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ABSTRACT

Data from the Alaska Volcano Observatory and Alaska Earthquake Information 

Center catalogs are applied to four research initiatives. In Chapter 1, the distinction 

between mainshock-aftershock sequences and swarms is made on the basis of how the 

total elastic energy is partitioned between the largest and smaller magnitude earthquakes. 

Chapter 2 establishes that multiplets are ubiquitous to periods of heightened volcano- 

seismicity across the Aleutian Islands and argues that they arise from the diffusion of heat 

and/ or pore fluids through the system and not from an increase in stress. The attributes of 

the 2008 Kasatochi eruption and pre-emptive swarm are discussed in Chapter 3. Cross

correlation techniques are employed to root out additional waveforms that were either 

below the threshold of the detection or location algorithms used. The onset time of the 

pre-eruptive swarm is redefined and its temporal development more fully characterized. 

Chapter 4 integrates seismic and acoustic data to analyze the Continuous Phase of the 

2006 eruption of Augustine Volcano. The Continuous Phase is shown to be a scaled- 

down version of the Explosive Phase. What was perceived by remote sensing 

observations as a continuous, unperturbed eruption is shown here to be a rapid succession 

of discrete blasts.
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1

INTRODUCTION

This thesis is a compilation of four separate, though closely related topics in 

volcano seismology. A broad range of topics is covered from the distinction between 

mainshock-aftershock sequences and swarms to the utility of cross-correlation techniques 

as they apply to periods of heightened seismicity. Each chapter exploits the Alaska 

Volcano Observatory’s catalog of continuous data to answer specific questions regarding 

volcano seismicity.

Chapter 1 establishes a logical distinction between mainshock-aftershock 

sequences and swarms. Since the differences between these sequences were discussed by 

Richter [1958] and Mogi [1963], the distinction has remained elusive. Within the 

seismological community there is no standard practice with regards to distinguishing 

between these sequences. Previously, the distinction has been made subjectively by 

consulting the qualitative differences prescribed by Richter and Mogi. Here mainshock- 

aftershock sequences are distinguished from swarms on the basis of how the total elastic 

energy is partitioned between the largest and the smaller magnitude shocks. This 

formulation is objective, conceptually simple, and agrees with the original observations 

of Richter and Mogi.

Chapter 2 aims to provide insight into the physical significance of multiplets, or 

groups of two or more waveforms similar in waveform pattern. After demonstrating that 

multiplets are ubiquitous to periods of heightened volcano-seismicity across the Aleutian 

Arc, systematic differences in b-values induced by the blind-inclusion of multiplets



within the b-value calculation are discussed. The b-value is used to gain insight into the 

underlying physical processes responsible for the generation of multiplet waveforms. We 

conclude that multiplets arise from the diffusion of heat and/ or pore fluids through the 

volcanic system and not from an increase in stress.

In Chapter 3 we take advantage of the presence of multiplets to better characterize 

the 2008 pre-eruptive seismicity at Kasatochi Volcano. Events within Kasatochi’s 

earthquake catalog are cross-correlated against the continuous data stream to root out 

additional waveforms that were below the threshold of the detection or location 

algorithms used during real-time monitoring. This has the effect of fleshing out a lean 

pre-eruptive catalog of events. The number of events available for analysis is more than 

doubled. The onset time of seismic unrest there is redefined one week earlier and the 

temporal development of the pre-eruptive sequence more accurately characterized. Both 

of these outcomes are favorable as they stand to bolster eruption forecasting. The 

attributes of the Kasatochi seismic sequence are discussed in detail.

An eruption at Augustine in 2006 has been broken into three phases by previous 

investigators: the Explosive, Continuous and Effusive Phases [Power et al., 2006]. 

Chapter 4 integrates seismic and infrasonic measurements to study the Continuous Phase 

of the eruption. I suggest that the Continuous Phase was a scaled down version of the 

Explosive Phase. I dispel the notion that this was a continuous, unperturbed eruption and 

provide evidence that it was instead a rapid succession of discrete blasts. These 

conclusions were made possible by integrating seismic and acoustic measurements.
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No modern day contribution to seismology is made independently. This thesis 

bears my name alone but was made possible by Dr. Stephen R. McNutt’s mentorship, the 

careful considerations of my committee, multiple generations of personnel who worked 

to establish and maintain the Alaska Volcano Observatory’s seismic networks, and the 

contributions of my predecessors.
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Chapter 1 Towards a logical distinction between mainshock-aftershock sequences 

and swarms: A systematic study based on energy1

1.1 ABSTRACT

The distinction between mainshock-aftershock sequences and swarms remains 

elusive. Within the seismological community there is no standard practice with regards to 

distinguishing between these sequences. Qualitative parameters such as the timing of the 

largest event relative to the onset of the sequence and the size of the largest event 

compared to the smaller events fail to provide an unambiguous and widely applicable 

distinction. Yet, the distinction remains important to seismology because our 

understanding of the physics creating these two types of sequences differs. Here we 

define mainshock-aftershock sequences and swarms on the basis of how the total elastic 

energy is partitioned between the largest and the smaller magnitude shocks. As such, a 

mainshock-aftershock sequence is a sequence in which the largest shock carries more 

energy than the cumulative energy of the smaller events. A swarm is a sequence of events 

whose cumulative energy exceeds the energy of the largest event. This formulation gives 

a conceptually simple and computationally efficient means to distinguish mainshock- 

aftershock sequences from swarms. To demonstrate that these sequences are not defined 

by the volcanic or tectonic regions in which they occur but rather by how the energy is 

partitioned, we apply this classification to 13 periods of heightened activity in the vicinity 

of volcanoes within the Aleutian Arc, Alaska.

1 Christensen, B.C. and S.R. McNutt (2010), prepared for submission to Bulletin o f  the Seismological 
Society o f  America.
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1.2 INTRODUCTION

A fundamental issue in seismology is the distinction between mainshock- 

aftershock earthquake sequences and swarms. Mainshock-aftershock sequences are 

common and easy to recognize; the mainshock is the largest event and occurs first, 

whereas the aftershocks are dependent on, are all smaller in magnitude than, and occur 

after the mainshock at gradually decreasing rates (Omori, 1894; Mogi, 1963). Swarms are 

sequences in which there is no principal shock or mainshock. Instead there are many 

shocks of similar magnitude that occur close together in space and time (Richter, 1958). 

The qualitative distinctions just drawn between these sequences are, however, 

generalizations and within the seismological community there is no standard practice 

with regards to distinguishing mainshock-aftershock sequences from swarms.

In applying the general definitions given above for mainshock-aftershock 

sequences and swarms to categorize seismic sequences, one quickly becomes acquainted 

with their limitations. Consider the examples provided in Figure 1.1. O f the 4 seismic 

sequences displayed here, the 2002 Great Sitkin and 1991 Spurr sequences can be most 

readily classified as mainshock-aftershock and swarm sequences, respectively. In the case 

of Great Sitkin, the largest event occurs towards the onset of the seismic sequence, 

though not exactly as the first event (see vertical red line, Figure 1.1). The subsequent 

aftershocks are all smaller in magnitude than the largest shock and they occur at 

decreasing rates (at least within the first few days, after which the seismicity remains low



but above background and does not disappear completely). In the case of Spurr, there is 

no principal shock but many shocks similar in magnitude that occur close in time.

Now consider the 2002 Snowy and 2008 Kasatochi sequences. Under the above 

definitions, neither sequence can be classified purely as a mainshock-aftershock or swarm 

sequence. The largest event in the Snowy sequence occurs at the onset of the sequence 

but it does not stand alone. There is another event that occurs a few days later which is 

0.2 magnitude units smaller than the largest event. Following this event, the rate of 

seismicity decays only to rise again at the end of the sequence. At Kasatochi the largest 

event occurs well after the onset of seismic activity and is not rivaled by events of similar 

magnitude. The occurrence of the largest event at Kasatochi appears to influence the 

seismicity of the remaining sequence. Following the largest event and an eruption that 

occurred 3.5 hours later, seismicity decayed to background levels in a fashion reminiscent 

of the Great Sitkin sequence. The Kasatochi sequence seems to be a hybrid and shares 

many of the qualitative mainshock-aftershock and swarm-like characteristics discussed 

above. One might label the first half of this sequence as a swarm and the second half as a 

mainshock-aftershock sequence. Alternatively, the Kasatochi sequence might be labeled 

as foreshock-mainshock-aftershock sequence as described by Mogi (1963).

It should be clear that definitions such as these which are based on qualitative 

parameters fail to offer an unambiguous and widely applicable distinction between 

mainshock-aftershock sequences and swarms. Yet, the distinction remains important to 

seismology as our understanding of the physics behind the generation of these two modes 

of sequences differs (e.g., Toda et al. 2002). It is our goal to create a framework through
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which seismologists can readily distinguish between mainshock-aftershock sequences 

and swarms on some physical basis, while not contradicting the fundamental observations 

of Omori, Richter, and Mogi.

We study earthquake sequences systematically. The energy of the largest shock is 

compared to the cumulative energy of all the smaller shocks. Mainshock-aftershock 

sequences and swarms are defined on the basis of how the total elastic energy is 

partitioned between the largest and the smaller magnitude shocks. As such, a mainshock- 

aftershock sequence is a sequence in which the mainshock carries more energy than the 

cumulative energy of the fore and aftershock events. A swarm is a sequence of events 

whose cumulative energy exceeds the energy of the largest event. These definitions stand 

irrespective of when the largest event occurs within the earthquake sequence. This 

formulation provides a conceptually simple means to distinguish mainshock-aftershock 

sequences from swarms.

1.3 METHODS

Our goal is to determine the energy of the largest event (M M A I N )  of an earthquake 

sequence and compare it to the cumulative energy of the smaller events. The energy, E, 

is calculated as,

log 1 0 E = 2.9 + 1.9Ml -  0.024M l 2, (1 )

where E is given in Joules and magnitude in M L  (Richter, 1958). The cumulative energy 

of the smaller sequence is determined by calculating the energy for each shock via 

Equation 1 and summing over all events. Because the Richter energy equation is specific

7



to shear fracture events, volcanic sequences with B-type events (also referred to as “low- 

frequency” or “long-period” events), are not included in our study.

The M L  magnitude scale was chosen because it is the magnitude scale assigned by 

the Alaska Volcano Observatory (AVO) to events within Aleutian Arc. The M W  scale, a 

theoretically more appropriate scale for an energy study, was not used in this study for 

practical reasons. Volcanic sequences are composed mostly of events with magnitudes <3 

M l (Benoit and McNutt, 1996). It is not practical to determine stress drops and moments 

for events of such small magnitudes. The M W  scale, therefore, is not an appropriate 

choice for this study.

We recognize the potential shortcomings of employing energy as a discerning 

parameter between mainshock-aftershock sequences and swarms. There are many 

difficulties inherent to determining the energy release by shear fracture events. To 

properly quantify the energy released by a shear fracture earthquake one must determine 

the change in stress as E R  = 0.5aD A , where E R  is the radiated seismic energy, a  is the 

stress drop, D the average displacement, and A the area of rupture (Stein and Wysession, 

2003). It is not always possible to determine a  with sufficient accuracy given the 

limitations of current seismic networks. We assume, therefore, that the M L  value assigned 

to each earthquake is representative of the energy released during the shear fracture 

event. We assume that the percent of the total moment released as radiated seismic 

energy (as opposed to heat, for example) is consistent for all provinces included in this 

study and the energies lost to path and site effects are comparable. Furthermore, for each

8



earthquake sequence we assume the errors in M L  and seismic efficiency are consistent 

between the M M A I N  event and smaller events.

Calculating the cumulative energy directly from the actual recorded events in an 

earthquake sequence, however, may produce biased results if  the impact of a network’s 

magnitude of completeness (M C )  is not taken into consideration. During volcanic unrest, 

for instance, the magnitude of the largest event is commonly <3.0 M L  (Table 1.1). For 

such sequences, events many orders of magnitude smaller than the largest event may be 

difficult to detect using traditional volcano-seismic networks and a catalog of events may 

only span a few orders of magnitude. Within the Aleutian Arc, for example, a typical 

seismic network contains 4 to 8 seismometers and, depending on the actual number of 

instruments in the network and a myriad of other factors (e.g., noise, telemetry problems, 

and instrument sensitivity), the M C  for locally instrumented volcanoes ranges from -0.5 to

1.7 M l  (Dixon and Stihler, 2009). If events can only be detected over a limited range in 

magnitude by the seismic network in question, the possibility remains that a large number 

of smaller events whose cumulative energy is not trivial will be excluded from the 

cumulative energy calculation of the entire sequence, thus biasing the results. We 

demonstrate the cumulative energy’s dependence on small magnitude events for varying 

M M Ai n , M c  and magnitude-frequency relationships in Figure 1.2 for synthetic earthquake 

sequences generated via the Gutenberg-Richter relationship (GRR). The standard GRR is 

calculated as

log1 0N = a - bM (2 )

9



where b is the slope of the graphical relationship between magnitude M and the 

cumulative number of events N, and a is a constant (Gutenberg and Richter, 1944). The 

inclusion of events to progressively lower M C, shown in Figure 1.2 as a shift in M C from 

M main-1 to M main-9 increases the cumulative energy of the smaller events. As the b- 

value increases, the slope of the magnitude-frequency plot increases (Figure 1.3). This 

has the effect of increasing the number of smaller events at all magnitudes subordinate to 

the M main, resulting in an increase in the cumulative energy contained within the 

subordinate events. This effect is accentuated at larger b-value and M main (Figure 1.2). 

For cases where events below a network’s M C will contribute a non-trivial amount to the 

cumulative energy of the sequence, although said events may not be detectable, we can 

use the GRR to infer their existence (as in Figure 1.2). In this way, the b-value becomes a 

means to calculate the energies contained within these smaller, undetectable events 

(Gutenberg and Richter, 1944). These methods have the advantage of retaining the 

underlying self-similarities of earthquakes across all magnitude intervals.

Using the GRR alone, however, to estimate the cumulative energy contained 

within events smaller in magnitude than the M main event would suffer from both the 

weighted least squares method commonly used to calculate the b-value and deviations 

from the GRR in nature. A b-value determined by this method cannot be used as a direct 

path to energy because it is weighted towards relatively smaller events and not towards 

the relatively larger, more energetic events. Thus, a cumulative energy calculation based 

on the number of events predicted at each magnitude smaller than the largest shock by 

the GRR relationship may under-estimate the actual number of large events in a
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sequence, biasing the cumulative energy calculation. This is because the GRR 

relationship has limitations and commonly fails to predict the actual number of events at 

each magnitude between the M main and Mmain- 1. As the b-value decreases, the GRR 

predicts there will be a single largest event and a diminishing number of events with 

magnitudes >Mmain-1 (Figure 1.3). For a b-value of 2, there will be 103 events with 

magnitudes <Mmain and >Mmain- 1, at b = 1.5, 31 events, b = 1.0, 9 events, b = 0.5, 2 

events, and so on. This is true for seismic sequences of any M main. We know from our 

experience with periods of heightened seismicity in Alaska and elsewhere that this 

relationship is deficient in 2 ways: 1) There are commonly sequences with 2 or more 

events equal in magnitude to the M main (the type examples of “swarms” as Richter 

(1 9 5 8 ) has defined them, e.g., 1996 Strandline Lake, 1998 Becharof Lake, and 2008 

Trident sequences; see Table 1.1). Perhaps the magnitudes of the largest events in each of 

these cases were not exactly equal but varied from one another in the hundredth’s place. 

This is a likely situation. Regardless, such events are in similar violation of the GRR: 2 ) 

The GRR predicts that there cannot be a sequence with a magnitude separation of <0.1 

for b = 1.6 to 2.0, <0.2 for b = 1.1 to 1.5, <0.3 for b = 1.0 to 0.8, <0.4 for b = 0.7, and so 

on (Figure 1.3). Here magnitude separation (M S E p )  is defined as the difference in 

magnitude between the M main and the second largest event. Indeed, M S E P ’s are common 

to naturally occurring earthquake sequences. Bath (1 9 6 5 ) observed that an average M S E P  

between the largest and second largest shocks for shallow earthquake sequences is 1.2 

magnitude units. Most of the sequences of concern to this study have M S E P  <1.2 (Table 

1.1).

11



To address these difficulties, it is first necessary to investigate the behavior of the 

cumulative energy calculation for a given earthquake sequence at the b-value and M main 

of the sequence and varying M C . From Figure 1.2, the reader will notice that for some 

combinations of b-value and M C , the cumulative energy underestimates the actual energy 

contained within the sequence as suggested by the GRR by up to an order of magnitude. 

If the sequence in question possesses these qualities, it may be necessary to supplement 

the cumulative energy calculated for events above that sequences actual M C  with the 

cumulative energy of a synthetic data set generated via the GRR (Equation 2 ) for events 

below the M C .

To gauge whether or not it is necessary to supplement the cumulative energy 

calculation carried out over the events >M c with a correction factor generated by the 

GRR for events <M C , we first treat each sequence in our study as if they obeyed the GRR 

at all magnitudes subordinate to the M main. In doing so, we calculate the cumulative 

energy contained within the smaller shocks at varying M C  and plot these over all b-values 

from 0.5 to 2. This allows us to gauge the behavior of the cumulative energy as these 

parameters are varied. This has been done for the 1996 Strandline Lake and 2008 

Kasatochi sequences (Figure 1.4, see black lines). The actual b-values and cumulative 

energies of the two sequences are plotted as red symbols. The cumulative number of 

events at each magnitude is determined by the magnitude-frequency relationship 

(Equation 2 ) and the energies are calculated for each event via Equation 1 and summed. 

All energies calculated in this manner fall within an order of magnitude of those energy 

calculations carried out for M C ’s which are many orders of magnitude lower than those of

12



each sequence in question (M C  values for each sequence are listed in Table 1.1). The 

energies of most sequences overlap (e.g., 2008 Kasatochi). This tells us that we can use 

the actual events within each of our sequences to estimate the cumulative energy released 

by the smaller events.

When it is necessary to use the magnitude-frequency relationship to determine the 

energy of events below the M C , the lower limit of the GRR must be considered carefully. 

The GRR has been validated by observations to -1.3 M W  (Boettcher et al., 2009). 

Theoretically, there is no lower limit. To make the assumption, however, that there is no 

lower limit comes with certain conceptual oddities. For instance, at b-value = 1, with 

each whole unit decrease in magnitude the number of events, N, increases an order of 

magnitude. Eventually, since each event has duration, events occur simultaneously, the 

signal becomes continuous, and one loses the ability to distinguish one event from 

another.

The scheme presented here makes no assumptions regarding the spatial and 

temporal evolution of the sequences. It was developed with the intent to compare 

mainshock-aftershock sequences and swarms quantitatively. Various data sets from 

throughout the Aleutian Arc, Alaska are analyzed and compared to the scheme in the 

following section.

1.4 DATA AND RESULTS

The data set employed to evaluate the utility of our scheme was drawn from the 

Alaska Volcano Observatory and Alaska Earthquake Information Center catalogs. The

13



data set contains 13 sequences that occurred beneath or in the vicinity of volcanoes in the 

Aleutian Arc (Table 1.1).

A distinction between sequences of earthquake activity occurring within tectonic 

and volcanic provinces is drawn here to emphasize that mainshock-aftershock sequences 

and swarms are not defined by the regions in which they occur but by how the energy is 

partitioned. As we will see, swarms are especially common to volcanic provinces, but 

mainshock-aftershock sequences also occur in the vicinity of volcanoes (as previously 

observed by Richter (1 9 5 8 ) and others). In some cases, sequences with mainshock- 

aftershock characteristics may even be associated with volcanic eruptions (e.g., 2008 

Kasatochi). Tectonic sequences with swarm-like characteristics have also been 

documented (e.g., Richter, 1958; Mogi, 1967; Sylvester et al., 1970; Vidale and Shearer, 

2008). Of the 13 total volcanic sequences studied here, 3 are classified as mainshock- 

aftershock sequences and 10 as swarms based on the scheme presented in the methods 

section above.

In Figure 1.5, the b-value, M m a i n  and M SEP of each of the 13 sequences in Table

1.1 have been plotted against the energy ratio of the smaller events to the M m a i n  event. In 

this study the classification of events would not have changed with inclusion of events 

below each catalog’s M C. With the inclusion of such events, some of the sequences 

already plotting in the swarm field would have even more energy than the M m a i n , but 

would still be classified as swarms. The inclusion of events below the M C for sequences 

classified as mainshock-aftershock sequences would not have pushed these sequences 

over the threshold (E s m a l l  e v e n t s / E l a r g e s t  e v e n t  == 1) and into the swarm field.

14



The b-value does not appear to be the most important discerning factor between 

mainshock-aftershock sequences and swarms. Both types of sequences overlap in their b- 

values (Table 1), though the b-values of the swarms span a much wider range and the 

average b-value of the swarms is clearly higher. Mainshock-aftershock and swarm 

sequences plot in different regions when the Mmain and M SEP of each sequence are 

compared to how the energy is partitioned between the M main event and smaller shocks. 

With the exception of the Becharof Lake swarm (M main = 5.1), sequences with Mmain > 

~3.5 (2 total) have more energy in their M main than the smaller events. In the case of the 

Becharof Lake swarm, the M SEP = 0.0. Turning now to M SEP, with the exception of the 

Snowy mainshock-aftershock sequence (M SEP = 0.2), the remainder of the mainshock- 

aftershock sequences (2  total) have large M SEP relative to the swarms (Figure 1.5). The 

larger the M SEP, the greater the disparity between the energy contained within the Mmain 

and smaller events. These observations could be an artifact of the limited number of 

earthquake sequences included in this study. However, the M SEP for many mainshock- 

aftershock sequences is >1.0 so there are hundreds of thousands of potential data points 

in this part of the plot based on the published literature.

1.5 DISCUSSION

Sequences with swarm-like affinities occur within tectonic provinces (e.g., 

Richter, 1958; Mogi, 1967; Sylvester et al., 1970; Vidale and Shearer, 20 08 ) just as 

sequences with mainshock-aftershock affinities occur within volcanic settings (this 

paper). This suggests that a single dominant process, leading to a characteristic seismicity
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pattern, is not associated with either tectonic or volcanic settings alone. It appears more 

likely that there exists a continuum between swarms and aftershock sequences, as 

supported by the distribution of the data in Figure 1.5 and first suggested by Mogi (1963 ), 

than completely separate and unique physical processes. This has hindered the 

geophysical community's efforts to establish a parameter or group of parameters that 

distinguishes between these two types of sequences (e.g., Richter, 1958; Klein et al., 

1987; McNutt, 2005).

Using energy as the discerning parameter, definitive mainshock-aftershock 

sequences include the 2002 Great Sitkin, 2002 Snowy and 2008 Kasatochi earthquake 

sequences. The Snowy and Kasatochi sequences were the two ambiguous cases discussed 

at the beginning of this paper. The previous qualitative classifications of the 2002 Great 

Sitkin and 1991 Spurr sequences as a mainshock-aftershock and swarm sequences 

respectively are preserved by our classification scheme.

Unless the M S E P  is equal to zero, in which case the energy of the smaller events 

plus the second largest event by definition overcomes the energy of the M main event, 

sequences with M main< ~3.5 are likely to be classified as swarms, regardless of their M C . 

A useful rule of thumb is that sequences with low M S E P  are typically swarms. Both of 

these outcomes are conceptually pleasing results. As the M S E P  grows, the difficultly in 

overcoming the energy of the M main rises. With every unit increase in the Mmain, there is 

a 32 times increase in the energy contained within that event. Eventually, the energy of 

the largest event is so large that there is no magnitude-frequency distribution of smaller 

events whose cumulative energy can overcome that of the M main event. Trends may
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arise as additional data points are added with future periods of seismic unrest in Alaska 

and elsewhere.

Here we chose to use energy to distinguish between mainshock-aftershock 

sequences and swarms. Additional parameters that may have been used include the stress 

rate variation throughout an earthquake sequence, as suggested by Toda et al. (2002 ), or 

the timing of the M main event, as suggested by Vidale and Shearer (2008). With respect 

to the former, if  the stress change is gradual (for example, the gradual pressurization of a 

volcanic edifice via the expansion of a deep source [Mogi, 1958]), the change in rate of 

seismicity will also be gradual, if  not erratic. By comparison, a sudden stress change 

(e.g., double-couple shear fracture events or rapid dyke intrusions) will cause the rate of 

seismicity to increase abruptly then decay rapidly in Omori-like fashion. We speculate 

that the mainshock-aftershock sequences that occur within volcanic provinces which are 

associated with instantaneous stress drops share similar decay patterns with double

couple slip-events at major faults in tectonic provinces. The implication is that it is the 

rapid timing of the event, rather than its type, that determines the seismicity behavior that 

follows. Such instantaneous stress drops at volcanoes may be induced by factors such as 

dyke intrusions, rapid bubble nucleation, or co-seismic stress changes from the largest 

event. The stress rate, however, was not included in our analysis because it is difficult to 

determine with sufficient accuracy using available network data. With respect to the 

latter, Vidale and Shearer (20 08 ) sought to distinguish between mainshock-aftershock 

sequences and swarms within northern California's tectonic regime partially on the basis 

of the timing of the M main events within the sequences. This parameter, however, is not
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well determined because the apparent onset of a swarm may depend on the detection 

threshold of a seismic network, which varies widely for volcanic sequences considered in 

this study.

Our scheme offers a conceptually simple and computationally efficient way to 

distinguish between mainshock-aftershock sequences and swarms. It can be used to 

characterize earthquake sequences regardless of the environment in which they occur, be 

it tectonic or volcanic, on the basis of how the energy is partitioned between the M main 

and all other events. To determine how the energy was partitioned one should (1 ) 

Calculate the b-value and determine the M C  of the earthquake sequence in question. (2 ) 

Check to see whether or not including events below the M C  will significantly impact the 

cumulative energy calculations for the sequence in question. If so, use the GRR to 

supplement the small shock energy calculation. (3 ) Compare the cumulative energy of the 

smaller events to the energy of the M main event (Figure 1.5). If the cumulative energy of 

the smaller events is greater than that of the M main event, the sequence is a swarm. If the 

reverse holds, it is a mainshock-aftershock sequence. These properties remain regardless 

of subordinate details such as the timing of the largest event. The proposed scheme helps 

to reveal the physics of the underlying processes.
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Table 1.1: Parameters of volcanic earthquake swarms and mainshock-aftershock sequences

Date Earthquake ^ MAIN1 MSEP2 b Mc 3 Events Source
Sequence

08/16/91- Spurr 1.6 0.1 1.28±0.04 0.0 1203 AVO Catalog5
06/27/924
09/15/96
01/08/97

Strandline
Lake

2.4 0.0 1.78±0.07 0.9 1047 AVO Catalog 
McNutt and Marzocchi 
(2004)

08/01/96- Iliamna 3.3 0.1 1.33±0.05 0.5 1512 AVO Catalog
02/08/97 McNutt and Marzocchi 

(2004)
10/17/96
10/25/96

Mageik 1.6 0.1 1.52±0.10 0.5 181 AVO Catalog
Jolly and McNutt (1999)

05/09/98- Becharof 5.1 0.0 0.93±0.06 2.3 323 AVO Catalog
05/27/98 Lake
05/28/02
06/20/02

Great Sitkin 4.3 1.8 0.93±0.05 0.6 410 AVO Catalog

07/14/02- Snowy 3.6 0.2 0.92±0.05 0.8 455 AVO Catalog
08/23/02
10/01/05
10/31/05

Tanaga 2.8 0.2 1.53±0.06 1.1 798 AVO Catalog

05/30/05- Augustine 1.4 0.1 1.26±0.04 -0.1 1225 AVO Catalog
01/10/06
01/07/06
01/15/06

Martin 1.9 0.4 1.05±0.03 0.1 721 AVO Catalog

11/05/06- Fourpeaked 2.1 0.1 1.27±0.09 0.5 300 AVO Catalog
02/27/07
02/01/08
11/28/08

Trident 2.1 0.0 0.89±0.03 0.2 583 AVO Catalog

07/01/08- Kasatochi 5.6 1.0 0.85±0.03 2.1 1339 AVO Catalog
08/31/08 AEIC Catalog6

1MMain: the magnitude of the largest event in the sequence. All events reported in ML

Msep: the magnitude separation or the difference between the Mm^  and the second largest event. 
Reported in magnitude units.

3Mc: the magnitude of completeness.

4Date format: MM/DD/YY

5AVO Catalog: The Alaska Volcano Observatory catalog is online at http://www.avo.alaska.edu. Published 
reports include Dixon and Stihler (2009) and earlier.

AEIC Catalog: The Alaska Earthquake Information Center catalog.

http://www.avo.alaska.edu/
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2 0 0 2  G reat Sitkin 2 0 0 2  G reat Sitkin

Figure 1.1: Histograms and event plots for the 1991 Spurr, 2002 Great Sitkin, 2002 Snowy, and 2008  
Kasatochi earthquake sequences. Examples of Aleutian Arc earthquake sequences showing clear 
mainshock-aftershock (2002 Great Sitkin) and swarm (1991 Spurr) behavior, as well as two ambiguous 
cases (2002 Snowy and 2008 Kasatochi). For each sequence, both a histogram of the number of events per 

day and a scatter plot of the magnitude of individual events over time have been provided. A vertical red 
line marks when the largest event occurred within the sequence. Magnitudes are given in ML.
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Figure 1.2: Cumulative energy plots.

The cumulative energies of synthetic earthquake sequences generated from the Gutenberg-Richter 
relationship (Equations 1 and 2) at varying largest events (M M a in ) and magnitudes of completeness ranging 

from Mm a i n -1 to Mm a i n -9.
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Figure 1.3: Magnitude-frequency plots for varying b-values.

Magnitude-frequency lines were determined at b-values ranging from 0.5 to 2.0 via the Gutenberg-Richter 
relationship given by Equation 2. The minimum magnitude separation required between the largest and 
second largest event in each synthetic sequence (M sep) is depicted at varying b-values by dotted lines.
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Figure 1.4: Cumulative energy plots for the 1996 Strandline Lake and 2008 Kasatochi earthquake 
sequences.

The cumulative energies of synthetic earthquake sequences generated from the Gutenberg-Richter 
relationship (Equations 1 and 2) both at varying largest events (MMain) and magnitudes of completeness 
ranging from MMain-1 to MMain-9 (black lines) and for the 1996 Strandline Lake and 2008 Kasatochi 

earthquake sequences from their respective MMain and b-values (red triangles).
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Figure 1.5: Earthquake sequence classification.

For each of the 13 sequences in this study (Table 1.1), the b-value, the largest event (MMain), and the 
magnitude separation between the largest and second largest event (M sep) are plotted against the ratio of 
energy between the smallest events and the MMain event. Horizontal black lines at E/E == 1 divide 
mainshock-aftershock sequences (below) from swarms (above).

Definitive Mainshock-aftershock sequences: 2002 Great Sitkin (G), 2002 Snowy (S), 2008 Kasatochi (K).

Definitive Swarms: 1991 Spurr (SP), 1996 Strandline Lake, 1996 Mageik, 1996 Iliamna, 1998 Becharof 

Lake, 2005 Augustine, 2005 Tanaga, 2006 Martin, 2006 Fourpeaked, 2008 Trident.
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Chapter 2 Periods of heightened volcanic seismicity across the Aleutian Arc, 

Alaska: Multiplets and b-values

2.1 ABSTRACT

Multiplets are common to volcanic provinces world-wide and ubiquitous to 

periods of heightened volcano-seismicity across the Aleutian Arc, Alaska. They are 

commonly associated with dome extrusions but also occur during periods of seismic 

activity dominated by endogenous processes. Their physical significance remains 

enigmatic. Systematic differences in b-value induced by the inclusion of multiplets are 

exploited here to gain insight into the underlying physical processes responsible for the 

generation of multiplet waveforms and families. b-value provides a path to understanding 

the physical significance of multiplets in the context of the physical parameters that 

influence b-value, namely pore-pressure, thermal gradients and stress. 13 periods of 

seismic unrest from 1991 to 2008 across the Aleutian Arc are consulted. The b-value of 

the multiplet populations alone are calculated and compared to the b-values of the each 

catalog. It is found that multiplets arise from the diffusion of heat and/ or pore fluids 

through the system and not from an increase in stress.

2.2 INTRODUCTION

Multiplets, commonly referred to as repeating or similar events, clusters, or as 

drumbeats when they occur at regular time intervals, are common to volcanic swarms and
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mainshock-aftershock sequences [e.g., Minakami et al., 1951; Thelen et al., 2008; Chen 

et al., 2009]. For the purposes of this study, a multiplet will be defined as a group of two 

or more waveforms similar in waveform pattern. Their presence is indicative of an 

invariant and regenerative or non-destructive source mechanism, confined to a small 

source region which emanates elastic energy that travels along identical ray paths 

between the source and the receiver [Minakami et al., 1951; Green andNeuberg, 2006].

Questions remain as to the physical significance of multiplets, the answers to 

which may prove formative in our understanding of periods of heightened seismicity in 

volcanic provinces. These include, but are by no means limited to the following: How 

common are multiplets to periods of heightened seismicity in the vicinity of volcanoes? 

What physical significance should be attributed to the presence of multiplets? How does 

the presence of multiplets qualify our understanding of the spatial and temporal evolution 

of seismicity?

To begin to address these questions, we consult mainshock-aftershock sequences 

and swarms recorded in the Alaska Volcano Observatory (AVO) catalog from 1991 to 

2008 that had a sufficient number of events (roughly > 150) to allow for a robust b-value 

calculation (Table 2 .1 ). Earthquake sequences containing both A- and B-type events are 

considered. It is the intention of this study to identify systematic differences in b-value 

induced by the inclusion of multiplets and offer an interpretation as to their physical 

significance in terms of the physical parameters that have been shown to impact the b- 

value, namely, pore pressure, thermal gradients, and stress [Mogi, 1962]. Subtracting the 

correlated waveforms from each catalog, we calculate the b-value of the residual catalog



and compare it to the b-value calculated for the original, unaltered catalog to determine 

what, if  any, impact multiplets have on b-value.

2.3 METHODS

Waveforms are drawn from the AVO ANTELOPE database, windowed, bandpass 

filtered from 0.2 to 20 Hz using a 2-pole Butterworth filter, and cross-correlated. For 

earthquake sequences pre-dating 2002, ANTELOPE-style databases were constructed via 

SAC files. For those sequences post-dating 2002, subsets of the existing ANTELOPE 

database were created to facilitate the rapid query of events of interest.

Only those waveforms that were large enough to be located by seismic networks 

in the Aleutian Islands are of interest to this study. In accordance with the Gutenberg- 

Richter relationship, not including events which did not make it into the catalog should 

have no effect on the b-value [Gutenberg and Richter, 1944]. The validity of the previous 

statement relies on the assumptions that (1 ) events not contained within the earthquake 

catalogs were too small to be located by seismic networks there; and (2 ) catalogued 

events span multiple orders of magnitude. To generate a reliable b-value from a catalog 

of events, the events must span a number of orders of magnitude.

A b-value is calculated for the entire catalog of events in a given seismic sequence 

at a single seismic station. The stations that recorded the largest number of events during 

the seismic sequences of interest were chosen for this study. The start and end of each 

catalog was determined by consulting the dates published in AVO’s annual Catalog of 

Earthquake Hypocenters [e.g., Dixon andStihler, 2009]. Cross-correlation is then carried
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out over the duration of entire waveforms using a window 15 to 30s in length. The 

window length depended on the durations of waveforms within each seismic sequence. 

Once cross-correlated, any waveform that correlated at a value of >0.7 with any other 

waveform in the catalog is removed from the catalog. A b-value is then calculated for the 

remaining events, and for the similar events themselves. Since correlation thresholds are 

algorithm-specific and, therefore, slightly nebulous, the process is also repeated for a 

more rigorous correlation threshold of 0.8. The results at different correlation thresholds 

are compared.

2.4 RESULTS

2.4.1 On the ubiquity of multiplet waveforms

Multiplets have been observed at volcanoes throughout the Aleutian Arc [e.g., 

Stephens and Chouet, 2001; Caplan-Auerbach and Petersen, 2005] and elsewhere. They 

were documented during the 1944 and 1977 to 1978 swarms at Usu [Minakami et al., 

1951; Okada et al., 1981], 1989 Redoubt [Stephens and Chouet, 2001], 1993 to 1994 

Unzen [Umakoshi et al., 2002], 2000 Miyakejima [Fujita et al., 2009], 2004 to 2008 

Mount Saint Helens [e.g., Thelen et al., 2008], and 2005 Reventador eruptions [Zees et 

al., 2008], and during heightened earthquake activity at Montserrat [e.g., White et al., 

1998; Neuberg et al., 2000; Green andNeuberg, 2006]. They are commonly associated 

with dome extrusions [e.g., Umakoshi et al., 2002; Green and Neuberg, 2006; Thelen et 

al., 2008; Fujita et al., 2009] but also occur during periods of seismic activity dominated 

by endogenous processes (e.g., non-eruptive swarms, dike emplacement, etc.). In contrast



32

to this study, where multiplets are defined by the occurrence of 2 or more matching 

events, many of these studies refer to hundreds and thousands of matching events.

Across the Aleutian Arc, multiplets can be identified during every known period 

of heightened seismicity in the vicinity of a volcanic system since 1991 (Table 2.3). 

Multiplets with correlation coefficients of >0.7 are ubiquitous to periods of heightened 

seismicity in the Aleutian Arc, compose varying percentages of each earthquake catalog, 

ranging from 21 to 84%  (and 6 to 68%  for correlation coefficients of >0.8), and span a 

wide range in magnitude (Table 2.3). O f the 13 seismic sequences studied here, eleven 

have >50%  multiplets by composition. Exceptions include a period of seismic unrest at 

Strandline Lake in 1996 and the Kasatochi eruption sequence in 2008.

For sequences like Strandline Lake and Kasatochi (Figures 2.1c and 2.1m ), where 

events have clear P- and S-waves and were recorded at distal seismic networks 

(Strandline Lake and Kasatochi are located 30 and 40 km, respectively from the closest 

seismic networks), cross-correlation over the entire waveform likely suffers from (1 ) 

weak P-waves, which have lower signal-to-noise ratios than the more prominent, higher 

amplitude S-waves; (2 ) slight variations in P- and S-wave arrival times; and (3 ) 

multiplets are typically smaller in magnitude and distal seismic networks are not capable 

of recording small magnitude event. The correlation values for waveforms could be 

improved by cross-correlating portions of each waveform windowed to include only the 

S-wave against each other. In the interest of treating all of the catalogs in a similar 

fashion, this has not been done here.



2.4.2 On multiplet waveforms and b-value

Studying the influence of multiplet waveforms on the b-value provides a path to 

understanding the physical significance of multiplets in the context of the physical 

parameters that influence b-value, namely pore-pressure, thermal gradient and stress 

[Mogi, 1962]. The b-value is a measure of the relative abundance of small earthquakes 

compared to large ones. In order to impact the b-value the distribution in the magnitude 

of multiplets must be non-uniform.

For eight of the thirteen sequences studied here, the b-value was left unchanged 

by the inclusion of multiplet waveforms. In three cases it was diminished and in two 

cases it rose (Table 2.2). With the exclusion of multiplets, the b-value fell by 0.23, 0.41 

and 0.12 units for the 1996 Akutan, 2005 Tanaga and 2008 Kasatochi sequences, 

respectively and rose by 0.27 to 0.49 units for the 2006 Martin and 2008 Trident 

sequences. Depending on how the error associated with each b-value calculation is 

distributed, these values will rise or fall accordingly, but still maintain their relative sense 

(increase or decrease) in comparison to the b-values of the unaltered catalogs. All b-value 

plots have been included for consultation (Figures 2.2a to 2.2m ).

Magnitude-frequency plots for the Martin and Trident sequences have prominent 

kinks or elbows (Figures 2.2j and 2.2l). The existence of similar kinks has been 

documented in the literature. It can be seen from the magnitude-frequency plots for the 

multiplets alone (Figures 2.2j and 2.2l, right panels) and the rest of the sequence (Figures 

2.2j and 2.2l, left panels), that it is the inclusion of a separate, multiplet population of 

lower-magnitude waveforms whose inclusion in the b-value of the entire sequence leads 

to a break in slope in the magnitude-frequency plot. The resultant b-value, then, is
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diminished by the inclusion of these waveforms as the maximum likelihood b-value 

calculation is weighted to favor the smaller events. The 2002 Great Sitkin sequence has a 

slight kink that can also be explained in this way (Figure 2.2g). When a b-value is 

calculated for the multiplet waveforms themselves, in most cases the b-value is elevated 

with respect to that of the entire, unaltered catalog (Table 2.2).

2.5 DISCUSSION

Multiplet events are common to volcanic provinces world-wide and ubiquitous to 

periods of heightened volcano-seismic activity across the Aleutian Arc (Table 2.3). Their 

occurrence mirrors peak seismic rates suggesting that the rate of events governs the 

occurrence of multiplet waveforms. For sequences where events transpire within 

invariant volumes of rock, this result in itself is not surprising. As you increase the 

number of events, the likelihood of events occurring within coincident source volumes 

rises. What is unusual is that multiplet events within a single family often occur within 

quick succession of one another (not shown here).

The fact that multiplets are an intrinsic feature of the mainshock-aftershock 

sequences and swarms studied here is an interesting piece of knowledge which is not a 

scientific end in itself. The challenge lies in tying these observations to a physical 

process- i.e., addressing the following questions: What causes the generation of 

multiplets during periods of heightened seismicity?, Are multiplets the waveform 

expression of the excitation of identical cracks under invariant or slowly varying physical 

conditions within regions that are dominated by changes in the stress field or the
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diffusion of fluids? This study does not offer sound answers to all of these questions. 

Here, b-value is treated as a Rosetta stone which offers crude, empirically based insights 

into the underlying dominant physical processes under which multiplets are generated.

As has been demonstrated here, the existence of multiplets occasionally bias b- 

value calculations at volcanoes. Depending on the frequency-magnitude distributions of 

the multiplet populations, the inclusion of multiplets increases some b-values and 

decreases others. This bias can be exploited to gain an understanding of the physical 

conditions that led to the occurrence of multiplet waveforms.

b-values are known to vary as a function of (1 ) shear stress [Scholz, 1968]; (2 ) 

pore pressure [Wyss et al., 2001]; (3 ) thermal gradients [Warren and Latham, 1970; 

Meredith et al., 1990]; and (4 ) material heterogeneity [Mogi, 1962]. By diminishing the 

shear stress, increasing the pore pressure, material heterogeneity, and/or steepening the 

thermal gradient within a volume of rock, the b-value will rise. Since the physical 

conditions that impact the b-value are well-understood, the b-value offers a convenient 

path to understand whether it was changes in stress, pore pressure or the thermal gradient 

that gave rise to populations of multiplet waveforms within swarms.

Cases where the b-value of the multiplet waveforms was within error of that of 

the entire catalog (6  cases) suggest that either (1 ) the generation of multiplet waveforms 

there was governed by similar conditions of heat, pore pressure and stress to that of other 

events in the catalog (Table 2.2 ) or (2 ) the errors were too large to draw a distinction. 

Where the two populations have different b-values (7  cases), different physical conditions 

were likely to produce seismicity within each population.



In all cases studied here, the b-value of the multiplet waveforms alone is not 

equivalent to the b-value of the entire catalog. In every case it is higher than the b-value 

of the entire catalog (7  cases; Table 2.2). b-values for multiplet waveforms are as much 

as 0.56 units higher than the b-values of the catalog they were extracted from and have b- 

values which range from 1.01 to 2.00 (Table 2.2). This suggests that multiplets arise from 

the diffusion of heat and/ or pore fluids through the system and not from an increase in 

stress. The application of a more rigorous correlation threshold of 0.8 yields similar 

results.
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Table 2.1: Parameters of volcanic earthquake swarms and mainshock-aftershock sequences
throughout the Aleutian Arc, Alaska.

Date Earthquake
Sequence

Largest
Event1

Events Source

08/16/91- Spurr 1.6 1093 AVO Catalog3
06/27/922
03/18/96
05/30/96

Akutan 4.54 1082 AVO Catalog

09/15/96- Strandline 2.4 913 AVO Catalog
01/08/97 Lake

08/01/96
02/08/97

Iliamna 3.3 1302 AVO Catalog

10/17/96- Mageik 1.6 169 AVO Catalog
10/25/96
03/13/02
11/21/02

Shishaldin 2.0 2414 AVO Catalog

05/28/02- Great Sitkin 4.3 409 AVO Catalog
06/20/02
07/14/02
08/23/02

Snowy 3.6 453 AVO Catalog

10/01/05- Tanaga 2.8 818 AVO Catalog
10/31/05
01/07/06
01/15/06

Martin 1.9 697 AVO Catalog

11/05/06- Fourpeaked 2.1 286 AVO Catalog
02/27/07
02/01/08
11/28/08

Trident 2.1 563 AVO Catalog

07/01/08- Kasatochi 5.6 1467 AVO Catalog
08/31/08 AEIC Catalog5

Largest Event: the magnitude of the largest event in the sequence. All events reported in ML.

2Date format: MM/DD/YY

3AVO Catalog: The Alaska Volcano Observatory catalog is online at http://www.avo.alaska.edu. Published 
reports include Dixon and Stihler [2009] and earlier.

4The largest event may have been higher for the Akutan sequence. The network at Akutan was not installed 
until after the onset of seismicity there on 03/18/96.

5AEIC Catalog: The Alaska Earthquake Information Center catalog.

http://www.avo.alaska.edu/
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Table 2.2: b-values of volcanic earthquake swarms and mainshock-aftershock sequences throughout
the Aleutian Arc, Alaska.

Earthquake
Sequence1

bALL2 bM INUS 3 Sense relative 

to bALL

bM U LT4 Sense relative to

bALL

Spurr 1.31±0.05 NR5 1.56±0.06 T
1.07±0.06 1 1.45±0.06 T

Akutan 1.15±0.04 0.92±0.07 1 1.57±0.08 T
1.00±0.05 1 1.74±0.10 T

Strandline 1.82±0.08 1.70±0.08 - 2.00±0.10 -

Lake 1.79±0.08 - NR

Tliamna 1.26±0.04 1.29±0.09 - 1.37±0.06 T
1.08±0.05 1 1.43±0.06 T

Mageik 1.25±0.08 1.41±0.20 - 1.81±0.20 T
1.28±0.10 - 1.91±0.40 T

Shishaldin 2.06±0.04 2.17±0.09 - 2.17±0.06 T
1.96±0.05 1 2.30±0.09 T

Great Sitkin 0.94±0.05 NR 1.01±0.05 -

0.99±0.10 - 0.95±0.06 -

Snowy 0.93±0.05 NR 1.04±0.06 -

NR 1.18±0.07 T
Tanaga 1.51±0.06 1.10±0.07 1 1.60±0.06 -

1.41±0.09 - 1.59±0.07 -

Martin 1.07±0.04 1.34±0.10 T 1.01±0.04 -

1.27±0.08 T 1.13±0.05 -

Fourpeaked 1.29±0.10 NR 1.24±0.10 -

NR 1.24±0.10 -

Trident 0.92±0.03 1.41±0.10 T 1.02±0.05 T
0.79±0.03 1 1.21±0.08 T

Kasatochi 0.89±0.03 0.77±0.03 1 1.41±0.06 T
0.83±0.03 - 1.57±0.09 T

1The following swarms contained too few events to determine a b-value and were not included in this 
study: Akutan (07/14/04); Great Sitkin (03/01/01- 06/30/01); Tliamna. (06/13/07- 06/25/07); Little Sitkin 
(09/06/07- 09/10/07; 09/19/07- 09/26/07); Mageik (11/01/96- 12/31/96); Shishaldin (01/01/00- 02/28/00; 
05/01/00- 06/30/00; 12/12/01- 01/07/02; 01/10/03- 01/30/03; 07/23/03- 10/28/03); Westdahl (01/07/04). 
The b-value calculation for the Augustine (09/01/07- 09/30/09) swarm was not robust.

2bALL: b-value calculated for the entire catalog.

3bMTNuS: b-value calculated for the entire catalog minus multiplets. Where there are two b-values, the upper 
value in bold font is the b-value for a correlation threshold of 0.7, and the lower b-value for 0.8.

4bMULT: b-value calculated for the multiplets. Where there are two b-values, the upper value in bold font is 
the b-value for a correlation threshold of 0.7, and the lower b-value for 0.8.

5NR: Not Reliable. Either the graphical magnitude-frequency relationship of events was such that the b- 
value was not reliable or there were too few events to determine a robust b-value.
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Table 2.3: Percent multiplets within volcanic earthquake swarms and mainshock-aftershock
sequences throughout the Aleutian Arc, Alaska.

Earthquake
Sequence1

EventsALL EventsMULT %  MULT Magnitude
Range1

Spurr 1093 8042 742 -0.9 -  1.3
612 56

Akutan 1082 813 75 0.4 -  2.8
561 52

Strandline 913 192 21 0.3 -  1.4
Lake 57 6

Iliamna 1302 981 74 -0.6 -  2.5
746 57

Mageik 169 86 51 0.1 -  1.5
48 28

Shishaldin 2414 1704 71 -0.2 -  2.0
765 32

Great Sitkin 409 324 79 -0.5 -  2.5
223 55

Snowy 453 382 84 0.0 -  2.8
306 68

Tanaga 818 581 71 0.3 -  2.1
435 53

Martin 697 488 70 -0.4 -  1.5
319 46

Fourpeaked 286 220 77 1 © w 1

175 62

Trident 563 316 56 1so©1

173 31
Kasatochi 1467 506 35 1.1 -  3.1

280 19

'Magnitude Range: the magnitude range of events with correlation values of 0.7.
2Values in bold correspond to a correlation threshold of 0.7, normal font corresponds to a correlation 

threshold of 0.8.
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Figure 2.1: Summaries of seismic unrest.

Top: A histogram of the number of events per day (bin size = 1 day). In this and all other panels, those 
events with a correlation coefficient of >0.7 have been assigned blue symbols. Middle: Event magnitudes 
plotted against time. Bottom: An event plot displaying the ten most proliferate waveform families (by 
number of events) and their respective durations.
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Figure 2.1b
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Figure 2.1c
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Figure 2.1d
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Figure 2.1e
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Figure 2.1g
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Figure 2.1h
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2005 Tanaga event rates

Figure 2.1i
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Figure 2.1j
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Figure 2.1k
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Figure 2.1l
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Figure 2.1m
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1991 Spurr All Waveforms, Corr Thres = 0.7 1991 Spurr Minus Corr, Corr Thres = 0.7 1991 Spurr Corr Only, Corr Thres = 0.7

10

10

10

10

M a g n itu d e M a g n itu d e
-1 0 1 

M a g n itu d e

Maximum Likelihood Solution 
b-value = 1 .31 +/- 0.05, a value = 2.78 
Magnitude o f Completeness = 0 
Tota l #  Events = 1093
#  events with corre lations >0.7 = 804, 73.559%

Maximum Likelihood Solution 
b-value = 0.948 +/- 0.06, a value = 2.26 
Magnitude o f Completeness = 0 
Total #  Events = 1093
# events with corre lations >0.7 = 804, 73.559%

Maximum Likelihood Solution 
b-value = 1.56 +/- 0.06, a value = 2.63 
Magnitude o f Completeness = 0 
Tota l #  Events = 1093
#  events with corre lations >0.7 = 804, 73.559%

Figure 2.2: Magnitude-frequency plots.

Magnitude-frequency plots displaying the maximum likelihood estimate of the b-value or the linear 
expression of the graphical relationship between the magnitude and the cumulative number of events. Left: 
The b-value plot for the entire earthquake sequence. Middle: The b-value plot for the non-multiplet events. 
Right: The b-value plot for events correlating at >0.7 alone. Plots have been arranged in chronological 
order, from 1991 to 2008. All of the information contained within these plots has been summarized in 
Tables 2.2 and 2.3.
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1996 Akutan All Waveforms, Corr Thres = 0.7

M a g n itu d e

Maximum Likelihood Solution 
b-value = 1.15 +/- 0.04, a value = 4.17 
Magnitude o f Completeness = 1.1 
Total #  Events = 1082
# events with correlations >0.7 = 813, 75.1386%

1996 Akutan Minus Corr, Corr Thres = 0.7 1996 Akutan Corr Only, Corr Thres = 0.7

E

O

M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 0.902 +/- 0.07, a value = 3.29 
Magnitude o f Completeness = 1.1 
Tota l #  Events = 1082
# events with corre lations >0.7 = 813, 75.1386%

Maximum Likelihood Solution 
b-value = 1.57 +/- 0.08, a value = 4.62 
Magnitude o f Completeness = 1.3 
Total #  Events = 1082
#  events with corre lations >0.7 = 813, 75.1386%

Figure 2.2b
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1996 Strandline All Waveforms, Corr Thres = 0. 1996 Strandline Minus Corr, Corr Thres = 0.7 1996 Strandline Corr Only, Corr Thres = 0.7

0 1 2 
M a g n itu d e

E

O

M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 1.82 +/- 0.08, a value = 4.32 
Magnitude o f Completeness = 0.9 
T o ta l#  Events = 913
#  events with corre lations >0.7 = 192, 21.0296%

Maximum Likelihood Solution 
b-value = 1 .7 + /-0 .0 8 , a value = 4.14 
Magnitude o f Completeness = 0.9 
T o ta l#  Events = 913
#  events with corre lations >0.7 = 192, 21.0296%

Maximum Likelihood Solution 
b-value = 2 +/- 0.1, a value = 3.57 
Magnitude o f Completeness = 0.7 
T o ta l#  Events = 913
# events with corre lations >0.7 = 192, 21.0296%

Figure 2.2c
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1996 lliamna All Waveforms, Corr Thres = 0.7 1996 lliamna Minus Corr, Corr Thres = 0.7 1996 lliamna Corr Only, Corr Thres = 0.7
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E
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M a g n itu d e M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 1 .26 +/- 0.04, a value = 3.42 
Magnitude o f Completeness = 0.4 
Total #  Events = 1320
#  events with corre lations >0.7 = 981, 74.3182%

Maximum Likelihood Solution 
b-value = 1.29 +/- 0.09, a value = 2.65 
Magnitude o f Completeness = 0.2 
Tota l #  Events = 1320
#  events with corre lations >0.7 = 981, 74.3182%

Maximum Likelihood Solution 
b-value = 1.37 +/- 0.06, a value = 3.42 
Magnitude o f Completeness = 0.5 
Total #  Events = 1320
# events with corre lations >0.7 = 981, 74.3182%

Figure 2.2d
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1996 Mageik All Waveforms, Corr Thres = 0.7 1996 Mageik Minus Corr, Corr Thres = 0.7 1996 Mageik Corr Only, Corr Thres = 0.7
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Maximum Likelihood Solution 
b-value = 1.25 +/- 0.08, a value = 2.54 
Magnitude o f Completeness = 0.3 
Total #  Events = 169
#  events with corre lations >0.7 = 86, 50.8876%

Maximum Likelihood Solution 
b-value = 1.41 +/- 0.2, a value = 2.24 
Magnitude o f Completeness = 0.3 
Tota l #  Events = 169
#  events with corre lations >0.7 = 86, 50.8876%

Maximum Likelihood Solution 
b-value = 1.81 +/- 0.2, a value = 2.76 
Magnitude o f Completeness = 0.6 
Total #  Events = 169
# events with corre lations >0.7 = 86, 50.8876%

Figure 2.2e
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2002 Shishaldin All Waveforms, Corr Thres = 0.

M agn itude

Maximum Likelihood Solution 
b-value = 2.06 +/- 0.04. a value = 4.24 
Magnitude o f Completeness = 0.5 
T o ta l#  Events = 2414
# events with correlations >0.7 = 1704, 70.5882%

2002 Shishaldin Minus Corr, Corr Thres = 0.7

M a g n itu d e

Maximum Likelihood Solution 
b-value = 2.17 +/- 0.09, a value = 3.87 
Magnitude o f Completeness = 0.6 
T o ta l#  Events = 2414
#  events with correlations >0.7 = 1704, 70.5882%

2002 Shishaldin Corr Only, Corr Thres = 0.7

M a g n itu d e

Maximum Likelihood Solution 
b-value = 2 .1 7 +/-0 .06 , a value = 4.13 
Magnitude o f Completeness = 0.5 
T o ta l#  Events = 2414
#  events with correlations >0.7 = 1704, 70.5882%

Figure 2.2f
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M a g n itu d e

Maximum Likelihood Solution 
b-value = 0.937 +/- 0.05, a value = 3.03 
Magnitude o f Completeness = 0.6 
Tota l #  Events = 409
#  events with corre lations >0.7 = 324, 79.2176%

2002 Great Sitkin Minus Corr, Corr Thres = 0.7

M a g n itu d e

Maximum Likelihood Solution 
b-value = 0.698 +/- 0.1, a value = 2.16 
Magnitude o f Completeness = 0.8 
Tota l #  Events = 409
#  events with corre lations >0.7 = 324, 79.2176%

2002 Great Sitkin Corr Only, Corr Thres = 0.7

M a g n itu d e

Maximum Likelihood Solution 
b-value = 1.01 +/- 0.05, a value = 2.98 
Magnitude o f Completeness = 0.6 
Tota l #  Events = 409
#  events with corre lations >0.7 = 324, 79.2176%

Figure 2.2g
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2002 Snowy All Waveforms, Corr Thres = 0.7 2002 Snowy Minus Corr, Corr Thres = 0.7 2002 Snowy Corr Only, Corr Thres = 0.7
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E
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M a g n itu d e M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 0.927 +/- 0.05, a value = 3.18 
Magnitude o f Completeness = 0.8 
Total #  Events = 453
#  events with corre lations >0.7 = 382, 84.3267%

Maximum Likelihood Solution 
b-value = 0.62 +/- 0.08, a value = 2.17 
Magnitude o f Completeness = 0.7 
Tota l #  Events = 453
#  events with corre lations >0.7 = 382, 84.3267%

Maximum Likelihood Solution 
b-value = 1.04 +/- 0.06, a value = 3.18 
Magnitude o f Completeness = 0.8 
Total #  Events = 453
# events with corre lations >0.7 = 382, 84.3267%

Figure 2.2h
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2005 Tanaga All Waveforms, Corr Thres = 0.7 2005 Tanaga Minus Corr, Corr Thres = 0.7 2005 Tanaga Corr Only, Corr Thres = 0.7
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M a g n itu d e M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 1.51 +/- 0.06, a value = 4.34 
Magnitude o f Completeness = 1.1 
T o ta l#  Events = 818
# events with corre lations >0.7 = 581, 71.0269%

Maximum Likelihood Solution 
b-value =  1.1 +/- 0.07, a value = 3.24 
Magnitude o f Completeness = 0.9 
T o ta l#  Events = 818
#  events with corre lations >0.7 = 581, 71.0269%

Maximum Likelihood Solution 
b-value = 1.6 +/- 0.06, a value = 4.31 
Magnitude o f Completeness =  1.1 
T o ta l#  Events = 818
# events with corre lations >0.7 = 581, 71.0269%

Figure 2.2i
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2006 Martin All Waveforms, Corr Thres = 0.7 2006 Martin Minus Corr, Corr Thres = 0.7 2006 Martin Corr Only, Corr Thres = 0.7
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Maximum Likelihood Solution 
b-value = 1.07 +/- 0.04, a value = 2.85 
Magnitude o f Completeness = 0.1 
Total #  Events = 697
# events with corre lations >0.7 = 488, 70.0143%

Maximum Likelihood Solution 
b-value = 1.34 +/- 0.1, a value = 2.22 
Magnitude o f Completeness = 0.1 
Tota l #  Events = 697
#  events with corre lations >0.7 = 488, 70.0143%

Maximum Likelihood Solution 
b-value = 1.01 +/- 0.04, a value = 2.74 
Magnitude o f Completeness = 0.1 
Total #  Events = 697
# events with corre lations >0.7 = 488, 70.0143%

Figure 2.2j
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2006 Fourpeaked All Waveforms, Corr Thres = 0 2006 Fourpeaked Minus Corr, Corr Thres = 0.7 2006 Fourpeaked Corr Only, Corr Thres = 0.7
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M a g n itu d e M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 1.29 +/- 0.1, a value = 2.81 
Magnitude o f Completeness = 0.5 
Total #  Events = 286
#  events with corre lations >0.7 = 220, 76.9231%

Maximum Likelihood Solution 
b-value = 1.01 +/- 0.1, a value = 1 .74 
Magnitude o f Completeness = 0 
Total #  Events = 286
#  events with corre lations >0.7 = 220, 76.9231%

Maximum Likelihood Solution 
b-value = 1.24 +/- 0.1, a value = 2.72 
Magnitude o f Completeness = 0.5 
Total #  Events = 286
#  events with corre lations >0.7 = 220, 76.9231%

Figure 2.2k
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2008 Trident All Waveforms, Corr Thres = 0.7 2008 Trident Minus Corr, Corr Thres = 0.7 2008 Trident Corr Only, Corr Thres = 0.7
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M a g n itu d e M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 0 .923 + /- 0.03, a value =  2.81 
Magnitude o f  C om pleteness = 0.2 
Tota l #  Events = 563
#  events w ith corre la tions >0.7 = 316, 56.1279%

Maximum Likelihood Solution 
b-value = 1.41 +/- 0.1, a value = 3.06 
Magnitude o f Completeness = 0.8 
Tota l #  Events = 563
#  events with corre lations >0.7 = 316, 56.1279%

Maximum Likelihood Solution 
b-value = 1.02 +/- 0.05, a value = 2.5 
Magnitude o f Completeness = 0.1 
Tota l #  Events = 563
#  events with corre lations >0.7 = 316, 56.1279%

Figure 2.2l
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2008 Kasatochi All Waveforms, Corr Thres = 0.' 2008 Kasatochi Minus Corr, Corr Thres = 0.7 2008 Kasatochi Corr Only, Corr Thres = 0.7

2 4
M a g n itu d e

E

O
E

O

M a g n itu d e M a g n itu d e

Maximum Likelihood Solution 
b-value = 0.887 +/- 0.03, a value = 4.64 
Magnitude o f Completeness = 2.1 
Total #  Events = 1467
# events with corre lations >0.7 = 506, 34.4922%

Maximum Likelihood Solution 
b-value = 0.773 +/- 0.03, a value = 4.29 
Magnitude o f Completeness = 2.1 
Tota l #  Events = 1467
#  events with corre lations >0.7 = 506, 34.4922%

Maximum Likelihood Solution 
b-value = 1 .41 +/- 0.06, a value = 5.06 
Magnitude o f Completeness = 1.9 
Total #  Events = 1467
#  events with corre lations >0.7 = 506, 34.4922%

Figure 2.2m
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Chapter 3 2008 Kasatochi earthquake sequence: Using cross-correlation techniques 

to better define the onset and development of a pre-eruptive swarm1

3.1 ABSTRACT

Kasatochi volcano, located within the Aleutian Islands, Alaska, rose from 

obscurity on August 7th, 2008 when a Volcano Explosivity Index of 4 eruption sent ash 

18 km above sea level. Following a month-long period of seismicity characterized by a 

few events per day, seismicity ramped up rapidly to >500 events per day in early August. 

The increase in seismic activity culminated in an eruption on August 7th, over a month 

after the onset of earthquake activity there and 3.5 hours after the occurrence of the 

largest magnitude event. At 5.6 M L, this event is the largest event to have been 

documented during volcanic unrest across the Aleutian Arc since seismic networks were 

installed there in the 1980’s.

Events associated with seismic unrest at Kasatochi were recorded 40 km away by 

the Great Sitkin Seismic Network. The earthquake catalog of events released after the 

eruption by the Alaska Volcano Observatory and Alaska Earthquake Information Center 

was populated by analyst-reviewed automated detections. At 2.1 M L, the magnitude of 

completeness for seismic unrest at Kasatochi was larger than events typically recorded at 

volcanoes across the Aleutian Arc.

We apply a cross-correlation technique to improve the number of detected events 

and to bolster our understanding of the Kasatochi pre-eruptive swarm. Existing events 

within the Kasatochi earthquake catalog are treated as master events and cross-correlated

1 Christensen, B.C. and S.R. McNutt (2010), prepared for submission to Geophysical Research Letters.



against the continuous data stream to root out additional waveforms that were below the 

threshold of the detection or location algorithms used. We extend the length of the period 

of heightened seismicity from July 8th to July 1st, and achieve a 238%  increase in the 

event detections for the first month of the pre-eruptive swarm.

3.2 INTRODUCTION

Limitations in seismic network geometries, telemetry and instrumentation 

regularly inhibit our ability to detect earthquakes at small magnitudes. Across the 

Aleutian Arc, for instance, magnitudes of completeness (M C )  at instrumented volcanoes 

ranged from -0.5 to as much as 1.7 M L  in 2008 [Dixon andStihler, 2009]. Where the M C  

is high, small magnitude events escape detection. Failure to detect events at small 

magnitudes hinders our ability to forecast eruptions. If swarms of events, for instance, 

occur beneath the M C  of a network and go undetected, an eruption may ensue with 

seemingly little or no precursory seismicity, thus diminishing the possibility a timely 

forecast will be made. When seismic unrest occurs outside of the aperture of seismic 

networks, the situation is exacerbated, key events go undetected, and forecasts suffer.

Kasatochi volcano (52.1693N , 175.5113W ), an unmonitored Aleutian

stratovolcano situated 2000 km west of Anchorage in the central Aleutian Islands, rose 

from obscurity on August 7 t h , 2008 when a VEI 4 eruption sent ash to 18 km above sea 

level (Figure 3.1 ) [Newhall and Self, 1982]. Seismicity there occurred well outside of the 

apertures of neighboring seismic networks at Great Sitkin and Korovin Islands, located 

40 km to the SW and 90 km to the SE, respectively (Figure 3.1). At 2.1 M L , the M C  for
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seismic unrest at Kasatochi was far worse than that of instrumented volcanoes across the 

Arc. An accurate eruption forecast at Kasatochi was made possible, however, by a drastic 

change in the size and rate of seismicity preceding the eruption. Following a five-week 

long period of seismicity characterized by a few events per day, seismicity ramped up 

dramatically into an eruption on August 7 t h  producing >1 event per minute with 

increasing magnitudes. The color code at Kasatochi was raised by the Alaska Volcano 

Observatory from colorless to yellow on August 6 t h  when earthquake rates first rose and 

then to red on August 7 t h  (Figure 3.2).

Nearly 20 0  events below the M C  but present within the continuous data went 

undetected during the first month of unrest. Given the Gutenberg-Richter relationship for 

the distribution of earthquakes [Gutenberg and Richter, 1944], namely that for every 

event of magnitude X, there exist an order of magnitude greater number of events for 

each unit of magnitude X-1, it is not surprising that events below Kasatochi’s M C  escaped 

detection (e.g., as also occurred during precursory seismicity prior to the 1980 eruption at 

Mount Saint Helens [Endo et al., 1981]). Though the Gutenberg-Richter relationship 

makes no implication about the timing of events, it is also not surprising that events 

below the M C  preceded the initial located event which at 1.3 M L  was 0.8 magnitude units 

below the M C  of the entire sequence. Should seismologists have been privy to the true 

vigor of precursory seismicity at Kasatochi, it would have been possible to have made an 

earlier forecast of the impending eruption.

In the interest of providing seismologists with the information necessary to make 

informed decisions when confronted with periods of seismic unrest, we propose the use 

of cross-correlation methods to identify additional waveforms as periods of heightened
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seismicity unfold. We demonstrate how waveform cross-correlation can be used to 

supplement existing earthquake catalogues with events beneath the M C  to provide a more 

complete understanding of the seismic development over time. We have chosen to 

demonstrate the utility of this technique by re-examining the pre-eruptive swarm at 

Kasatochi.

3.3 BACKGROUND

3.3.1 Multiplet waveforms

Multiplets, commonly referred to as repeating or similar events, clusters, or as 

drumbeats when they occur at regular time intervals, are common to volcanic swarms and 

mainshock-aftershock sequences [e.g., Minakami et al., 1951; Thelen et al., 2008; Chen 

et al., 2009]. For the purposes of this study, a multiplet will be defined as a group of 2 or 

more waveforms similar in waveform pattern.

Multiplets have been observed at volcanoes throughout the Aleutian Arc [e.g., 

Stephens and Chouet, 2001; Caplan-Auerbach and Petersen, 2005] and elsewhere. They 

were documented during the 1944 and 1977 to 1978 swarms at Usu [Minakami et al., 

1951; Okada et al., 1981], 1989 Redoubt [Stephens and Chouet, 2001], 1993 to 1994 

Unzen [Umakoshi et al., 2002], 2000 Miyakejima [Fujita et al., 2009], 2004 to 2008 

Mount Saint Helens [e.g., Thelen et al., 2008], and 2005 Reventador eruptions [Zees et 

al., 2008], and during heightened earthquake activity at Montserrat [e.g., White et al., 

1998; Neuberg et al., 2000; Green and Neuberg, 2006]. They are commonly associated 

with dome extrusions [e.g., Umakoshi et al., 2003; Green and Neuberg, 2006; Thelen et
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al., 2008; Fujita et al., 2009] but also occur during periods of seismic activity dominated 

by endogenous processes (e.g., non-eruptive swarms, dyke emplacement, etc.). Multiplets 

are ubiquitous to periods of heightened volcanic activity in the Aleutian Arc and compose 

varying percentages of each earthquake catalog, ranging from 21 to 84%  [Christensen, 

2010b]. Individual families of multiplets can span multiple orders in magnitude. For 

example, single families of multiplets were documented during the 1977 eruption at Usu 

volcano, Japan to range in magnitude from 1.0 to 2.6 M j m a  [Okada et al., 1981].

Knowing that (1 ) similar waveforms are ubiquitous to periods of heightened 

seismicity beneath volcanoes along the Aleutian Arc; (2 ) families of similar waveforms 

may span a wide range in magnitude; and (3 ) for any given network or station, events 

below the detection threshold or M C exist based on the Gutenberg-Richter relationship 

[Gutenberg and Richter, 1944], it stands to reason that by cross-correlating known 

catalogued events against the continuous data stream one can exploit the presence of 

multiplets to root out additional waveforms. These waveforms were either below the 

threshold of the detection or location algorithm(s), or escaped detection by one of the 

many caveats that haunt the efficacy of detection algorithms and automated detection 

systems [e.g., Allen, 1982; Thompson and West, 2010]. Using cross-correlation, we can 

maximize the information extracted from our continuous data to more accurately 

characterize the temporal development of a period of heightened seismicity.
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3.3.2 Kasatochi pre-, syn-, and post-eruptive seismicity

Kasatochi is an ideal candidate for evaluating the utility of the cross-correlation 

technique. The high M C  there suggests that many small events escaped detection. Those 

earthquakes with sufficient energy to have been recorded at Great Sitkin might be 

detectable via cross-correlation. Furthermore, the eruption at Kasatochi is of high 

scientific interest and deserves a closer inspection.

At 5.6 M l , the largest event recorded at Kasatochi was also the largest event to 

have been documented during periods of heightened seismicity associated with volcanic 

unrest in the Aleutian Arc since permanent seismic networks were installed there in the 

1980’s. It is also larger than the 5.1 M L  event that preceded the 1980 eruption at Mount 

Saint Helens [Endo et al., 1981], a milestone in volcano seismology. Additionally, a 

number of large magnitude events occurred during the unrest at Kasatochi. O f the 96 

events that exceeded 3 M L , 11 of these had magnitudes >4.

Within the Aleutian Arc, periods of heightened seismicity at or in the vicinity of 

volcanoes rarely exceed 3 M L . Seismic unrest associated with the 1992 eruption at Spurr 

[Power et al., 1995] and 2008 eruption at Fourpeaked [Dixon and Stihler, 2009] had 

largest magnitude events of 1.6 and 2.1 M L , respectively. Other periods of unrest at or in 

the vicinity of volcanoes within the Aleutian Arc and their respective largest magnitude 

events include, but are not limited to: 1996-1997 Strandline Lake at 2.4 [Jolly et al., 

2000], 1996 Mageik at 1.6 [Jolly et al., 2000], 2002 Shishaldin at 2.0 [Dixon et al., 

2003], 2005 Tanaga at 2.8 [Dixon et al., 2006], 2006 Martin at 1.9 [Dixon et al., 2007], 

and 2008 Trident at 2.1 M L  [Dixon and Stihler, 2009]. Some periods of seismic unrest 

have approached Kasatochi in magnitude. In 1996 the largest event recorded at Akutan



was assigned a magnitude of 5.1 M L [Lu et al., 2000]. This is a lower bound as the event 

exceeded the dynamic range of seismometers there and the network was installed weeks 

after the onset of seismic unrest. Similarly, seismicity at Great Sitkin in 2002 was 

initiated by a 4.3 M L event, the largest event in the sequence [Dixon et al., 2003]. 

Kasatochi, therefore, produced the largest magnitude event in modern times at an 

Alaskan volcano.

Volcano-tectonic events with clear P- and S-wave arrivals were recorded at Great 

Sitkin in association with Kasatochi from early July through late August. Events have 

good signal to noise ratios, S minus P times of 6 to 7 seconds, and durations of 20 to 25 

seconds (Figure 3.3). The largest volcano-tectonic earthquake in the sequence was 

recorded on August 7th at 18:30 UTC, roughly 3.5 hours before the eruption. Tremor was 

recorded immediately before the eruption on August 7th from 19:16 to 19:30 and 21:12 to 

21:41 UTC. Low-frequency events were recorded on August 7th and 8th during the 

eruptive phase and will not be discussed in this study [Ruppert et al., submitted]. 

Volcano-tectonic events dominated the pre-eruptive sequence at Kasatochi and will be 

the focus of this investigation. Following the eruption at Kasatochi, the seismicity 

decayed in an Omori-like (power law) fashion reminiscent of the aftershock sequences 

following the M >6 events that were associated with the migration of a dyke through the 

Izu Islands, Japan in 2000 [Toda et al., 2002], giving the Kasatochi earthquake sequence 

distinct mainshock-aftershock-like qualities [Christensen, 2010a] (Figure 3.2).

As during all other periods of heightened seismicity across the Arc, multiplet 

events occurred during the Kasatochi earthquake sequence, though most of the sequence 

was non-multiplet (Figures 3.4 and 3.5 ) [Christensen, 2010b], Within the multiplet
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population there were four dominant waveform families with a high degree of inter

family waveform similarity (Figure 3.5).

3.4 METHODS

We focus our attention on the pre-eruptive sequence at Kasatochi to demonstrate 

how the techniques proposed here could be used in the time period prior to an eruption to 

offer a more complete understanding of a pre-eruptive sequence’s temporal development. 

During this time, the highest number of events were identified by the Alaska Earthquake 

Information Center’s automated detection system at station GSTD, a vertical component 

1 Hz seismometer located at Great Sitkin, due to the high signal-to-noise ratio there 

(Figure 3.3). Our analysis has, therefore, been done on continuous data from station 

GSTD. O f a total of 56 events detected at GSTD from July 8th to August 5th (or the initial 

portion of the earthquake sequence), 54 events remained within the dynamic range of the 

seismometer. Six second portions of each of these 54 waveforms were windowed to 

include only the S-waves, then cross-correlated against the continuous data from June 1st 

to August 5th to scour the continuous data for multiplet events that escaped detection. The 

correlation was carried out over S-waves and not the entire waveform to maximize the 

correlation values (including the entire 20 to 25 second waveform greatly reduces 

waveform correlation), and to reduce the processing time required to scour the 

continuous data set. These events and the continuous data were 2-way, 2-pole 

Butterworth bandpass filtered between 0.8 and 5 Hz to minimize noise and to ensure the 

maximum cross-correlation of similar waveforms. High-pass filtering the continuous
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signal at 0.8 Hz removes the microseism and wind noise which peak between 0.1 and 0.2 

Hz [Longuet-Higgins, 1950; Hasselmann, 1963], very long period contributions from 

earth-tides, and deep-seated subduction zone seismicity. A correlation threshold for 

detected events was set to 0.7 (Note: the actual significance of this value is relative and 

depends on the processing techniques used in the cross-correlation algorithm). The 

efficacy of the waveform cross-correlation script was tested by creating synthetic 

continuous data streams containing waveforms identical in composition to the detected or 

“master events” and variable levels of noise.

Once new events were detected using cross-correlation techniques, each detected 

waveform was compared against seismograms from all the stations of the Great Sitkin 

seismic network to make sure that the P, S and relative arrival times of events matched 

those of the 54 master events (Figure 3.3). The cross-correlation techniques used in this 

study are similar to those described in detail in Buurman and West [in press].

3.5 RESULTS

At 0.8 to 5 Hz, or the frequency spectrum where the dominant event energy is 

found, and at a correlation threshold of 0.7, we identified 189 new waveforms in July and 

early August (Figure 3.6b, red dots). In doing so, we extended the length of the period of 

heightened seismicity by three days from July 8th to July 5th, and achieved a 238%  

increase in event detections for this time period. The majority of events detected in this 

manner were at the lower end of the magnitude range for this sequence (Figure 3.6b).
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Experimenting with different bandpass filters and correlation thresholds, we 

found that the optimal filter (or the filter that returned the most real events) was from 0.8 

to 5 Hz and the optimal correlation threshold at 0.7. At a threshold of 0.8, only a handful 

of events were detected. At 0.6, spurious waveforms abound. At 0.7, nearly every 

waveform found was valid, with few exceptions. If the same procedure is used for the 

entire 20 to 25 s long waveforms instead of over a 5 s portion windowed to include only 

the S-wave, the cross-correlation returns no waveforms. This is likely due to (1 ) weak P- 

waves, which are buried even further within the noise than the more prominent, higher 

amplitude S-waves; and (2 ) slight variations in the P- and S-wave arrival times, which 

cause destructive interference.

While traversing the continuous waveform data by hand it was clear that this 

technique failed to find all the Kasatochi events that rise above the background noise at 

Great Sitkin. We identified 6 additional events via a manual inspection of the continuous 

data, including events as early as July 1. (Figure 3.6b, yellow dots). Each of these events 

occurred before July 8th and did not correlate at values >0.5 with any of the other events 

in the earthquake catalog, thus explaining why this technique did not uncover these 

particular earthquakes.

With the inclusion of these new events, the temporal development of the 

earthquake sequence at Kasatochi has again been refined (Figure 3.6a, b). From the 

original catalog, the onset of the pre-eruptive swarm has been revised by seven days to 

July 1st. After the start of the sequence on July 1st, there were three days-long hiatuses in 

earthquake activity, from July 1st to 5th, July 8th to 12th and July 17th to 22nd. The July 8th
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to 12t h  hiatus appears to be real. Others can be attributed to data dropouts in the regional 

seismic networks (Figure 3.7).

The vast majority (92% ) of the entire elastic energy budget for this period was 

released from August 6 t h  to August 7 t h  (Figure 3.6c). At a cumulative elastic energy of

1.2 x 104  MJ, the amount of seismic elastic energy released at Kasatochi was a factor of 

10- 2  to 10- 6  less than the elastic energy released during the well-known eruptions at 

Katmai in 1912, Mount Saint Helens in 1980, and Pinatubo in 1991 where 1.6 x 10 1 0 , 4.3 

x 106 , and 6 .3 x 107  MJ were released, respectively [Mori et al., 1997] (Note: energies 

were calculated from M S  magnitudes in examples). Nevertheless, the energy released at 

Kasatochi is large compared to that at other volcanoes in Alaska such as the 1989 

Redoubt [Power et al., 1994], 1992 Spurr [Power et al., 1995], 2006 Augustine [Power 

and Lalla, in press], or 2008 Okmok eruptions [Larsen et al., 2009]. For Kasatochi, 

elastic energy was calculated as,

E s  = 2nr2pearth  cearth 1/A J S2 U (t)2  dt, 

where pearth the earth density, cea rth the P-wave velocity, A the attenuation, S the site 

response corrections, U the particle velocity and r the distance from the source to the 

receiver [Johnson and Aster, 2005].

3.6 DISCUSSION

3.6.1 Kasatochi eruption sequence

The earthquake sequence at Kasatochi exhibits clear swarm as well as mainshock- 

aftershock-like qualities (Figure 3.6a, b). Initially, seismicity rose and fell with no
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dominant mainshock event. The stress conditions at Kasatochi changed dramatically on 

August 5th when event magnitudes rose and seismic rates increased from tens to hundreds 

of events per day (Figure 3.6a, b). The largest magnitude event occurred ~3.5 hours 

before the eruption and had a large compensated linear vector dipole (CLVD) component 

which most likely represents the opening of a dyke [Ruppert et al., submitted]. Following 

the eruption, the seismicity at Kasatochi decayed rapidly to background levels, in 

mainshock-aftershock fashion. We interpret this to signify that the propagation of a dyke 

from depth to the surface increased the stressing rate (i.e., bar yr-1), overprinting pre- 

eruptive seismicity associated with the diffusion of heat or pore pressure from a new or 

pre-existing source of magma through the country-rock. This is similar to seismicity 

associated with the dyke emplaced after the 2000 caldera forming eruption at Miyake 

volcano, Japan [Toda et al., 2002].

3.6.2 Cross-correlation and its application

Here we have used cross-correlation methods to redefine the onset of seismic 

unrest at Kasatochi, revising the onset time of the pre-eruptive swarm from July 8th to 

July 1st, and to refine our understanding of the temporal development of the pre-eruptive 

swarm. We demonstrate that pre-eruptive activity in early July was not composed of a 

few, stand-alone events, as had been previously gleaned from the original catalog, but of 

>200 events.

Using cross-correlation to supplement catalog detections in an observatory or 

academic setting effectively re-populates the earthquake catalog with events below the
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initial M C  and catches events above the M C  missed by automated procedures. Cross

correlation, therefore, is a viable means to more fully characterize the temporal 

development of periods of heightened earthquake activity where multiplets are present. If 

used in real-time, this technique will provide observatory personnel with a more complete 

understanding of the seismic unrest as it occurs.

The cross-correlation technique can be applied to any period of heightened 

seismic activity, be it a mainshock-aftershock sequence or swarm, provided the event 

sequence contains multiplets. Should a catalog not have events with clear P- and S-waves 

(e.g., the data set contains B-type or long-period events), and it is not possible to perform 

quality control on cross-correlation picks by consulting the S minus P times of the 

waveforms, this technique can be adapted as follows: Either (1 ) rely on higher cross

correlation values (an appropriate threshold is somewhat subjective and/ or dependent on 

the qualities of each data set); or (2 ) check to make sure that the relative waveform arrival 

times across all available stations of events detected via cross-correlation match the 

arrival time patterns of existing events in the catalog. This can be accomplished by cross- 

correlating the master events across all available channels and identifying events by both 

their correlation values and relative station arrival times.
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Figure 3.1: Map.

Map showing the relative distances between Kasatochi and the Great Sitkin and Korovin seismic networks. 
(Modified from a map created by the Alaska Observatory/ Alaska Division of Geological and Geophysical 
Surveys.)
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Figure 3.2: Histogram of seismic unrest.

A histogram of seismic events at Kasatochi from July 1st through August 3 1st (bin size = 1 day). The largest 
event (5.6 ML) and the eruption occurred on August 7th at 18:30 and ~22:00 UTC, respectively. Their 
occurrence has been marked by a white arrow.
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Figure 3.3: Velocity seismograms.

Velocity seismograms of an event in the Kasatochi pre-eruptive seismic sequence as recorded by stations 
within the Great Sitkin network. Clear seismic signals are seen at GSCK and GSTD (3-component), noise 
spikes at GSIG and GSTR, and broadband noise at GSSP. The relative move out, the clear P- and S-waves 
seen here, and S minus P times are typical of events recorded from Kasatochi.
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Figure 3.4: Waveform similarity matrix.

Similarity Matrix for the complete catalog of seismic events at Kasatochi from July 1st to August 3 1st, 2008. 
The matrix is structured chronologically from left to right and top to bottom with one pixel for each 
waveform pair and symmetric with unity on the diagonal. Those waveforms that show high degrees of 
similarity (>0.7) appear as green to red pixels within each correlation matrix. The top nine waveform 

families were extracted from this matrix and plotted in Figure 3.5 for comparison.
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Figure 3.5: Matrix of dominant waveform families.

The top nine waveform families have been extracted from the similarity matrix in Figure 3.4 and plotted 
here for comparison. The matrix is structured chronologically from left to right and top to bottom with one 
pixel for each waveform pair and symmetric with unity on the diagonal. Those waveforms that show high 
degrees of similarity (>0.7) appear as green to red pixels within each correlation matrix. A horizontal red 

line denotes the time of the eruption occurred on August 7 th, 2008 at approximately 22:00 UTC.
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Figure 3.6: Summary of seismic unrest.

A summary of the earthquake activity prior to, during and after the August 7 th, 2008 eruption including 
waveforms detected using cross-correlation. Data were taken from GSTD EHZ and range from July 1st to 
August 3 1st, 2008. (a) A histogram of the number of events per day at Kasatochi (bin size = 1 day). In this 
and all subsequent panels, those events from the original un-altered catalog have are in blue, those events 
identified via cross-correlation techniques are in red, and those events identified manually are in yellow. A 
vertical red line denotes when the eruption occurred on August 7 th, 2008 at approximately 22:00 UTC. (b) 
Event magnitudes (M L) plotted against time. The MC is denoted by a dotted horizontal blue line. (c) 
Cumulative elastic energy (mega Joules) released by the 2008 Kasatochi eruption from July 1st to August 
31st.
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Figure 3.7: Reduced displacement.

Reduced displacement plot for continuous data stream at GSTD EHZ from July 1st to August 31st, 2008 
showing periods of heightened activity in dark blue. A vertical red line denotes the time of the eruption 
occurred on August 7th, 2008 at approximately 22:00 UTC.
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Chapter 4 2006 Augustine eruption and the Continuous Phase: Insights from 

seismo-acoustic measurements

4.1 ABSTRACT

Augustine Volcano, situated in Cook Inlet, Alaska erupted on December 2nd, 

2005, ending a 20 year period of repose. The magmatic eruption that ensued in 2006 has 

been broken into three phases by previous investigators: the Explosive, Continuous and 

Effusive Phases. The Continuous Phase is the focus of the following analysis.

The onset of the Continuous Phase is defined by a shift in eruptive style from 

infrequent, large, explosive eruptions with opaque columns of ash and intervening 

periods of quiescence to continuous columns of low-to-moderate ash content. The signal 

characteristics of the acoustic and seismic waveforms suggest that the Continuous Phase 

was a scaled down version of the Explosive Phase. Rather than there being a few large 

explosions of consequence, there were many, lower-amplitude explosions of a similar 

genre. At least 561 discrete bursts in infrasonic energy occurred during the Continuous 

Phase. Infrasonic pulses ranged in duration from a few to hundreds of seconds and in 

amplitude from 0.06 to 11.9 Pa and occurred at rates of up to 15 events per hour. What 

was perceived by remote sensing observations as a continuous, unperturbed eruption was 

in fact a rapid succession of discrete blasts.
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Following seven months of precursory activity, Augustine produced a small 

phreatic explosion on December 2nd, 2005 ending a 20 year period of repose [Power et 

al., 2006]. Throughout the remainder of the year, continuous steaming was punctuated by 

occasional phreatic explosions on December 10th, 12th and 15th. On January 11th, 2006 the 

eruption at Augustine escalated when a column of pulverized juvenile material and gas 

rose to 6.5 km above sea level [Power et al., 2006]. The magmatic eruption that ensued 

has been broken into three phases by previous investigators: the Explosive, Continuous, 

and Effusive Phases [Power et al., 2006]. The Explosive Phase has been studied in detail 

[e.g., Caplan-Auerbach et al., 2009; McNutt et al., 2010; Petersen et al., 2006; Wilson et 

al., 2006]. The Continuous Phase, the focus of this chapter, began during the final hours 

of January 28th and lasted 7 days, ending on February 4 th.

4.2.1 The Continuous Phase

The onset of the Continuous Phase is defined by both a (1 )  shift in eruptive style 

from infrequent large, explosive eruptions with opaque columns of ash and intervening 

periods of quiescence to continuous columns of low-to-moderate ash content and (2 )  

based on seismic activity (e.g., Buurman and West [in press]). During this time, a 

continuous column with variable ash content rose to 15k feet above sea level (fasl). This 

column was occasionally punctuated by explosions to altitudes of as much as 50k fasl. 

Hourly remote sensing observations describe an ash column rooted to the summit. Within 

Alaska Volcano Observatory’s internal operation log files there is repeated mention of

4.2 INTRODUCTION



ash columns with regions of higher ash content. These regions are thought to correspond 

to periods with more vigorous seismic activity, suggesting that the physical process was 

not in fact a continuous, unperturbed emission of gas and ash but rather a succession of 

many individual explosive eruptions which were perceived as being continuous by 

remote sensing data.

During the Continuous Phase, 4 short-period and 4 broadband seismometers 

remained operational. At 3.2 km from Augustine’s summit and active vent, a 1 Hz 

vertical-component S13 geophone was co-located with the network’s lone pressure 

transducer, a Chaparral Model 2.1 microphone at station AUE (Figure 4.1). Both 

instruments recorded high and low gain digital data which were telemetered from 

Augustine to AVO with few interruptions [Petersen et al., 2006]. With the exception of 

February 4th and the occasional minutes-long data outage, the digital record of the 

Continuous Phase at AUE is complete (Figure 4.2).

Whereas the seismic noise level on low and high gain channels remained 

consistent throughout this period, the infrasonic noise level on all channels was highly 

variable, reflecting the passage of inclement weather and associated high wind speeds 

(Figures 4.2, 4.3). Even when band-passed at 0.8 to 5 Hz, the wind is broadband and 

eclipses the volcanic signals, rendering some of the infrasonic data useless. Despite the 

degradation of the infrasonic signal, the continuous high gain infrasound data were 

scoured by hand and 561 waveforms or periods of discrete energy release were identified 

(Figure 4.3).
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The seismic eruption record at Augustine is contaminated by the presence of 

volcano-tectonic and long-period earthquakes associated with the subterranean volcanic 

activity. Such events occurred with vigor during the eruption, making it difficult to 

identify explosion signals from the continuous seismic record. To ensure that only those 

signals associated with the release of material at the vent were included in this study 

events were picked on infrasonic records from station AUE.

The infrasonic record was compromised by the presence of wind noise associated 

with inclement weather. Comparisons of the infrasonic and seismic records for periods of 

low and high noise are provided in Figure 4.2. Alhough their seismic counterparts have 

crisp arrivals and clear durations, the infrasonic waveforms cannot be differentiated from 

the broadband noise that engulfs them. Since the durations of these periods were on the 

order of many hours to days, no attempt was made to infer the number of events which 

transpired during these periods. The rise and fall in the event rates during the Continuous 

Phase (Figure 4.3, top) are, therefore, controlled by the level of noise at Augustine.

None of the events picked during the Continuous Phase clipped the infrasound 

sensor’s high gain channel (BDF). All of the Explosive Phase events, however, were 

clipped and will be displayed here on the low gain channel (BDL). 206 of their 561 

associated seismic waveforms were clipped on the 1 Hz seismometer (EHZ) but show up 

on scale at the closest Guralp 6TD broadband station AU14 (Figure 4.1).
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At least 561 discrete bursts in infrasonic energy occurred during the Continuous 

Phase. Infrasonic pulses ranged in duration from a few to hundreds of seconds and in 

amplitude from 0.06 to 11.9 Pa and occurred at rates of up to 15 events per hour (Figure 

4.3, top). The cumulative acoustic energy is not a smooth line (Figure 4.3, bottom). Steps 

or sudden increases in the amount of energy released are coincident with the occurrence 

of the larger explosions that punctuate the Continuous Phase and with periods when the 

number of events per unit time were greatest. The event rates and energy calculations of 

the Continuous Phase are, however, heavily biased by the variable noise levels (Figures 

4.2, 4.3).

Infrasonic and seismic events are frequently coeval (Figure 4.4). From January 

29th to early-February 1st nearly every infrasonic event is accompanied by a measured 

seismic event. From late-February 1st onward, the seismic and infrasonic pulses are less 

well correlated, signifying a possible shift in eruptive style.

The seismo-acoustic signals of the Continuous Phase will now be compared to 

those of the Explosive Phase to demonstrate that the eruptive process that ensued during 

the Continuous Phase was similar to that of the Explosive Phase.

4.4.1 Signal characteristics: Explosive Phase

The first magmatic eruption of the Explosive Phase occurred at the summit vent, 

sonifying the atmosphere on January 11th. A pressure transducer located 3.2 km from the 

vent detected a total of 13 large eruptions from January 11th to 28th, ranging in magnitude
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from 14 to 105 Pa [McNutt et al., 2010]. Figures 4.5 to 4.7 show the waveforms of an 

exemplary explosion at varying bandpasses, their associated spectrograms, power 

spectral densities and displacements. The infrasonic and seismic signals associated with 

these eruptions were poorly coupled (Figure 4.5). For coupled explosive processes one 

would expect the seismic and infrasonic spectra to have similar frequency contents. This 

is not the case at Augustine. Whereas most of the 13 explosions have no to low-amplitude 

infrasonic signal above 5 Hz and highest power spectral density from 0.1 to 1 Hz, most of 

the associated seismic energy is above 1 Hz. During the explosions, then, higher 

frequency energy was coupled better into the ground and lower frequency energy into the 

atmosphere. A subterranean explosion, for example, might partition energy in this 

manner. In this case, high frequency energy from the explosion would travel into the 

earth. Low frequency energy would then be released into the atmosphere as gas moves 

from the site of the explosion through the free-surface, thus accelerating the atmosphere.

The duration of the seismic signals are often (though not always) longer than that 

of the infrasound. The signal durations and amplitudes of the seismic signals are 

functions of frequency (Figure 4.6). By diminishing the bandpass used to filter each 

seismic waveform, the duration and amplitude of the signal diminishes. A similar 

relationship between bandpass and signal duration/ amplitude holds for the infrasound.

Very long-period seismic and infrasonic signals (VLPs, defined here as signals 

with frequencies <0.1 H z) are seen for most of the explosions (Figure 4.6, lower panels). 

These signals are discrete and of lower-amplitude than signals at higher bandpass. As 

might be expected for eruptions of this magnitude, broadband seismic displacements 

recorded 2.1 km from the vent on a broadband seismometer are clearly visible in the



records (Figure 4.7 ) and display both senses of initial motion, towards and away from the 

vent, depending on the eruption (not shown here).

4.4.2 Signal Characteristics: Continuous Phase

Infrasonic and seismic waveforms associated with the 561 discrete explosions of 

the Continuous Phase are similar in their frequency content to those of the Explosive 

Phase (Figures 4.5, 4.8). Though the duration and amplitude of the seismic signal does 

not always diminish with a lower bandpass, the seismic amplitudes do diminish with a 

decrease in bandpass from 5 Hz downward (Figure 4.9). VLPs common to the Explosive 

Phase are seen during the Continuous Phase but not for every explosion. The VLPs 

recorded are more common to the infrasound (Figure 4.9, lower panels). When of 

sufficient amplitude, the VLP is discrete; otherwise it is buried in a low-amplitude 

continuous background VLP signal likely generated by microseisms associated with the 

surrounding ocean. Broadband displacements are recorded here as well, but are of lower 

amplitude than those recorded during the Explosive Phase (Figures 4.7, 4.10).

The energies released during the Explosive and Continuous phases have been 

plotted in Figure 4.15 for comparison. Due to the complications in picking events within 

the Continuous Phase, what is displayed here is an underestimate of the actual energy 

released. Overall, an order of magnitude less acoustic energy was released into the 

atmosphere during the Continuous Phase, though both phases have a comparable energy 

release per day.
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There is no clear relationship between the amplitude of an event during the 

Continuous Phase and the time of quiescence that preceded or followed it as was seen at 

Arenal by Hagerty et al. [2000 ] (Figure 4.11). Larger infrasonic events responsible for 

the steps in the cumulative energy plot (Figure 4.3, bottom) were followed by sub-hour- 

long periods of relative quiescence before the number of infrasonic pulses per unit time 

returned to pre-event levels. But such periods of relative quiescence are not unique to 

these events and are not governed by the amplitude of the preceding event. The same is 

true of their seismic counterparts. When both the Continuous and Explosive Phase 

amplitudes are plotted for comparison (Figure 4.12), a crude temporal trend emerges 

suggesting that as event size increases so does the period of repose.

Because the Continuous Phase progressed with vigor, emplacing pyroclastic 

materials on the slopes of Augustine as domes were built and destroyed, we must 

demonstrate here that the signals recorded during the Continuous Phase and included in 

this study are associated with eruptions and not avalanches or pyroclastic flows. A signal 

from a known avalanche has been plotted in Figure 4.13 for consultation. This avalanche 

occurred on February 8th after the Augustine eruption had abated and was caught on 

camera. Unlike the Continuous Phase events described above, there is no infrasonic event 

associated with the seismic trace from this or other known avalanches. We have, 

therefore, proceeded under the assumption that these 561 waveforms were generated by 

explosions and not avalanches nor pyroclastic flows. The signal similarities between the 

Continuous Phase and Explosive Phase events provide supporting evidence that these 

signals are in fact explosions.
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The signal characteristics above and the distributions of acoustic and seismic 

energies given in Figures 4.14 and 4.15, suggest that the Continuous Phase is a scaled 

down version of the Explosive Phase. Rather than there being a few large explosions of 

consequence, there were many lower-amplitude explosions of a similar genre (Figure 

4.15). What was perceived by remote sensing observations and during gas flights as a 

continuous eruption was in fact a series of discrete blasts spaced closely in time.
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Figure 4.1: Aerial image.

An aerial image displaying the location of seismo-acoustic station AUE, broadband seismic station AU14, 
and National Oceanic and Atmospheric Administration buoy AUGA2 relative to Augustine’s summit vent 
(white triangle). [Figure extracted from Google Earth],
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Figure 4.2: Infrasonic and seismic continuous data.

Raw, unfiltered infrasonic and seismic continuous data for the Continuous Phase from February 1st through 
3rd plotted here for comparison. Notice how data drops attributed to telemetry problems (“No Data”) affect 
infrasonic and seismic signals alike, but storms and associated high wind conditions only obscure 
infrasonic signals.
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Figure 4.3: Summary of infrasonic activity.

A summary of infrasonic activity during the Continuous Phase of Augustine’s eruption. Data range from 
January 28th to February 4th, 2006. (a) A histogram of the number of explosions per hour at Augustine (bin 

size = 1 hour). 561 explosions are represented here. Wind speed from the National Oceanic and 
Atmospheric Administration’s buoy AUGA2, located < 2 km from the pressure transducer at AUE (Figure 
4.1). (b) Event amplitudes of unfiltered waveforms derived from AUE BDF plotted against time. (c) A plot 
displaying the cumulative energy released by the infrasonic explosions in (a). Elastic acoustic energy for 
each event has been calculated as,

Ea = 2nr2/ patm catm I AP(t)2 dt,

where, patm is the air density, catm the speed of sound, and r the distance from the source to the receiver 
[Johnson and Aster, 2005]. In this study, values of 1.2 kg/m3, 0.34 km/s, 3.2 km have been assigned to patm, 
catm, and r respectively. AP is integrated from the unfiltered signal onset to the time when the acoustic 
signals have decayed to background levels. Elastic acoustic energies for each event are summed and plotted
here.
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Figure 4.4: Eight-hour segment of continuous seismic and acoustic data superimposed.

An eight-hour segment of continuous data from February 1st, 2006 included here to display the coincident 
seismic and acoustic signals. Low gain seismicity from station AUE has been plotted in blue. High gain 
infrasound from station AUE has been plotted in red.
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Figure 4.5: Exemplary Explosive Phase acoustic and seismic waveforms.

Exemplary Explosive Phase acoustic and seismic waveforms, plotted here for comparison. Unfiltered 
acoustic and seismic waveforms (top), their log-frequency spectra (middle), and power spectral densities 
(bottom). A black dotted line rises from the x-axis to intersect the peak spectral power. Red dotted lines 
delineate each instrument’s flat frequency response. The upper bound of the flat frequency response at 
AU14 HHZ >102 Hz.
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Figure 4.6: Exemplary Explosive Phase acoustic and seismic waveforms.

Exemplary Explosive Phase acoustic and seismic waveforms, plotted for comparison at varying bandpass.
Waveforms were 2-way high-, low- and bandpass filtered using 2-pole Butterworth filters.
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Figure 4.7: Exemplary Explosive Phase seismic velocity and displacement waveforms.

Exemplary Explosive Phase seismic velocity and displacement waveforms, plotted at different bandpass.
Waveforms were high-pass filtered using 2-pole Butterworth filters.
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Figure 4.8: Exemplary Continuous Phase acoustic and seismic waveforms.

Exemplary Continuous Phase acoustic and seismic waveforms, plotted here for comparison. Unfiltered 
acoustic and seismic waveforms (top), their log-frequency spectra (middle), and power spectral densities 
(bottom). A black dotted line rises from the x-axis to intersect the peak spectral power. Red dotted lines 
delineate each instrument’s flat frequency response. The upper bound of the flat frequency response at 
AU14 HHZ >102 Hz.
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Figure 4.9: Exemplary Continuous Phase acoustic and seismic waveforms.

Exemplary Continuous Phase acoustic and seismic waveforms, plotted for comparison at varying bandpass.
Waveforms were high-, low- and bandpass filtered using 2-pole Butterworth filters.
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Figure 4.10: Exemplary Continuous Phase seismic velocity and displacement waveforms.

Exemplary Continuous Phase seismic velocity and displacement waveforms, plotted at different bandpass.
Waveforms were high-pass filtered using 2-pole Butterworth filters.
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Figure 4.11: Event intervals and amplitudes.

The raw amplitude of unfiltered Continuous Phase waveforms (top) and time intervals between eruptions 
(bottom) plotted as functions of time.
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Figure 4.12: Event intervals and amplitudes.

A log-log plot comparing the raw amplitudes and intra-event intervals of acoustic events during the
Explosive and Continuous Phases.
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Figure 4.13: Exemplary avalanche acoustic and seismic waveforms.

Exemplary avalanche acoustic and seismic waveforms, plotted here for comparison. Unfiltered acoustic 
and seismic waveforms (top), their log-frequency spectra (middle), and power spectral densities (bottom). 
A black dotted line rises from the x-axis to intersect the peak spectral power. Red dotted lines delineate 
each instrument’s flat frequency response. The upper bound of the flat frequency response at AU14 HHZ 
>102 Hz.
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Figure 4.14: Seismo-acoustic energy partitioning.

A log-log plot comparing the acoustic and seismic energy released by Explosive and Continuous Phase 
explosions. Elastic acoustic energy for each event has been calculated as,

Ea  = 2rn-12/ patm  catm  \ AP(t)2 dt,

and seismic energy as,

E s  = 2nr2 2 Pea rth  cea rth  1 / A  \  S2U (t)2 dt,

where, patm is the air density, pearth the earth density, cam the speed of sound, cearth the P-wave velocity, A 
the attenuation, S the site response corrections, U the particle velocity and r the distance from the source to 
the receiver [Johnson and Aster, 2005].

In this study, values of 1.2 kg/m3, kg/m3, 0.34 km/s, 2.5 km/s [see Dixon and Stihler, 2009 for velocity 

model], 3.2 km, and 2.1 km have been assigned to patm, pearth, catm, cearth, r1 and r2 respectively. Attenuation 
and site response have been taken as unity. AP and U (t)2 are integrated from the unfiltered signal onset to 
the time when both the acoustic and seismic signals have decayed to background levels. Elastic acoustic 
energies for each event are summed and plotted here.



119

Explosive p h a s e  event ra te s  (num ber of ev en ts = 1 3 )

0 1 /1 2  0 1 /1 6  0 1 /2 0  0 1 /2 4  0 1 /2 8

C ontinuous p h a s e  event ra te s  (num ber o f e v en ts = 5 6 1 )

0 1 /2 9  0 1 /3 0  01/31 02/01  0 2 /0 2  0 2 /0 3

Figure 4.15: Event histograms and cumulative energy plots.

Event histograms and cumulative energy plots for the Explosive (top) and Continuous (bottom) phases. See
Figure 4 .13’s caption for how seismic and elastic energies were calculated.
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CONCLUSIONS

Data from the Alaska Volcano Observatory and Alaska Earthquake Information 

Center ANTELOPE catalogs were included to address four topics in volcano-seismology. 

The comprehensive, meticulous and on-demand nature of these catalogs facilitated both 

the broad scope and focused analyses of seismic parameters and waveforms included 

here. All data processing and analyses were carried out in MATLAB using standard 

functions as well as in-house contributions including the Waveform and Correlation 

Toolboxes developed by Celso Reyes and Dr. Michael West.

In Chapter 1 energy is used to distinguish mainshock-aftershock sequences from 

swarms for periods of heightened volcano-seismicity across the Aleutian Arc. Periods of 

seismic unrest at Great Sitkin in 2002, Snowy in 2002 and Kasatochi in 2008 are 

classified as mainshock-aftershock sequences. The 1991 Spurr, 1996 Strandline Lake, 

1996 Mageik, 1996 Iliamna, 1998 Becharof Lake, 2005 Augustine, 2005 Tanaga, 2006 

Martin, 2006 Fourpeaked, and 2008 Trident sequences are classified as swarms. 

Sequences with mainshock-aftershock affinities, therefore, occur within volcanic settings 

just as sequences with swarm-like affinities occur within tectonic provinces [e.g., Richter, 

1958; Mogi, 1967; Sylvester et al., 1970; Vidale and Shearer, 2008]. I speculate that the 

mainshock-aftershock sequences that occur within volcanic provinces are associated with 

instantaneous stress drops caused by dyke intrusions or co-seismic stress changes from 

the largest event. As such, they share similar decay patterns with double-couple slip- 

events at major faults in tectonic provinces. Our classification scheme offers a
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conceptually simple and computationally efficient way to distinguish between 

mainshock-aftershock sequences and swarms.

Chapter 2 provides insight into the physical significance of multiplets. Multiplets 

are shown to be ubiquitous to periods of heightened seismicity in the vicinity of 

volcanoes across the Aleutian Arc. They represent 21 to 84%  of all events. Their 

inclusion in the b-value calculation occasionally biases the b-value. The b-values of the 

multiplet populations alone are elevated with respect to the b-values of the catalogs they 

were drawn from. This suggests that multiplets arise from the diffusion of heat and/ or 

pore fluids through the crust and not from an increase in stress.

Chapter 3  demonstrates that multiplets can be used to scour a continuous stream 

of data for events that escaped detection. I apply this correlation technique and a close 

manual inspection of the continuous data to the 2008 eruption at Kasatochi. In doing so, I 

extend the length of the pre-eruptive swarm by seven days and achieve a 238%  increase 

in event detections for this time period. I observe that seismic unrest at Kasatochi from 

July 1st to August 31st has both swarm and mainshock-aftershock-like qualities. I 

speculate that after the largest event in the sequence and subsequent eruption occurred, 

seismicity was governed by the propagation of a dyke from depth to the surface and the 

resultant dramatic change in the stressing rate.

In the final chapter I suggest that the Continuous Phase of the 2006 Augustine 

eruption was a scaled down version of the Explosive Phase. Whereas the Explosive Phase 

consisted of a series of large explosions spaced hours to days apart, the Continuous Phase 

consisted of a series of small discrete explosions occurring every few minutes. I dispel



the notion that this was a continuous, unperturbed eruption and provide seismic and 

acoustic evidence that it was a rapid succession of discrete blasts.
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