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ABSTRACT

We document non-volcanic tremor (NVT) in Southcentral Alaska and the 

Aleutian Arc in terms of durations and locations. In Southcentral Alaska, we tabulate 

NVT events occurring during the summer months of each year between 1999 and 2001 to 

test for a relationship with a slow-slip event that occurred during this time frame. We 

tabulate NVT events in the Aleutians starting in the summer of 2005 through the summer 

of 2008. The observed NVT events in both Southcentral Alaska and the Aleutian arc are 

sequences of emergent pulses with frequencies of 1-10 Hz. The majority of the events 

have durations ranging from 5-15 minutes. In Southcentral Alaska, the majority of the 

NVT events locate in the region of the slow-slip event and the quantity of events 

decreases significantly by the summer of 2001, coinciding with the end of the slow-slip 

event. Locating NVT events in the Aleutians is problematic due to the linearity and 

sparse distribution of seismic stations. General locations are established simply by the 

distribution of volcano seismic networks on which the signal is observed and the strength 

of that signal. These general locations appear to coincide with regions where the plate 

interface is locked or is transitioning from creeping to locked. Furthermore, several 

episodes of NVT in the Aleutians occurring during times of heightened volcanic and 

seismic activity in the arc, suggesting large regional stress changes possibly caused by 

undetected slow-slip events.
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INTRODUCTION

The discovery of non-volcanic tremor (NVT) signals in Japan [Hirose et al., 1999; 

Obara, 2002; Ozawa et al., 2002; Miyazaki et al., 2003; Katsumata and Kamaya, 2003; 

Obara et al., 2004] and Cascadia [Dragert et al., 2001; Rogers and Dragert, 2003] 

subduction zones has created a new perspective from which scientists can study 

subduction zone processes, as well as the hazards these processes can produce. In 

conjunction with the NVT events observed in Cascadia and Japan, slow slip events— 

episodic periods of slip on the plate interface that are slow in comparison to earthquakes, 

but much faster than steady plate motions—have also been identified. Since the first 

discovery in Japan and Cascadia, NVT and/or slow-slip events have been observed in 

most subduction zones around the world, as well as other tectonic boundaries, including 

that of New Zealand [Douglas et al., 2005; Wallace and Beavan, 2006; Delahaye et al., 

2007], San Juan Bautista, central California [Linde et al., 1996], Parkfield, central 

California [Murray and Segall, 2005], Southcentral Alaska [Freymuller et al., 2002; Ohta 

et al., 2006], Hawaii [Cervelli et al., 2002], Mexico [Lowry et al., 2001; Kostoglodov et 

al., 2003; Larson et al., 2004; Yoshioka et al., 2004; Hinojosa-Prieto et al., 2007], and the 

Chile triple junction region [Gallego et al., 2006]. Here we present the first study of 

NVT in Alaska.

NVT are emergent seismic signals without easily distinguishable P and S wave 

onsets that resemble tremor associated with volcanic eruptions or magmatic fluid 

movement, except they are not located in the vicinity of a volcanic complex. The signals 

have frequencies ranging from 1-10 Hz, have durations ranging from several minutes to
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several days [Obara, 2002; Rogers and Dragert, 2003; Dragert et al., 2004] and appear to 

propagate with S-wave velocities, ~4 km/s [Obara, 2002]. In the case of Japan and 

Cascadia, the NVT locate within a belt-like distribution along the 30-50 km contours of 

the subducting plate. However, depth ranges in Japan differ from those of Cascadia, 

leading to a debate on the mechanism(s) producing the signals. In both regions, the NVT 

appear most frequently in conjunction with slow-slip events occurring on the plate 

interface. The NVT in Japan locate approximately on the Eurasia-Philippine plate 

interface and have been dissected into swarms of low-frequency overlapping thrust 

earthquakes, indicating NVT is generated directly from shear-slip on the plate interface 

[Shelly et al., 2006, 2007; Ito et al., 2007]. In Cascadia there is a wide depth 

distribution, 10-45 km with a concentration at 25-35 km. Although the NVT concentrates 

on the region of the plate interface, supporting a direct relationship with slow-slip as seen 

in Japan, the presence of NVT well above the plate interface cannot be explained directly 

by slow-slip. One hypothesis is that NVT is the hydro-seismic response due to variations 

in the stress field induced by slip along the deeper portion of the plate interface [Kao et 

al., 2005]. This would suggest that the presence of fluids provides a favorable condition 

for the occurrence of NVT and that the stress variations due to slow-slip are the trigger 

[Kao et al., 2005, 2007].

The differences in NVT observed in Japan and Cascadia have escalated research 

of the phenomena, resulting in an overall better characterization of the signals. One 

interesting characteristic of NVT observed at both southwest Japan and Cascadia is an 

along-strike migration [Obara et al., 2004; Kao et al., 2005; Kao et al., 2006].



Furthermore, in Cascadia, a new pattern has been discovered in which NVT, steadily 

migrating along-strike, halts and then appears to ‘jump’ to a new location [Kao et al., 

2007]. Kao et al. [2007] argues that the migration patterns of tremor support the 

hypothesis of fluid involvement in the occurrence of NVT in Cascadia. However,

Szeliga et al. [2008] model several slow-slip events that propagate along strike of the 

Cascadia subduction zone. It is possible that the migration of NVT follows propagation 

of slow-slip.

Studying NVT in Alaska is difficult due to the sparse distribution of seismic 

stations as well as continuously running GPS stations used to identify slow-slip events. 

However, NVT has been identified occurring in Southcentral Alaska simultaneously with 

a known large slow-slip event. The main focus of this study is to determine whether 

there is a relationship between NVT and this slow-slip event. In this study, we tabulate 

NVT in terms of location (when possible) and duration.

As a second goal of this study, we tabulate NVT observed along the Aleutian arc. 

In several cases, NVT in the Aleutians is occurring in regions experiencing overall 

increased seismic and volcanic activity. Slow-slip events have been the proposed 

mechanism for such increases in the past [McNutt and Marzocchi, 2004; Kore, 2006].

The presence of NVT supports this hypothesis. Locating Aleutian NVT is not possible at 

this time due to the linearity and sparse distribution of seismic stations. However, it is 

important to document the occurrence of NVT in the Aleutians to contribute to the 

overall understanding of NVT and slow-slip events, not only in Alaska, but globally.

3
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CHAPTER 1

Possible Relationship between Non-Volcanic Tremor and the 1998-2001 Slow-Slip

Event, Southcentral Alaska1

1.1 ABSTRACT

A large slow-slip event occurred in Southcentral Alaska between 1998 and 2001. 

We tabulate non-volcanic tremor (NVT), in terms of location and duration, occurring in 

the same region as this slow-slip event for three months of each year between 1999 and 

2001. The majority of the NVT signals observed after the onset of the slow-slip event are 

bursts lasting between 10 and 15 minutes with frequencies ranging from 1-10 Hz. By the 

summer of 2001 the quantity of non-volcanic tremor has decreased dramatically from the 

previous summers and episodes rarely last up to 10 minutes. The decrease in non- 

volcanic tremor activity in the summer of 2001 is coincident with the end of the slow-slip 

event. This is the first evidence that the relationship between slow-slip events and non- 

volcanic tremor seen in Cascadia and southwest Japan may also exist in Alaska.

1 Peterson, C. L. and D. H. Christensen (2008) submitted to J. Geophys. Res.
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1.2 INTRODUCTION

The discovery, less than a decade ago, of non-volcanic tremor (NVT) and slow- 

slip events in the Cascadia subduction zone [Dragert et al., 2001; Rogers and Dragert, 

2003] and in the Nankai trough [Obara, 2002; Obara et al., 2004], has led to an 

investigation of the phenomena at many tectonic plate margins. It now looks likely that 

slow-slip events and NVT occur along many, if not all subduction zones, in addition to 

other types of tectonically active regions. NVT and/or slow-slip events have been 

observed in southwest Japan [Hirose et al., 1999; Ozawa et al., 2002; Miyazaki et al., 

2003; Katsumata and Kamaya, 2003; Obara et al., 2004], North Island, New Zealand 

[Douglas et al., 2005; Wallace and Beavan, 2006; Delahaye et al., 2007], San Juan 

Bautista, central California [Linde et al., 1996], Parkfield, central California [Murray and 

Segall, 2005], Southcentral Alaska [Freymuller et al., 2002; Ohta et al., 2006], Hawaii 

[Cervelli et al., 2002], Mexico [Lowry et al., 2001; Kostoglodov et al., 2003; Larson et 

al., 2004; Yoshioka et al., 2004; Hinojosa-Prieto et al., 2007], and the Chile triple 

junction region [Gallego et al., 2006].

Slow-slip events most likely play an important role in the seismogenic processes 

at subduction zones, by either loading locked portions of the interface, and/or perhaps in 

triggering major earthquakes on the plate boundary [Wang et al., 2003; Miyazaki et al.,

2006]. NVT appears to be a related phenomenon, which has possibilities of being used 

as an indicator of slow-slip, or changes in fluid or pore pressure, and perhaps shed light 

on the processes active in the deeper interplate transition zone [Rubinstein et al., 2007; 

Shelly et al., 2007]. The characteristics of NVT are similar across different subduction
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zones, having frequencies ranging from 1-10 Hz and durations ranging from several 

minutes to several days [Obara, 2002; Rogers and Dragert, 2003; Dragert et al., 2004]. In 

Japan the NVT events locate in a belt-like distribution along the 30-50 km contours of the 

subducting Philippine Sea plate with depths clustering along the Eurasia-Philippine plate 

interface [Obara, 2002; Shelly et al., 2006]. Although the mechanism for NVT is 

debatable, NVT signals in Japan have been broken down into swarms of low-frequency 

over-lapping earthquakes [Shelly et al., 2006, 2007; Ito et al., 2007]. Focal mechanisms 

using P-wave first motions and the moment tensors using S waveforms indicate these 

swarms of low-frequency earthquakes are generated by shear-slip on the plate interface 

[Ide et al., 2007, Shelly et al., 2007]. These studies are strong evidence that NVT in Japan 

represent the seismic signature of accompanying slow-slip events.

In Cascadia, depths of NVT appear to have a broader distribution [Kao et al.,

2005; McCausland et al., 2005; Kao et al., 2006; Royle et al., 2006], indicating either a 

different mechanism than in Japan, or additional mechanisms to explain the shallower 

events. One hypothesis is that NVT is the signature of hydroseismogenic processes 

induced by strain variations associated with slow-slip events [Kao et al., 2006]. 

Furthermore, NVT in Cascadia has been observed in times without detectable slow-slip 

events, but can be associated with large transient shear stresses triggered by large 

earthquakes [Rubinstein et al., 2007].

In this study, we examine NVT in Southcentral Alaska occurring simultaneously 

with a large slow-slip event that occured between 1998 and 2001 [Ohta et al., 2006]. 

Beginning in June 1999, the Broadband Experiment Across the Alaska Range (BEAAR)



PASSCAL experiment was deployed in the same region. The BEAAR experiment 

consisted of 36 broadband instruments along the George Parks Highway and provides the 

main dataset used in this study. Prior to the BEAAR experiment only a sparse number of 

Alaska Earthquake Information Center (AEIC) stations were running in Southcentral 

Alaska and do not provide the station coverage needed to consistently identify NVT. 

Therefore, we are unable to document NVT during the start of the slow-slip event.

Instead, we focus on the time periods of the slow-slip event when the best station 

coverage is available. The months of June, July, and August of the years 1999, 2000, and 

2001 were selected for this study to optimize the use of the BEAAR experiment stations 

as well as a selected set of AEIC stations. With this combined station set we are able to 

consistently identify NVT. However, the station coverage is marginal for locating NVT 

and thus not every episode of NVT identified is locatable. Durations of both locatable 

and non-locatable events are calculated in order to gain a more accurate characterization 

of the NVT occurring in Alaska. This is a first-order attempt to relate slow-slip and 

NVT in Alaska.

1.3 TECTONIC SETTING

Southern Alaska is a collection of accreted exotic terranes, the most recent of 

which is the Yakutat (Figure 1.1). The Yakutat terrane began its collision with North 

America in the early Miocene [Plafker et al., 1994]. Interaction between the Yakutat 

terrane and the North American and Pacific plates contributes to deformation in the 

Fairweather, Saint Elias and Chugach mountain ranges [Bruhn et al., 2004]. The eastern

7
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boundary of the Yakutat terrane is defined by the Fairweather transform fault and 

deformation in this region is dominantly strike-slip. The northern boundary is 

complicated with a combination of deformation from thrust and fold belts mainly along 

the Chugach-Saint Elias fault [Elliott et al., 2007]. The southern boundary of the terrane 

is believed to be the offshore Transition fault, [Fletcher and Freymueller, 1999, 2003; 

Eberhert-Phillips et al., 2006; Elliott et al., 2007] along which deformation is poorly 

constrained but hypothesized to accommodate convergent and strike-slip relative motion 

(~15 mm/yr at 49° east of north) between the terrane and the Pacific plate [Elliott et al.,

2007]. Deformation along the western boundary of the terrane is a combination of 

accretion of overlying sediments to North America and subduction of the underlying, 

more mafic, lithosphere into the Aleutian subduction zone [Bruhn et al., 2004]. Figure 1.1 

illustrates the tectonic setting of Southcentral Alaska.

The characteristic of subduction along the Aleutian trench changes dramatically 

with the introduction of the Yakutat terrane. The dip of the subducting slab shallows to 

<3°, making it the shallowest dipping plate in any subduction zone [Freymueller et al., 

2000] and resulting in exceptionally wide seismogenic and transition zones [Freymueller 

et al., 2000; Daves and House, 1979]. Receiver function analysis of Southcentral Alaska 

reveals a thick (15-20 km) low velocity layer “piggy-backed” on the subducted Pacific 

plate that persists to 130 km depth, indicating that several hundred kilometers of the 

Yakutat terrane have been subducted (Figure 1.1) [Ferris et al., 2003; Rossi et al., 2006]. 

This finding is confirmed with 3D seismic velocity modeling of the region [Eberhert- 

Phillips et al., 2006].
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The Great 1964 Alaska earthquake (9.2 Mw) ruptured the Prince William Sound 

and Kodiak Island asperities (Christensen and Beck, 1994; Johnson et al., 1996; Zweck et 

al., 2002). The Prince William Sound asperity corresponds to the region where the 

Yakutat terrane is coupled with the Pacific plate near the Aleutian trench. Coupling 

between the Pacific-Yakutat and the North American plates varies along strike of the 

subduction zone creating “gaps” between the inferred locked asperities and regions 

dominated by aseismic slip [Zweck et al., 2002]. The 1998-2001 slow-slip event 

occurred down-dip of the Prince William Sound asperity (Figure 1.2) along the interface 

between the North America plate and the Yakutat-Pacific plate. During the slow-slip 

event, >20,000 sq. km of the plate interface slipped >10 cm and the cumulative moment 

magnitude was Mw=7.2 [Ohta et al., 2006]. The maximum slip rate over the entire three 

year time span is ~55 mm/yr and the average slip rate is ~40 mm/yr oriented is the 

direction expected for coseismic slip [Ohta et al., 2006].

1.4 DATA

The BEAAR experiment consisted of 36 broad band seismometers deployed 

above the 50 -150 km contours of the subducting Yakutat-Pacific plate in Southcentral 

Alaska. Twenty-eight stations were aligned north to south along the George Parks 

highway with ~10 km spacing while eight stations were aligned east-west along the 

Denali highway and the Denali National Park access road (Figure 1.3). Only seven 

stations were in operation between June of 1999 and June of 2000. These stations were 

distributed with 50 km spacing. All thirty-six stations were operational between June and



September of 2000 and seventeen stations continued in operation until August 2001.

Data were continuously recorded at 50 samples per second and timing was corrected to 

within 1 ms via GPS.

The BEAAR experiment was coincidentally deployed during the 1998-2001 slow- 

slip event, but was not designed for the examination of NVT. The BEAAR experiment 

provides station coverage to the north and north-west extent of the main slip region, but is 

lacking in the southwest and southeast. Therefore, selected AEIC stations supplement the 

BEAAR data (Figure 1.3). Because sample rates vary throughout the AEIC network, all 

AEIC data were resampled with a rate of 50 samples per second to match the BEAAR 

data, thus enabling correlations between the two networks. One obstacle in identifying 

and locating NVT in this region is the high amount of background noise. In the case of 

this study, “background noise” refers mostly to the large number of small local 

earthquakes. There is rarely a 15 minute time window without a small earthquake 

recorded. Therefore many of the NVT events have small earthquakes recorded within 

the NVT signal on at least 2 stations. Furthermore, because all stations are located near 

main highways and train tracks, often several stations are unusable due to associated 

noise with the trains and large trucks. As a result, out of the 46 available stations only an 

average of 10 stations record a single NVT event.

To make a conclusive comparison between NVT and the slow-slip event the 

entire time frame of the slow-slip event must be examined. However, for this preliminary 

study, the summers of 1999, 2000, and 2001 were chosen because they offer the best 

available station coverage. The BEAAR experiment stations are only available starting

10



in June of 1999 and ending in August 2001. Without the BEAAR experiment stations 

there is not enough station coverage in this region, during this timeframe, to study NVT. 

Furthermore, continuous data from the supplemental AEIC stations are not available 

online. Therefore the loading and online storage of the AEIC data was completed in 

three month increments.

1.5 METHODS

1.5.1 Identifying Non-Volcanic Tremor

The seismograms from the summers of 1999, 2000, and 2001 were visually 

scanned for NVT and the approximate start times of events were tabulated. In this scan, 

possible NVT were cataloged based on five conditions: 1) lack of apparent P or S 

arrivals; 2) frequencies ranging from 1-6 Hz; 3) approximate durations > 10 minutes; 4) 

visible signal on more then 4 stations; and 5) no time correlation with large teleseismic 

earthquakes. Not all of the stations record each event. Furthermore, on some stations 

background noise interferes with the signal. Therefore, for each possible NVT event a 

subset of stations is determined through an iterative process involving the creation and 

cross-correlation of envelopes via the method described in the next section. Stations 

yielding poor correlations are thrown out and the cross-correlation re-calculated. In this 

study, possible NVT events with correlation coefficients < 0.8 are not considered NVT.

A correlation coefficient > 0.8 was chosen because it corresponds to errors of < 3 seconds 

on lag times between stations and these errors are used in the location algorithm (method 

described in the next section). In the summer of 1999, 34 NVT events were recorded; 68

11



in the summer of 2000; and 9 in the summer of 2001 (Table 1.1). Based on the > 0.8 

correlation coefficient criteria only half of the possible NVT events are used in this study, 

however, possible NVT events that did not meet the correlation coefficient criteria are 

listed in Table 1.2.

1.5.2 Correlations and Locations

Locations are calculated using relative delay times produced by cross-correlation 

of envelopes, similar to techniques used in Cascadia and Japan [Obara, 2002; Rogers and 

Dragert, 2003]. The envelopes are created by first band-pass filtering the demeaned and 

detrended waveform data between 1-6 Hz. Although the signal is visible in frequencies 

up to 10 Hz, the 1-6 Hz range has the clearest signal. A Hilbert transform is then applied 

to the filtered waveform to create the envelope. Because we are interested in the overall 

shape of a multiple pulse signal, we smooth out the higher frequency peaks within each 

pulse by applying a low pass filter between 0.01-1 Hz. This range was found, through a 

series of tests on different frequency ranges, to produce the best cross-correlation while 

preserving the overall character of the signal. Figure 1.4 shows an example of NVT and 

the corresponding envelopes. The final smoothed envelopes for a single event are cross

correlated and the best delay times between arrivals across the station network are 

calculated using the least-squares inversion described in VanDecar and Crosson [1990].

A preliminary onset time for a NVT event is set. In our case, this onset time is arbitrary 

because we are interested in relative arrival times. The onset time becomes the reference 

point from which the delay times are determined. Once the onset time is set, every 

possible pair of waveform traces is cross-correlated and the mean maximum cross

12
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correlation functions are found. The correlations are displayed as a matrix of the 

maximum correlation coefficient between stations (Figure 1.5). These coefficients are 

used as criteria for confirming NVT as well as for obtaining relative delay times and 

errors between stations. Because the envelopes are not identical from station to station, 

there is an inconsistency associated with the delay times from which a system of 

overdetermined equations can be generated:

Where A is the correlation coefficient matrix, Atij  is the delay time between stations i and 

j, ti is the delay time for station i that produces the best correlation with all stations. Once 

we have solved for ti we calculate the lag time error based on the ti and Atij residuals:

Where oi is the delay time error we are solving for, n is the number of stations, and,

The relative delay times (ti) and respective errors (oi) are then fed into a generic 

earthquake locating tool using a velocity model of Southcentral Alaska. The NVT is 

assumed to propagate with S-wave velocities [Obara, 2002]. The precision of locations is 

limited by our station coverage as well as the errors on delay times that were calculated. 

Although we are able to locate several NVT events to within 5 km, because we are

A t = At,

reS  = At,j -  fj)



interested in a region that spans several hundred kilometers we gain a better 

understanding of the distribution of NVT in the region by including all locations with 

errors less then 25 km (Table 1.1). Computer codes used in this study are discussed in 

Appendix A.

1.5.3 Durations

The duration is calculated for every NVT event catalogued regardless of whether 

the NVT is locatable. Durations are determined by stacking aligned envelopes of the 

NVT and picking the times when the stacked envelope rises above and falls below 

apparent background noise level (Figure 1.6). For NVT events with multiple pulses 

where the stacked envelope falls below the apparent background noise level between 

pulses, the duration of the event is calculated from the beginning of the first to the end of 

the last pulse. If the stacked envelope falls below background noise level for more than 5 

minutes between pulses, the pulses are considered separate events and durations are taken 

accordingly.

1.6 RESULTS

We observe eight locatable NVT events in the summer of 1999; fourteen in 2000; 

and zero in 2001 (Figure 1.7, Table 1.1). All events except three locate on or above the 

Yakutat terrane-North America plate interface in the region of the 1998-2001 slow-slip 

event (Figures 1.7, 1.8). The three exceptions are events that locate northeast of the slip 

region near the corner of the subduction zone and the hypothesized edge of the subducted 

Yakutat terrane. All locations are distributed between the 30 km and 50 km contours of

14



the subducting plate. Appendix B shows the waveforms and envelopes, the correlation 

matrix, and the location of each NVT event located.

There are fewer episodes of NVT identified in the summer of 1999 compared 

with the summer of 2000. However, durations of the events in 1999 are similar to those 

of 2000 (Figure 1.9). Probably the smaller station network available in 1999 contributed 

to the quantity of NVT identified. The quantity of NVT episodes as well as the duration 

of episodes decreases substantially between the summer of 2000 and the summer of 2001 

(Figure 1.9).

1.7 DISCUSSION AND CONCLUSIONS

The results of this study are suggestive of a relationship between NVT events 

observed during the summers of 1999, 2000, and 2001 and the 1998-2001 slow-slip 

event. However, NVT events need to be tabulated throughout the entire time frame of 

the slow-slip event as well as times of no slip in order to confirm a relationship between 

the two phenomena. The majority of locatable NVT observed during the timeframe of 

this study locate in the region of the slow-slip event (Figure 1.7). Furthermore, only NVT 

occurring in the summers of 1999 and 2000 were locatable. The decrease in number as 

well as the decrease in durations (Figure 1.9) observed in 2001 compared to the two 

previous summers are in concurrence with the end of the slow-slip event.

The NVT events occur near the Yakutat terrane-North America plate interface. 

However, because of the poor depth constraints, we are unable to distinguish 

conclusively whether the NVT occurred above the plate interface, as observed in

15



Cascadia, or on the plate interface, as observed in SW Japan. Furthermore, the position 

of the plate interface in the study region is only an interpolation from Moho depth studies 

that have been conducted both up-dip and down-dip of the region. Currently the 

PASSCAL experiment Multi-disciplinary Observations of Subduction (MOOS) is 

deployed throughout the Kenai Peninsula (Figure 1.10) to fill this gap in Moho depth 

calculations. It is possible that a better constrained plate interface will reveal more about 

the relative location of NVT despite the poor depth constraints on the NVT locations.

There are three NVT events locating northwest of the slow-slip area. These NVT 

locate near the “corner” of the hypothesized subducted Yakutat plate (Figure 1.10). One 

hypothesis is that the 1998-2001 slow-slip event caused transient stress changes along the 

subduction zone, triggering movement in the corner of the subduction zone and the 

observed NTV. However, GPS stations nearest to this region show little evidence of 

movement associated with the slow-slip event. This area is complicated by both the 

ending of the subduction zone and the subducting Yakutat terrane. It is possible that the 

three outside events are unrelated to the 1998-2001 slow-slip event and are the result of a 

separate slow-slip event or an unknown mechanism related to the complexities of the 

region.

The 1998-2001 slow-slip event is the first modeled slow-slip event in Alaska that 

uses continuously running GPS data. With the increasing number of continuously 

running GPS stations, several smaller slow-slip events have been identified occurring in 

the same region as the 1998-2001 event. These events are recorded on some of the same 

stations that recorded the 1998-2001 event and are currently being modeled to determine

16



the extent of the slip region. In at least one of these smaller slow-slip events, NVT has 

been identified. With the MOOS experiment stations, in combination with selected 

AEIC stations, there is potential of locating NVT in this region with better depth 

constraints to help distinguish the relative location of NVT within the subducting plate.

17
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Figure 1.1 The Tectonic Setting of Southcentral Alaska: Map shows the main boundaries of the 
Yakutat terrane, the mega thrust and the hypothesized extent of subducted Yakutat terrane as 
suggested by Eberhart-Phillips et al. [2006]. Arrows depict the rate and direction of the Pacific plate 
and Yakutat terrane relative to the stable North American plate as modeled by Sella et al., 2007.
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Figure 1.2 The Slip Region Associated with the1998-2001 Slow-Slip Event: a. Main region of slip, 
solid grey contours, and 1964 rupture zone, associated with the Prince William Sound and Kodiak 
asperities, depicted by a dashed gray boundary; b. Times series of four GPS stations used in the slip 
model [Ohta et al., 2006]. The slip contours are described in Figure 1.3.
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Figure 1.3 Station Coverage: BEAAR stations are mapped as black triangles, the seven stations 
operational in 1999 are distinguished with by as asterisk; Selected AEIC stations are mapped as 
white diamonds. Slip distribution from the 1998-2001 slow-slip event is shown by dark gray solid 
lines.
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Figure 1.4 Example of Seismograms and Envelopes: Seismograms of a NVT events occurring on July 
8, 2000 and the corresponding envelopes are shown by gray lines above each seismogram.
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Figure 1.5 Example of Maximum Correlation Coefficient Matrix: The correlation matrix is created 
from the NVT event shown in Figure 1.4. Each station is correlated against every other station. The 
diagonal is the correlation of each station with itself
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Figure 1.6 Aligned Envelopes Used to Calculate Durations: Envelopes for the episode of NVT shown 
in Figure 1.4 with resulting stacked envelope used to determine the start and end times of the 
episode.
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Figure 1.7 Locations of Non-Volcanic Tremor: Summer of 1999, red circles, and summer of 2000, 
blue circles. Note: all but three events locate in the region of the slow-slip event. BEAAR stations 
are mapped as black triangles, the seven stations operational in 1999 are distinguished with by an 
asterisk; Selected AEIC stations are mapped as white diamonds. Slip distribution from the 1998
2001 slow-slip event is shown by dark gray solid lines. The line A-A’ is the cross-section shown in 
Figure 1.8.
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Figure 1.8 Depths of Non-Volcanic Tremor: Cross-section A-A’(Figure 1.7) of projected tremor 
depths and errors; summer of 1999, red circles, and summer of 2000, blue circles. North America- 
Yakutat interface interpreted based on results from Rossi et al. [2006] and Eberhart-Phillips et al. 
[2006] as well as local seismicity, black dots. All NVT locate above or on the interpreted plate 
boundary. The three events located northeast of the slip region have not been projected on to this 
cross-section.
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Figure 1.9 Displacement of Station ATW2 and Non-Volcanic Tremor Durations: The circles show 
the GPS displacement of the station ATW2, the southward trend results from slow-slip on the plate 
interface. Daily summed NVT event durations are shown by the bar graph. Although there are 
fewer NVT during the summer of 1999, durations are similar to the summer of 2000. The summer of 
2001 data show a significant decrease in durations of NVT.
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Figure 1.10. Non-Volcanic Tremor and Tectonic Setting: Mapview of NVT locations (1999, red 
circles; 2000, blue circles) and the hypothesized subducted Yakutat terrane from Eberhart-Phillips et 
al. [2006], shaded in purple. Locations of NVT are between the 30 km and 50 km contour of the 
subducting plate. MOOS stations are mapped as green triangles; BEAAR stations are mapped as 
black triangle; Selected AEIC stations are mapped as white diamonds. Slip distribution from the 
1998-2001 slow-slip event is shown by dark gray solid lines.
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Table 1.1 Non-Volcanic Tremor Observed During the Summers of 1999-2001: Locations are given 
when error locations were less than 25 km in all axes of the error ellipse. The majority of NVT 
events have errors less than 5 km in at least two ellipse axes.

Year / 
Julian

Day
Time
(UT)

Duration
(min)

North
Latitude

West
Longitude

Depth
(km)

Major
Axis

Error
(km)

Minor
Axis

Error
(km)

Depth
Error
(km)

1999157 14:09:39 12.29
1999159 14:01:52 14.87
1999163 6:23:43 23.36
1999163 12:31:37 25.06
1999163 19:38:54 13.95
1999164 0:06:06 17.09
1999164 2:50:37 7.87
1999164 3:33:33 20.26
1999164 4:30:43 7.73
1999164 6:06:10 17.09
1999164 6:48:09 13.62 61.81 -149.63 15.08 7.49 3.40 3.84
1999164 8:07:54 11.21 61.66 -149.64 28.49 6.35 3.87 4.46
1999164 19:03:50 11.39
1999165 10:03:56 17.20
1999167 8:52:48 13.84 61.57 -150.00 10.80 10.77 4.64 0.41
1999174 18:25:36 12.36 62.04 -148.94 6.76 9.75 6.31 15.20
1999179 12:31:09 17.28
1999183 14:46:37 10.44 62.20 -149.09 24.14 3.87 2.51 2.74
1999186 1:33:38 12.81
1999206 1:31:21 3.92
1999206 4:00:24 11.52 62.02 -150.07 25.02 14.06 4.35 23.80
1999206 4:43:31 9.87
1999206 13:09:52 24.56
1999206 15:31:44 13.31 61.86 -150.07 12.69 11.21 2.99 7.37
1999208 6:42:55 8.90
1999208 9:32:52 10.10 61.77 -150.05 24.11 18.16 10.17 2.00
1999208 14:41:33 14.29
1999208 19:41:58 10.02
1999213 0:12:29 10.14
1999227 16:28:27 8.35
1999232 8:03:37 6.65
1999233 5:11:19 10.91
1999236 13:54:45 5.69
1999241 15:28:07 23.20
2000154 8:53:56 6.71
2000155 16:16:10 5.40
2000157 2:55:37 16.13
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Table 1.1: Continued.

Year / 
Julian

Day
Time
(UT)

Duration
(min)

North
Latitude

West
Longitude

Depth
(km)

Major
Axis

Error
(km)

Minor
Axis

Error
(km)

Depth
Error
(km)

2000160 15:01:52 23.76
2000160 15:50:48 10.25
2000162 34:13:00 23.42
2000163 6:26:08 40.61
2000163 14:13:00 23.62
2000164 4:59:13 16.32
2000167 12:48:00 7.44
2000168 13:53:08 19.49
2000168 14:26:39 16.26
2000169 20:00:25 12.19
2000170 0:33:11 17.34
2000170 11:43:55 23.71
2000170 20:27:52 18.56
2000174 2:11:11 30.82
2000174 2:50:39 16.13
2000174 3:33:21 11.92
2000174 11:14:14 11.60 62.59 -146.07 20.06 5.43 3.87 3.47
2000174 11:42:45 15.44
2000174 13:20:28 14.17
2000175 14:36:39 11.87
2000175 15:04:31 22.72
2000176 0:44:15 9.14
2000176 4:12:55 9.02
2000176 18:41:35 15.22
2000177 13:43:47 16.95 62.40 -147.20 26.63 5.57 3.11 4.48
2000177 14:48:36 15.17
2000177 19:44:21 10.12 62.50 -147.13 61.01 9.73 3.47 7.96
2000180 16:44:17 11.29
2000181 22:19:26 20.93
2000190 11:43:50 15.87
2000191 7:08:08 10.66
2000192 8:13:52 8.87
2000193 14:41:03 8.78
2000193 14:57:53 10.53
2000195 3:45:04 10.18
2000195 14:53:18 13.80
2000195 21:39 8.52
2000196 11:26:27 13.41 62.00 -150.14 32.09 15.47 4.42 17.23
2000197 12:10:57 7.77 61.99 -149.52 26.09 5.42 2.49 5.57
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Table 1.1: Continued.

Year / 
Julian

Day
Time
(UT)

Duration
(min)

North
Latitude

West
Longitude

Depth
(km)

Major
Axis

Error
(km)

Minor
Axis

Error
(km)

Depth
Error
(km)

2000197 15:40:58 9.41 61.93 -150.70 29.71 15.82 3.27 1.72
2000198 12:44:43 10.35 61.80 -150.10 33.73 8.00 5.19 7.91
2000199 1:12:31 7.63 61.58 -149.70 38.66 13.25 6.16 8.55
2000199 18:01:24 12.28
2000200 3:51:18 10.91
2000200 16:21:22 15.68
2000201 9:32:11 14.29
2000203 1:03:24 15.41
2000203 11:25:59 8.33
2000205 12:23:24 14.69 61.96 -150.04 11.50 13.42 3.03 2.36
2000205 13:35:11 25.31
2000213 10:52:26 13.76
2000213 11:33:10 12.72
2000214 4:13:13 12.02 62.20 -149.57 15.87 10.68 4.01 8.81
2000216 1:01:39 9.79
2000216 9:22:27 10.91 61.98 -149.35 25.08 13.27 8.14 19.93
2000216 10:32:26 11.60
2000216 11:23:14 12.28 62.17 -149.06 22.27 6.57 4.36 4.80
2000216 11:41:39 16.49 62.26 -149.06 40.20 3.98 1.84 0.69
2000220 12:02:21 23.36
2000221 4:16:35 9.86
2000222 1:54:06 8.29 61.89 -150.00 26.04 8.29 2.87 8.33
2000222 6:01:21 16.71
2000222 14:01:44 11.02
2001158 14:32:40 9.92
2001163 19:03:42 16.24
2001181 16:11:15 6.61
2001182 15:54:50 8.79
2001195 4:09:46 6.60
2001203 11:48:16 12.60
2001205 12:35:11 13.89
2001209 13:10:56 5.39



40

Table 1.2: Other Possible Non-Volcanic Tremor Events. These events did not meet the correlation 
coefficient criteria of > 0.8 and are therefore not considered in this study.

Year / 
Julian

Day

Approx.
Start
Time
(UT)

1999157 14:40:00
1999157 15:05:00
1999158 1:40:00
1999159 8:05:00
1999175 1:50:00
1999181 19:50:00
1999183 6:50:00
1999186 1:30:00
1999208 14:00:00
1999233 22:08
1999235 5:28:00
1999241 7:08:00
2000154 3:20:00
2000154 8:12:00
2000154 9:38:00
2000154 12:00:00
2000155 5:20:00
2000156 7:15:00
2000156 12:05:00
2000156 20:00:00
2000157 0:05:00
2000157 9:40:00
2000163 3:50:00
2000167 8:45:00
2000169 7:40:00
2000169 10:45:00
2000169 11:25:00
2000169 13:55:00
2000172 14:35:00
2000174 6:45:00
2000175 9:30:00

Year / 
Julian

Day

Approx.
Start
Time
(UT)

2000176 3:35:00
2000178 3:25:00
2000180 2:10:00
2000183 11:05:00
2000195 2:55:00
2000195 4:05:00
2000195 13:40:00
2000195 16:50:00
2000195 17:35:00
2000196 14:40:00
2000196 15:40:00
2000197 3:35:00
2000198 9:10:00
2000198 20:00:00
2000199 4:00:00
2000200 9:40:00
2000202 5:30:00
2000203 3:30:00
2000204 12:10:00
2000204 12:40:00
2000204 14:15:00
2000204 15:40:00
2000205 13:00:00
2000207 0:25:00
2000208 3:50:00
2000208 16:30:00
2000212 2:20:00
2000212 8:10:00
2000214 0:40:00
2000214 1:15:00
2000214 2:45:00

Year / 
Julian

Day

Approx.
Start
Time
(UT)

2000214 8:30:00
2000215 12:00:00
2000215 12:30:00
2000215 12:45:00
2000215 15:00:00
2000215 20:10:00
2000215 22:20:00
2000216 0:30:00
2000220 8:20:00
2000221 6:00:00
2000221 8:10:00
2000221 19:20:00
2000222 4:40:00
2000225 2:00:00
2000235 21:50:00
2001152 11:22:00
2001152 12:20:00
2001157 21:25:00
2001158 12:44:00
2001158 13:55:00
2001158 15:05:00
2001162 9:35:00
2001163 18:05:00
2001164 19:35:00
2001164 21:50:00
2001165 5:10:00
2001165 21:25:00
2001168 10:20:00
2001168 13:40:00
2001173 15:10:00
2001196 10:00:00

Year / 
Julian

Day

Approx.
Start
Time
(UT)

2001196 10:50:00
2001196 15:30:00
2001203 14:15:00
2001204 11:35:00
2001209 15:50:00
2001211 7:10:00
2001213 8:03:00
2001213 16:22:00
2001214 1:30:00
2001214 11:40:00
2001216 16:00:00
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APPENDIX A

Matlab Code Description

The envelope creation, cross-correlation, and duration calculations for NVT were 

done in the software package Matlab. In order to use any of the following Matlab codes 

described, the Correlation Tool box written by Mike West and the Waveform Toolbox 

written by Celso Reyes must be installed in Matlab. The toolboxes can be downloaded 

from www. These toolboxes are not described in this appendix. Only codes written 

specifically for the use of studying NVT are described. The seismic data were extracted 

from the seismic database Antelope and saved into a Matlab friendly format using the 

Atrem_mat.m code. When using this code, the user specifies a list of NVT event dates 

and times and the database from which to extract the data. The code also uses a 

predefined file that contains station names and channels. This file is used to create a 

directory for each Julian day in which a NVT event occurs. The Atrem_loadsun.m code is 

called within the Atrem_mat.m code. Atrem_loadsun.m loads data for each available 

station for a particular event. The code is designed to take away any edge effects 

introduced by the data extraction process and to align data from stations that have 

different sampling rates. The extracted data are saved into the directory named with the 

appropriate day as a .mat file titled with the event time. For example, an event occurring 

on August 4, 2001 at 04:00:12 am will be saved in the 2001216 directory as 

04_00_12.mat The following are the Matlab codes Atrem_mat.m and 

Atrem_loadsun.mat as well as samples of the station and event lists:



42

Atrem_mat.m:

function Atrem mat(eventlist,db)
% ATREM_MAT LOADS DATA FROM A SPECIFIED DATABASE AND 
% CREATES MAT FILE OF 
% WAVEFORMS. SAMPLE:
% Atrem mat('EventList200006.txt',
% _ 'comb_2000_06')
disp(' ENTERED ATREM_MAT FUNCTION ')
StationFile=('stationfiles/station los.txt'); 
EventList=strcat('events/',eventlist);
database=strcat('/home/chloe/tapedata/archive wf/',db);
fid=fopen(EventList);
while 1

infile = fgetl(fid);
if ~ischar(infile),break,end
date=infile(1:10);
start=infile(12:19);
endt=infile(32:39);
datestart=infile(1:19);
dateend=infile(21:39);
[Year Day]=ymd2yday(date); 
dir=strcat('events/',Year,Day); 
eval(['!mkdir ',dir]);

fname=strcat(dir,'/',start(1:2),' ',start(4:5),' ',start(7: 
8),'.mat'); 

waves =
Atrem loadsun(StationFile,datestart,dateend,database); 

save(fname, 'waves') 
clear waves

end
fclose(fid);

Atrem_loadsun.mat:

function d=Atrem loadsun(st file, startime, 
endtime,database)
% LOAD DATA FROM DATABASE. CALLED BY FUNCTION Atrem_mat.m 
% ONCE WAVEFORMS ARE CREATED, THE FIRST 30 SECONDS ARE CUT 
% OFF TO GET RID OF ANY INCTRODUCED EDGE AFFECTS. THE 
% WAVEFORMS ARE THEN RESAMPLED USING THE 'ALIGN' FUNCTION 
% IN THE WAVEFORM SUITE. THIS IS DONE TO ENSURE 
% STATIONS WITH DIFFERENT SAMPLE RATES CAN BE CROSS 
% CORRELATED.
disp(' ENTERED ATREM_LOADSUN FUNCTION ')
[names components lat lon elv]=textread(st file, '%s %s %f 
%f %f');
for i=1:length(names); 

try
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d(i)=waveform(names{i}, components{i], startime, 
endtime, database);

disp([names{i], ' loaded from: ', database]);
catch

disp([names{i},' SKIPPED']);
continue

end
end
d=d(~isempty(d));
% GET RID OF FIRST 30 SECONDS, INCASE OF ANY INTRODUCED 
% EDGE ARTIFACTS
d = extract(d, 'INDEX&DURATION', 1500 , endtime);
% RESAMPLE TO MAKE SURE ALL WAVEFORMS HAVE THE SAME SAMPLE 
% RATE
d = align(d,get(d(1),'start'), get(d(1),'freq'));

Event List:

07/01/2001
07/14/2001
07/15/2001
07/15/2001
07/15/2001
07/22/2001
07/22/2001
07/23/2001
07/24/2001
07/28/2001
07/28/2001
07/30/2001

15: 52: 00 07/01/2001 16:: 07: 00
04: 05: 00 07/14/2001 04:: 2 0: 00
10: 00: 00 07/15/2001 10:: 3 0: 00
10: 50: 00 07/15/2001 11:: 10: 00
15: 30: 00 07/15/2001 16:: 02: 00
11: 40: 00 07/22/2001 12:: 05: 00
14: 15: 00 07/22/2001 14:: 36: 00
11: 35: 00 07/23/2001 12:: 00: 00
12: 32: 00 07/24/2001 12:: 52: 00
13: 05: 00 07/28/2001 13:: 2 0: 00
15: 50: 00 07/28/2001 16:: 2 5: 00
07: 10: 00 07/30/2001 07:: 35: 00

Station List:

BLGA SHZ
BYR BHZ 01
CFI SHZ
CUT SHZ
DH2 BHZ 01
DH3 BHZ_01
DHY SHZ
FIB BHZ
FID BHZ_01
GHO SHZ
GOU SHZ
HUR SHZ
HURN BHZ_01



After the seismic data is brought into Matlab, several user interfaces have been 

developed for envelope creation, correlation calculation, and duration calculations. The 

main interface used is tremor_gui.m (Figure A-1).
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Figure A-1: Main Non-Volcanic Tremor Interface.

The user specifies a .mat file to load. The waveforms (bandpass filtered from 1-6 

Hz) are displayed as well as a drop-down station list and a map with station locations.

The stations available for the loaded event are highlighted in red. All other stations 

remain grey. There are five button options available: correlate, spectrograms, amplitude, 

savewaves, and clear. Although the spectrogram and amplitude options were not used in 

the finalized NVT study, they were tools used in preliminary studies and therefore will be 

briefly described in this appendix. However, before any of the button options can be



used, the user must highlight at least one station in the drop-down box. When a station is 

highlighted, the waveform and the station location on the map are displayed as bright 

green. Once stations of interest are selected, the button options become available. The 

spectrogram button creates spectrograms of the selected stations and saves them as .ps 

files into appropriate directories. The amplitude button opens an amplitude interface that 

allows the user to select a timeframe over which to find the greatest amplitude. The save 

option allows the user to save the selected waveforms as a new .mat file. The clear 

option closes the current file. The correlate option opens the correlation interface (Figure 

A-2).
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Figure A-2: Correlation Interface.

When the correlation interface opens, the user must specify an envelope. There 

are several envelopes of different smoothness to choose from. All envelopes are created 

by first taking the Hilbert transform of the 1-6 Hz band pass filtered waveforms, then by 

smoothing the envelope with an additional band pass filter. The envelope options in the 

correlation interface refer to the last smoothing step in the envelope creation algorithm.
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Once the envelopes are displayed, the user selects the time window over which to 

correlate. The correlation calculation begins by selecting the xcorr button. Once the 

correlation calculation completes, the text boxes will fill. The station box simply 

identifies the station used in the calculations, the max corr box gives the maximum mean 

correlation coefficients for a particular stations, the dtimes box gives the delay times that 

yield the best correlation, and the derrors box gives the errors associated with the delay 

times calculated using VanDecar and Crossen’s [1990] method. Once the correlation is 

complete, the user may display the correlation related figures, including the aligned 

envelopes, correlation matrix, and statistics plot, as well as calculate the durations. The 

user must save the statistics in order to use them later in the location algorithms. The 

Atrem_dbsave.m code is used to convert the saved statistic data into a format used in the 

location algorithms.

Atrem_dbsave.m:

function Atrem dbsave(list, directory, dbase)
% USED ON CORRELATION OUTPUT MAT FILES TO BUILD ARRIVAL 
% TABLE FOR ANTELOPE. USE:
Atrem dbsave('jun2000.txt','2000','comb 2000 06')
disp(T ENTERED ATREM_DBSAVE FUNCTION- ')
dir=strcat('events/output files/',directory,'/'); 
CorrList=strcat(dir,list);
database=strcat('/home/chloe/tapedata/archive wf/',dbase);
fid=fopen(CorrList);
while 1

infile = fgetl(fid); 
fname=strcat(dir,infile); 
if ~ischar(infile),break,end 
eval(['load ' fname]) 
for i=1:length(data)

db=dbopen(database,'r+'); 
db=dblookup table(db,'arrival'); 
db.record=dbaddv(db,'sta',data(i).station, ... 

'time',data(i).times,'chan',data(i).chan, ... 
'deltim',data(i).error,'fm','-','iphase','S'); 

end
dbclose(db)
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disp([' finished with: ',fname,'---'])
end

The durations interface (Figure A-3) displays the envelopes aligned with the best 

delay times as well as the stacked envelope.

S ta c k e d  E n v e lo p e

■—'■‘VJ
\

C ro s s -h a i r s  u s e d  to  p ic k  th e  s ta r t  

an d  e n d  o f  th e  N V T  e v e n t

L
E n v e lo p e s  a l ig n e d  

b y  d e la y  t im e s

Figure A-3: Duration Interface.



The user picks the start and the end of the tremor based on the stacked envelope. The 

duration is calculated as well as a first-order cumulative displacement calculation, based 

simply on the integration of the envelope over the duration. These displacements are not 

explored in this study. The option was built into the codes specifically for future study.
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APPENDIX B

Located Non-Volcanic Tremor Events in Southcentral Alaska

The following are the NVT events located in the summers of 1999 and 2000. No 

NVT events were located in the summer of 2001. Figure B-1 shows the 22 located 

events, identified by the panel title, that have been projected on to cross-section A-A’. 

Each panel comprises of four parts: a) the waveforms and envelopes of the specific event; 

b) the maximum mean correlation coefficient matrix; c) the location of the event, red 

circle, and the final stations used by the location algorithm, green triangles; and d) the 

projected depth onto cross-section A-A’. Figure B-2 shows the three located events that 

were not projected onto cross-section A-A’, due to the distance from the other located 

events. Figure B-2 consists of the same first three parts, waveforms and envelopes, 

correlation matrix, and location map, as Figure B-1.
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CHAPTER 2

Non-Volcanic Tremor in the Aleutian Arc1

2.1 ABSTRACT

Possible non-volcanic tremor (NVT) has been observed across the Aleutian arc. 

These tremor-like events are observed over a large region spanning seismic networks on 

several volcanoes and are therefore unlikely to be related to any one volcanic complex. 

Although locating the events is not possible at the present time, we provide general 

locations based on move-out times and amplitudes across multiple networks. The 

majority of NVT events are recorded in regions where the subducting Pacific plate is 

inferred to be locked or transitioning from creeping to locked [Freymueller et al., 2008]. 

One NVT event was recorded during a time of increased seismic and volcanic activity in 

the area near the Rat and Andreanof Islands. Similar simultaneous increases have been 

observed in the Aleutians in the past and are hypothesized to be caused by large regional 

stress changes, possibly caused by slow-slip events. The most recent NVT event was 

recorded on the Korovin and Great Sitkin seismic networks approximately one hour after 

the onset of the July 12, 2008 eruption of Okmok volcano. NVT does not appear 

sporadically across the Aleutian arc, but seems to concentrate in a few regions. With 

over 2000 kilometers of subduction zone we have a unique opportunity to examine these 

regions and compare them to regions not producing NVT in an attempt to zero in on 

factors that may play a role in its creation.

1 Peterson, C. L., S. R. McNutt, and D. H. Christensen (2008), prepared for submission to Geophys. Res. 
Lett.
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2.2 INTRODUCTION

The Pacific-North American plate boundary in Alaska is a complex tectonic 

margin spanning several thousand kilometers. The Pacific plate is subducting beneath 

the North American plate more obliquely and at increasing rates westward across the 

Aleutian Arc in a transition from a convergent to transform plate boundary (Figure 2.1) 

[Sella et al., 2002]. Furthermore, the dip of the subducting Pacific plate changes 

dramatically from one of the most shallowly dipping subduction zones in mainland 

Alaska [Freymueller et al., 2000] to a more characteristically dipping (~20 degrees) 

subduction zone westward along the arc. Along the ~2500 km long arc, there are ~80 

volcanoes that have been active in the Holocene. Thirty-three of these volcanoes are 

currently monitored with seismic networks by the Alaska Volcano Observatory (AVO) 

[Dixon et al., 2008]. Figure 2.1 shows the locations of the volcano seismic networks that 

recorded non-volcanic tremor (NVT) events documented in this study.

The characteristics of NVT are similar across different subduction zones, having 

frequencies ranging from 1-10 Hz, durations ranging from several minutes to several 

days, and are located in belt-like distributions between the 30 and 50 kilometer contours 

of the subducting plate [Obara, 2002; Rogers and Dragert, 2003; Dragert et al., 2004; 

Peterson and Christensen, submitted]. NVT was first associated with slow-slip events in 

southwest Japan [Obara, 2002; Obara et al., 2004] and the Cascadia subduction zone 

[Dragert et al., 2001; Rogers and Dragert, 2003]. In both cases the slow-slip events 

appeared to have a somewhat episodic occurrence, allowing for an approximate 

calculation of a recurrence time of NVT [Rogers and Dragert, 2003; Obara et al., 2004].



A relationship between NVT and slow-slip has not been established in Alaska. Based on 

the increasing evidence linking the two phenomena, if we assume a connection between 

NVT and slow-slip in the Aleutians, there are still two major problems in studying the 

phenomena along the arc: First, there are few continuously running GPS stations in the 

region, making identification of slow-slip events almost impossible; Second, locating the 

observed NVT is problematic due to the linear and sparse distribution of seismic stations.

In this study we document NVT in the Aleutians without any GPS data to aid in 

identifying possible slow-slip events. The Aleutian arc is over 2000 kilometers in length, 

with many complications that may contribute to the production of NVT. The purpose of 

this study is to provide a first glance at the entire arc to determine regions where NVT is 

occurring and where it is not, in order to give direction to future studies. Although we 

cannot precisely locate NVT, we provide general locations established simply by the 

distribution of seismic networks on which the signal is observed and the relative strengths 

of that signal at different stations.

2.3 NON-VOLCANIC TREMOR IN THE ALEUTIAN ARC

Each volcano seismic network consists of three or more short-period seismic 

stations. On several networks, including those of Okmok, Akutan, Great Sitkin, Katmai, 

and Augustine, one or more broadband stations are also available. The NVT signals are 

recorded at approximately the same time on any one network, however, we observed 

move-out times across two or more networks, providing a constraint on location. In
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addition to move-out times, the strength of the signal (in terms of amplitude) across 

multiple networks provides a second constraint on locations.

Between the summer of 2005 and the summer of 2008, 28 possible NVT events 

have been observed. Twelve of these events are recorded across two or more networks 

(Table 2.1). These possible NVT events have signatures uncharacteristic of volcanic 

earthquakes and other background seismicity of the areas and are similar to NVT seen in 

other subduction zones. The seismic signals have dominant frequencies ranging from 1

10 Hz and consist of two or more pulses averaging between two and ten minutes, similar 

to the seismic signatures of some NVT events observed in Japan, Cascadia, and 

Southcentral Alaska [Obara, 2002; Rogers and Dragert, 2003; Dragert et al., 2004; 

Peterson and Christensen, submitted to JGR]. The remaining 16 possible NVT events are 

recorded on only one seismic network (Table 2.2). These events differ from volcanic 

tremor because the relative amplitude pattern is different. For volcanic tremor we expect 

higher amplitudes closer to the volcanic vent and decreasing amplitudes moving radially 

from the vent. The possible NVT events have higher amplitudes farther from the vent, 

generally trenchward. Despite the inconsistency that our possible NVT events show in 

regards to volcanic tremor, because these events are only recorded on one seismic 

network, conclusively ruling out the volcano itself as the source of the signal is very 

difficult. Therefore, out of the 28 possible NVT events, only the 12 events spanning 

multiple seismic networks (>50 km apart) are considered NVT in this study.

Envelopes of the NVT events are created and cross-correlated to determine the 

similarity between signals recorded across the multiple seismic networks, as well as the
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move-out times between those networks via the method used by Peterson and Christensen 

[submitted]. Figure 2.2 shows the waveforms and envelopes of three NVT events 

occurring in different regions of the Aleutians. Peterson’s and Christensen’s [submitted] 

cross-correlation procedure is designed to calculate delay times (move-out times between 

stations) and delay time errors to be used in a location algorithm. This algorithm requires 

at least four stations. In the Aleutians, each network essentially counts as “one” station 

because the arrival times at all stations in that network are the same within the calculated 

delay time error. In the Aleutians, we do not have any NVT events recorded on more 

than three networks and therefore we are currently unable to locate the events. However, 

by using the move-out times and differences in amplitude across multiple networks, we 

can approximate a general location (Figure 2.3). In Figure 2.4 we show the timeline of 

NVT events used in this study, where each of the 12 NVT events are color coded and a 

dot of that color is placed under the seismic networks on which the event was recorded. 

Furthermore, each dot is sized based on its arrival time and amplitude for that network.

A larger dot represents an earlier arrival time and higher amplitude. In Figure 2.5 the 

general location of the twelve events are shown. We assume the NVT is occurring 

between the 35 and 50 km contours, similar to NVT found in Japan [Obara, 2002], 

Cascadia [Rogers and Dragert, 2003; Dragert et al., 2004], and Southcentral Alaska 

[Peterson and Christensen, submitted].
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2.4 DISCUSSION AND CONCLUSIONS

The Alaskan/Aleutian subduction zone consists of several large asperities, similar 

to those that ruptured in 1964, which have ruptured in large earthquakes including the 

1938, Mw=8.3, 1957, Mw = 8.6, and the 1965, Mw = 8.7 events (Figure 2.5). These 

asperities may be related to boundaries along strike of the subduction zone at which stress 

directions change significantly [Lu and Wyss, 1996]. Between asperities, there are 

regions that appear to be creeping [Freymueller et al., 2008] (Figure 2.5). In these regions 

it is difficult to determine whether the interface is continually slipping or slips as discrete 

events because GPS data used are gathered mostly from campaign stations, not 

continuously running stations [Freymueller et al., 2008].

The majority of NVT events (seven out of twelve) are recorded in the region of 

Okmok, Makushin, and Akutan volcanoes (Figures 2.4 and 2.5). Three events are 

recorded in the Alaska Penninsula (Figures 2.4 and 2.5). In these two regions, the 

subducting Pacific plate is inferred to be locked or transitioning from creeping to locked 

[Freymueller et al., 2008] (Figure 2.5). Based on the increasing studies linking NVT and 

slow-slip, the presence of NVT in the Aleutians could indicate the occurrence of 

otherwise undetectable slow-slip events. If we assume a relationship between slow-slip 

and NVT in the Aleutians, our general locations are consistent with the hypothesis that 

slow-slip occurs down dip of currently locked asperities on the plate interface [Peterson 

and Christensen, submitted].

The Okmok, Makushin, and Akutan region is intriguing in several ways. First, 

this is the region where North American continental crust to the east switches into



oceanic crust to the west (Figure 2.1). It is reasonable to assume additional complications 

in the subduction zone due to variations in thickness of the overlying crust. Second, 

coupling in the region also changes, transitioning from creeping in the northeast, where 

the North American plate is still continental, to locked in the southwest, where the North 

American plate is oceanic [Freymueller et al., 2008]. This transition from creeping to 

locked along strike of the subduction zone could result in a weakened zone that allows 

for the creation of NVT, either by slow-slip events or an undetermined mechanism.

In several cases, NVT occurs during times of heightened seismic and volcanic 

activity that is occurring simultaneously across large regions of the arc. Similar increases 

in activity have sporadically been observed across the Aleutian arc [McNutt and 

Marzocchi, 2004; Kore, 2006]. For example, in the summer of 2006 the Rat Islands and 

Andreanof Islands experienced three M>6.0 earthquakes, four M>5.5 earthquakes, 

swarms of earthquakes at Kliuchef volcano, as well as NVT (Figure 2.5). It is likely that 

simultaneous increases in both seismic and volcanic activity are the result of regional 

stress changes [McNutt and Marzocchi, 2004]. The mechanism for such a stress change 

has not been identified, but hypothesized to be a slow-slip event on the plate interface at 

the transition zone adjacent to the locked portion of the subduction zone. Previous 

studies have shown that slow-slip events on the plate interface may increase stress on the 

up-dip locked portion of the interface [Linde and Silver, 1989; Dragert et al., 2001] and 

therefore may trigger earthquakes in the region [Mazzotti and Adams, 2004; Kao et al., 

2006]. It is possible that similar triggering is occurring in the Aleutians. Continuous
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GPS is sparse on many of the volcano seismic networks, making it unlikely to be able to 

observe slow-slip events as they occur.

More recently, NVT was recorded on the Korovin and Great Sitkin seismic 

networks approximately one hour after the onset of the July 12, 2008 eruption of Okmok 

volcano (Figures 2.4 and 2.6). It is possible that the stress change associated with the 

Okmok eruption propagated along strike of the subduction zone and resulted in the NVT 

recorded at Korovin and Great Sitkin. If so, this is the first documented case of triggered 

NVT in Alaska. Alternatively, both the eruption and the NVT may have been triggered 

by a slow-slip event. The coupling between the North America plate and the Pacific plate 

in this region is similar to that of the Makushin-Akutan region in that the subducting 

Pacific plate is transitioning from creeping to locked [Freymueller et al., 2008] (Figure 

2.5).

In the Aleutian arc, NVT does not occur sporadically. The region of the Okmok, 

Makushin and Akutan volcanoes appears to be a hot spot for NVT in the Aleutians. On a 

lesser scale, NVT occurs in the region near Katmai volcano on the Alaska Peninsula. 

These two regions could yield important information on mechanisms for the production 

of NVT. Furthermore, NVT has occurred during times of other activity; during the Rat 

and Andreanof Island heightened activity; and during the 2008 eruption of Okmok 

volcano. These findings open the door to studying triggered NVT in Alaska.
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Figure 2.1 Seismic Networks Along the Aleutian Arc. Arrows represent the direction and speed of 
the subduction Pacific plate.
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Figure 2.2 Examples of Non-Volcanic Tremor in the Aleutian Arc: Waveforms and corresponding 
envelopes (red) for three events. The top panel is an event in the Alaska Peninsula; the middle panel 
is an event in the Okmok, Makushin, and Akutan region; and the bottom panel is an event in the 
western arc.
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Figure 2.3 Amplitudes and Arrival Times: An NVT event recorded on the Veniaminof and Peulik 
seismic networks. Top panel shows the maximum amplitude of two pulses (green and blue) within 
the tremor event. The Veniaminof stations record larger amplitudes than the Peulik stations. The 
Bottom panel shows arrival times. The NVT signal arrives at the Veniaminof stations approximately 
one minute before arriving at the Peulik stations.
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Figure 2.4 Aleutian Non-Volcanic Tremor Timeline: Time, in months, is along the x axis and the 
volcano seismic networks are along the y axis. Each of the 12 events has its own color. Multiple dots 
of that color are placed in line with the volcano on which the particular event was recorded. A larger 
dot indicates the event reached that network earlier with higher amplitude then the other networks 
on which it is recorded. Stars indicate major earthquakes occurring in the region and small black 
volcanoes indicate volcanic activity.
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Figure 2.5 General Locations of Non-Volcanic Tremor Events in the Aleutian Arc: Each colored dot 
represents the general location of a NVT event based on first arrivals and amplitudes. We assume 
the NVT is occurring between the 30-50 km contours. Dark gray regions represent regions where the 
plate interface is inferred to be creeping and little gray regions are regions where the plate interface 
is currently locked. Rupture zones of the largest Aleutian earthquakes are outlined in black.
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Figure 2.6 Non-Volcanic Tremor Triggered by the Okmok Volcano Eruption: Signals are recorded 
on the Korovin and Great Sitkin seismic networks. The signal at Great Sitkin is disturbed by a small 
local earthquake.
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Table 2.1. Non-Volcanic Tremor Events in the Aleutians: Recorded on multiple seismic networks.

Year Month Day Time (UT) Volcanic Networks
Duration

(sec)
2005 Aug 16 16:21 Makushin, Akutan 525

2005 Aug 17 15:32 Okmok, Makushin 282
2005 Sep 1 7:11 Makushin, Akutan 742
2005 Oct 3 7:49 Mageik, Peulik, Veniaminof 507

2005 Oct 5 6:42 Makushin, Akutan 315
2005 Dec 2 5:57 Katmai, Peulik 523

2005 Dec 10 3:24
Akutan, Makushin, Okmok, 
Korovin 247

2006 Aug 14 22:45
Gt Sitkin, Kanaga, Gareloi, Lt 
Sitkin, Semi, Tanaga 180

2007 Apr 1 15:57
Augustine, Fourpeaked, 
Katmai, Peulik 474

2007 Apr 11 16:48 Makushin, Okmok 394
2007 May 9 0:02 Okmok, Makushi, Akutan 543
2008 Jul 12 20:48 Korovin, Great Sitkin 1445

Table 2.2. Other Possible Non-Volcanic Tremor Events in the Aleutians: Recorded on only one 
seismic network.

Year Month Day Time (UT) Volcanic Network
Duration

(sec)

2001
Mar-
Aug Makushin 3m-8.5h

2005 Aug 23 0:41 Makushin ?
2005 Aug 23 23:53 Okmok ?
2005 Aug 24 1:50 Okmok ?
2005 Aug 24 4:22 Okmok ?
2005 Aug 24 13:20 Makushin ?

2005 Aug 27 7:00 Makushin ?
2005 Aug 27 9:20 Makushin ?
2005 Aug 27 9:50 Makushin ?
2005 Sep 1 22:45 Okmok ?
2005 Sep 23 14:49 Akutan ?

2005 Sep 23 3:29 Okmok ?
2005 Sep 26 8:09 Akutan ?
2006 Sep 25 16:19 Katmai 300
2007 Jan 31 13:16 Katmai 60
2008 May 27 4:36 Katmai 120
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CONCLUSIONS

There were two main objectives for this study of non-volcanic tremor (NVT) in 

Alaska. The main objective was to determine a relationship between NVT and the 1998

2001 slow-slip event that occurred in Southcentral Alaska. The second objective was to 

tabulate NVT in the Aleutian Arc. Studying NVT in both Southcentral Alaska and the 

Aleutian arc is difficult due to the sparse distribution of seismic stations as well as 

continuously running GPS stations used to identify slow-slip events.

During the 1998-2001 slow-slip event, the Broadband Experiment Across the 

Alaska Range (BEAAR) PASSCAL experiment was deployed in region of slip, providing 

additional seismic stations on which NVT is recorded. These additional stations in 

combination with the Alaska Earthquake Information Center (AEIC) stations provide 

enough coverage of Southcentral Alaska to locate some of the observed NVT. NVT 

was tabulated for the summers of 1999, 2000, and 2001. Ideally, in order to determine a 

relationship between NVT and the 1998-2001 slow-slip event, NVT must be tabulated 

and located during the entire time span of the slow-slip event as well as for a time period 

prior to and after. Due to limited time and computer resources, however, concentrating 

on a smaller segment or segments of time was more realistic. The summers of each year 

were chosen because the BEAAR experiment stations were in operation at those times.

The results of this study are suggestive of a relationship between NVT observed 

during the summers of 1999, 2000, and 2001 and the 1998-2001 slow-slip event. The 

majority of locatable NVT observed during the timeframe of this study locate in the 

region of the slow-slip event. Furthermore, only NVT occurring in the summers of 1999



and 2000 were locatable. The lack of locatable NVT in the summer of 2001 is coincident 

with the end of the slow-slip event. Decreases in quantity as well as in durations of the 

observed NVT in 2001 also support the hypothesis that the NVT is related to the slow- 

slip event.

NVT has also been recorded in the Aleutian arc sometimes associated with 

increases in other seismic and volcanic activity. It is hypothesized that the NVT is 

related to slow-slip events. Identifying these events is problematic due to the lack of 

continuously running GPS stations. However, from campaign GPS sites, locked and 

creeping regions along the arc have been identified [Freymueller et al., 2008]. The 

majority of the NVT is recorded on volcano networks in regions believed locked or 

transitioning from creeping to locked, consistent with finding in Southcentral Alaska.

The study of NVT in the Alaskan/Aleutian subduction zone is still in its infancy. 

This has been a preliminary study to characterize and tabulate NVT. Future work is 

needed to confirm a relationship between NVT and slow slip in the Alaskan/Aleutian 

subduction zone.
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