁnal locations. Despite
differing starting locations for each run in each region,
hypoDD returned a common solution (with differences in
depth of less than 5 km) and where the errors of the LFE
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Figure 6. Waveform cross-correlation and moveout. Eight-second stacked windows of LFEs at a common station at (a) Kodiak Island, (b) the Shumagin Gap, (c) Unalaska, and (d) Andreanof Islands. LFE
waveforms in continuous data are shown in the background in gray. Correlation coefﬁcients of the continuous data versus the stack are shown to the right of the data.
hypocenters matched those of double-differenced local earthquake relocations [Ruppert et al., 2011], so our results are not
sensitive to the assumed starting location. This also veriﬁes
that the differential times from cross-correlation are S waves,
consistent with observation that the majority of the energy of
LFEs from tremor are from S waves [Shelly, et al., 2006].
Because we have different clusters of events with 45 starting locations, we can interpret variation of starting locations in the ﬁnal solution for each cluster (tremor episode)
of events. We interpret the quality of all starting locations
based on the maximum shift of each cluster and we consider the starting location with the smallest shift as the
best starting location.
[23] There are several factors that contribute to uncertainty
in the event locations. The ﬁrst arises from S-wave arrival
time measurements. The second source of error is from the
uncertainty in the velocity structure. The errors reported
for the hypocentral parameters are almost certainly underestimates [Waldhauser and Ellsworth, 2000]. Another source
of uncertainty is the lack of quality P-wave arrivals. It is also
worth noting that the station geometry is the biggest factor
in addition to the aforementioned making relatively large
uncertainties in LFE locations inevitable. Despite these

limitations we ﬁnd that our approach is adequate to identify and characterize deep LFEs within tectonic tremor.
[24] We identify LFE swarms within tremor in four main
regions between 2005 and 2010: Kodiak Island, the Alaska
Peninsula near the Shumagin Gap, the East Aleutian Islands
near Unalaska, and the Andreanof Islands near the towns of
Adak and Atka.
4.1. Kodiak Island
[25] We detect 156 LFEs within the six 20 min tremor episodes listed in Table 1 in the vicinity of Kodiak Island using
data from a combination of stations operated by the AEIC
operated by the University of Alaska at Fairbanks and the
Katmai Volcanic Field operated by the AVO. To estimate
LFE locations, we used 72,628 S-wave cross-correlation
derived differential times as input to the hypoDD algorithm
with the AEIC velocity model used to locate earthquakes.
The locations converge to approximately the same solutions
indicating that our results are not sensitive to the initial
locations.
[26] LFE epicenters in this area are concentrated on the
north shore of Kodiak Island (Figure 8) at depths between
45 and 60 km. These events occur during January 2007,
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Figure 7. Waveform alignments and stacks. Five-second traces are plotted and aligned on the S-wave
pick from cross-correlation and shown in grayscale (black = –1 and white = +1 amplitude) to demonstrate
the detection of the S-phase arrival. Top traces show the corresponding stack.
May 2008, and December 2008 (Table S2). In cross-section
the locations form a cloud of seismicity that encompasses
estimates of the subducting plate interface in this region
from geodetic studies and elastic dislocation models [Zweck
et al., 2002]. The locations of these LFEs are concentrated
at the best estimate of the down-dip edge of the 1964 Mw
9.2 earthquake. This is consistent with hypothesis that
tremor and slow slip reﬂect persistent frictional differences
along the dip direction of the plate interface. This region
includes the shallowest LFEs we report in this study.

and Freymueller, 2007] and is located east of the 1993 Ms
6.9 earthquake [Abers et al., 1995]. The west cloud is located
in a patch of the Alaska-Aleutian Arc that has not ruptured
in a Mw 7.0+ earthquake in the last 150 yr referred to as the
Shumagin Gap, where the degree of coupling is close to
0%. Geodetic measurements show the plate interface to be
freely sliding [Freymueller et al., 2008]. Although the possible role of tremor activity with respect to the seismic gap
is uncertain, it motivates future investigations to understand
the nature of deformation in this area.

4.2. Shumagin Gap
[27] We detect 151 LFEs during two bursts of tremor
activity in vicinity of the Shumagin Islands (Table 1) using
data operated by the AVO. Using the same techniques and
assumptions for Kodiak Island, we estimated locations using
141,090 S-wave cross-correlation derived differential times.
[28] LFE epicenters in this area are concentrated on the
south shore of the peninsula at depths between 50 and
60 km (Figure 9) and occur during April 2007 and March
2010 (Table S3). The locations with depth form two clouds
of seismicity that encompass the best estimate of the subducting plate interface in this region. The two groups are
also located in areas where the degree of coupling from east
to west signiﬁcantly decreases along strike. The east group
of LFEs is concentrated at the best estimate of the west
down-dip edge of the 1938 Mw 8.0 earthquake, although this
location is highly uncertain. Up-dip of the LFEs, the degree
of coupling on the plate interface is around 30% [Fournier

4.3. Unalaska
[29] We detect 278 LFEs in the vicinity of East Aleutians
during eight 20 min tremor episodes (Table 1) using data
from a combination of stations on Umnak, Unalaska, and
Akutan Islands operated by AVO. These stations are primarily used to monitor volcanic activity at Okmok, Makushin,
and Akutan volcanoes. The volcanoes in this area of the
arc have recently been the most seismically active including
one eruption at Okmok Caldera in 2008. We used 196,156
S-wave cross-correlation derived differential times to locate
the LFEs.
[30] LFE epicenters in this area are concentrated trenchward of the arc at depths between 50 and 65 km. The tremor
in this area occurs during May 2007, September 2008,
November 2008, February 2009, and May 2010 (Table S4).
The locations with depth form some of the sharpest lineations
of seismicity compared to Kodiak Island and the Shumagin
Gap and are concentrated at the best estimate of the down-
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volcanic activity at Gareloi, Tanaga, Kanaga, and Great
Sitkin volcanoes (Figure 11). This area of the arc is the most
remote of the U.S. Aleutian Islands considered in our study.
We used 246,714 S-wave cross-correlation derived differential times to locate the LFEs.
[33] LFEs in this region are concentrated in two regions
trench-ward of the arc. The westernmost concentration of
LFEs throughout the subduction zone is on Adak Island
(Figure 11) during July 2007 (Table S5). The LFEs cluster
with background seismicity between 60 and 75 km depth,
down-dip of the rupture extent of the 1957 Mw 8.6 earthquake. The second area of LFE is located on Atka Island
~120 km east of Adak and occurred during July 2008
(Table S5). LFEs are also clustered with background seismicity between 55 and 70 km depth down-dip of the 1957
rupture. Our locations indicate this portion of the Aleutians
is host to the deepest known global observations of tremor.
[34] Like Unalaska, the degree of plate interface coupling
in the Andreanof Islands region is complex along strike
and dip in addition to experiencing oblique subduction
(Figure 1). The western cluster of LFE activity is down-dip

Figure 8. Map view and cross-sections of low-frequency
earthquakes from tremor on Kodiak Island. LFEs are shown
in red. Yellow triangles are stations operated by the AVO.
The purple triangle is a station operated by the AEIC. Gray
dots are earthquake hypocenters of Mw 4 and higher from
2005–2010. The black box denotes the Kodiak asperity, which
ruptured during the 1964 Mw 9.2 earthquake [Christensen and
Beck, 1994] and the black hashed line marks the rupture patch.
The estimate of plate interface coupling up-dip of the LFEs is
50% [Zweck et al., 2002]. Active volcanoes during the study
are shown as violet volcano symbols. Violet crosses are the
starting locations for hypoDD, the amber cross is the best starting location.
dip edge of the 1957 Mw 8.6 earthquake. Although the depths
are greater, this is consistent with models of tremor and slow
slip representing frictional differences along the dip direction
of the plate interface. Tremor activity is the most frequent in
this part of the arc.
[31] The degree of plate interface coupling trench-ward of
the LFE hypocenters in this region is complex both in the
along-strike and along-dip directions [Cross and Freymueller,
2008]. Plate interface coupling decreases from ~46% up-dip
down to ~12% at the down-dip extent of the seismogenic
zone in the vicinity of the two westernmost streaks of LFEs
(Figure 10). For the remaining three streaks, the degree of
coupling at the down-dip extent remains ~12% whereas the
up-dip extent decreases to 0% as it approaches the Shumagin
Gap region further northeast along the strike of the subduction zone [Cross and Freymueller, 2008]. Despite these
changes along strike and dip, tremor appears to span a range
of coupling behaviors in this region.
4.4. Andreanof Islands
[32] We detect 175 LFEs during two tremor episodes in
the Central Aleutians (Table 1) using seismic stations operated by AVO. These stations are primarily used to monitor

Figure 9. Map view and cross-sections of low-frequency
earthquakes from tremor at the Shumagin Gap. Symbols
are the same as in Figure 8. Variability in the degree of plate
interface coupling is shown in the black boxes [Fournier
and Freymueller, 2007].
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to the western cluster. The degree of coupling for the updip limit closest to the trench is ~79% locked whereas the
degree of coupling decreases to 0–25% at intermediate
depths [Cross and Freymueller, 2008]. As in Unalaska,
tremor activity continues to occur despite the variability of
the degree of coupling along both strike and dip directions
of the plate interface.
[35] To gain a better understanding of location errors, we
relocated the LFEs while resampling the station geometry
in the Andreanof Islands region for the westernmost cloud
of LFEs detected in July 2007 (Figure 11). Figure 12
shows the spread in hypocenter locations in map view and
cross-section that results. We use the centroid of the cloud
as the starting epicenter and vary the starting depths at 55,
70, and 85 km. The variation in location of two LFEs is

Figure 10. Map view and cross-sections of low-frequency
earthquakes from tremor near Unalaska. Symbols are the
same as in Figure 8 with the addition of the sea green and
pink starting locations for clusters in their respective crosssections. The black dashed line is an estimate of the rupture
patch for the 1957 Mw 8.6 earthquake. Variability in the
degree of plate interface coupling is shown in the black
boxes [Cross and Freymueller, 2008].
from a region where the degree of coupling ranges from 13%
near the trench, to fully coupled between ~20 and ~50 km
depth. The LFEs are located down-dip of both the 1986 M
8.0 and 1996 M 7.9 rupture patches and roughly halfway
between the centroid of each event (Figure 11). The degree
of coupling near the eastern cluster is reversed compared

Figure 11. Map view and cross-sections of low-frequency
earthquakes from tremor in the Andreanof Islands. Symbols
are the same as in Figure 8 in addition to the sea-green cross
as the best starting location for its respective cluster as
shown in the cross-section. Variability in the degree of plate
interface coupling is shown in the black boxes [Cross and
Freymueller, 2008]. Active volcanoes during the study are
shown as violet volcano symbols. The dark blue and red
shaded regions correspond to the 1986 M 8.0 and 1996 M
7.9 earthquake rupture patches, respectively, with the white
stars referring to their centroid.
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Figure 12. LFE locations from four different station geometries and three different starting locations for
a total of 12 realizations. (a) Map view. Blue event occurred on 25 July 2007. The red events are the locations of the reference LFE for all 12 realizations. (b) Same as Figure 12a, but in cross-section. (c) Same as
Figure 12a for another reference event. (d) Same as Figure 12b for a different reference event.
shown in Figures 12a, 12b and Figures 12c, 12d, respectively. The location of the centroid of LFE hypocenters is
–176.61 degrees longitude (+/–, 3.5 km), 51.75 degrees latitude (+/– 1.6 km), and 66.9 +/– 11.1 km. The average 95%
conﬁdence intervals for subsets of LFEs are +/–2.2 km,
+/–2.4 km, and +/– 12.1 km in the longitude, latitude,
and depth directions respectively.

5. Discussion
[36] We use the running autocorrelation of continuous
waveform records from the AVO and AEIC to show that
tremor-like signals in various locations along the AlaskaAleutian Arc are composed of repeating low-frequency
earthquakes. Although the locations of the events contain
up to +/–20 km uncertainty in depth, the centroid of the
depth distribution is within 5 km of the subducting plate
interface.
[37] Tremor occurs along all parts of the Alaska-Aleutian
subduction zone. It occurs along the continental part, and it
occurs along the oceanic part. It occurs where there is a
broad forearc high at the east end, and it occurs where there
is no forearc high at the west end. It occurs where there is
relatively orthogonal subduction at the east end, and it
occurs where there is highly oblique subduction at the western end. Moreover, it occurs beneath Kodiak, where there is
more than 1 km of late Quaternary and Holocene sediment
of the Surveyor Fan entering the trench [Stevenson and
Embley, 1987; von Huene et al., 2012], and it occurs
beneath the Andreanof Islands where there is as little as
200 m of sediment entering the trench. Lastly, the KodiakBowie seamount chain was subducted beneath Kodiak

Island [e.g., von Huene et al., 2012], and these subducted
seamounts likely are in the region of the Kodiak tremor
observations. No such subducted plate topography lies in
the other regions where we located tremor. Thus, there are
no particular characteristics of the down-going plate or overlying sediment that appear correlated with the presence or
absence of tremor.
[38] In addition, there is no correlation between the presence or absence of LFEs with the degree of coupling updip along the megathrust. Plate interface coupling up-dip
of regions of observed LFEs ranges between 2% and 100%
(see Figures 8–11); therefore, the behavior of the megathrust
is no predictor for the presence or absence of LFEs. This
implies that the LFEs and the down-dip extent of megathrust
earthquakes could be inﬂuenced by other factors such as
pressure and temperature conditions.
[39] Epicenters of the LFEs are located near the down-dip
extent of slip, to the extent that we know it, for previous Mw
8.0+ earthquakes along the arc. This is consistent with the
hypothesis that it marks a persistent difference in frictional
characteristics of the subducting plate interface. The LFE
locations in the Shumagin Gap could mark the down-dip
extent of a future large megathrtust event in that area,
although understanding strain accumulation and seismic
potential at the Shumagin Gap will require further study.
Our LFE locations from tremor could be used to help reduce
nonuniqueness in modeling the geodetic observations in
this area.
[40] The age of the incoming plate interface increases
across the study area from east to west, as does the incoming
plate rate. The depths of the LFE activity also deepen from
45 km in the east to as deep as ~75 km in the Andreanof
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the locking zone and tremor/LFE locations is possible [Holtkamp and Brudzinski, 2010]. More detailed studies of tremor
in this area, perhaps aided by ocean bottom seismometer
deployments, and of tremor in areas that have well-constrained slip distributions for large earthquake rupture,
should provide a clearer picture of the relationship between
tremor activity, and slip in large earthquakes.
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