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Abstract

Recent studies have noted a correlation between large earthquakes and 

localized seismicity rate changes, particularly those associated with volcanic systems. 

Few studies have been performed to determine if the background seismicity contains 

meaningful rate changes in the absence of large earthquakes. The Alaska Volcano 

Observatory (AVO) seismicity catalog is analyzed for background seismicity rate 

changes at the monitored volcanoes throughout the Aleutian Arc.

The primary analysis was to identify statistically significant seismicity rate 

changes at the eighteen individual volcanic regions. Eleven volcanic regions had 

statistically significant background seismicity rate changes. Of particular interest are 

time periods when several volcanic regions have activity rate changes close in time. 

Once the groups are established using several criteria, they are probabilistically 

analyzed. If they have a low probability of being random and independent, it is 

inferred that the activity changes are related to one another.

Ten groups of volcanoes with activity changes are found and may be evidence 

of regional stress changes in the Aleutian Arc. Seven groups are composed of 

statistically independent activity rate changes; of which, three groups are robustly 

independent. Speculations as to the cause of some of the regional stress changes 

include regional earthquakes and slow slip events.
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1. Introduction

There are many examples of interactions between earthquakes and volcanoes in 

the literature. These are most commonly in the form of large earthquakes triggering other 

earthquakes or earthquakes triggering volcanic activity. Proposed mechanisms fall into 

two broad categories: dynamic stress changes and static stress changes. Triggering due to 

dynamic wave propagation from large earthquakes is the easiest to document because of 

the almost instantaneous response (on the order of minutes to hours). For example, on 

November 29, 1975, there was a M7.2 earthquake near Kalapana in Hawaii which was 

followed approximately a half-hour later by an eruption at the summit of Kilauea [Hill et 

ah, 2002\. A relationship between the two is easy to infer based on the timing of the two 

events and their close spatial proximity. A similar observation is noted by Power et ah 

[2001] concerning the December 6, 1999 Mw7.0 Karluk Lake earthquake and the Katmai 

volcano group in Alaska. The Katmai volcano group is located between 65 and 100 km 

from the epicenter of the Karluk Lake earthquake. The increased seismic activity at 

Katmai began approximately two minutes after the S wave had passed the volcanoes and 

the increased activity at these volcanoes ceased 8 to 13 hours following the earthquake 

[Power et ah, 2001], providing evidence of a short-term response to dynamic stress 

changes. In Papau New Guinea, there was increased activity noted by Williams [1995] at 

Ulawun Volcano perhaps in response to the earthquakes and eruptions at Rabaul Volcano 

in September 19, 1994, which occurred the previous week [Linde and Sacks, 1998], 

Williams attributed the triggering to advective overpressure where the passing seismic 

waves triggered the release of gas bubbles which then rise slowly through magma [Linde



et al., 1994]. This release then creates an increase in pressure on the surrounding rock 

which causes the earthquakes. The eruption of the central Chilean volcano, Cordon 

Caulle, on May 24, 1960, occurred just two days after the M9.5 great earthquake in Chile. 

This eruption was attributed to dynamic triggering by Hill et al. [2002]. The widely 

studied 1992 Landers earthquake also had numerous cases reported of dynamic triggering 

of seismic swarms up to distances of 1200 km [Hill et al., 2002].

Triggered seismicity at large distances is strongly tied to dynamic stress 

triggering. A major example is Alaska’s Denali Fault earthquake (Mw7.9) in November 3, 

2002, which dynamically triggered activity at Katmai volcanic region in Alaska (700 

km), Long Valley caldera (3460 km), The Geysers geothermal field (3120 km), and the 

Coso geothermal field (3660 km) in California, Yellowstone caldera in Wyoming (3100 

km), Mt. Rainer (3100 km) in Washington, along the Wasatch Fault (>3000 km) in Utah, 

in Idaho and in Montana [Eberhart-Phillips et al., 2003; Husen et al., 2004; Husker and 

Brodsky, 2004; Johnston et al., 2004; Moran et al., 2004; Pankow et al., 2004; Prejean 

et al., 2004; Sanchez and McNutt, 2004]. The triggering was directly associated with the 

directivity of the earthquake, which ruptured from west to east and focused energy in the 

direction of western North America, and the passage of seismic waves. The response of 

the 1992 Landers earthquake is one of the first documented cases of long distance 

triggering of over 1000 km [Hill et al., 2002]. The majority of documented remote 

triggering cases involve dynamic triggering.

Another potential cause for triggering of earthquakes and volcanoes is static stress 

changes that occur on the order of months to years following a large or ideally located



earthquake. Cases such as the 1707 eruption of Mount Fuji, Japan, which occurred on 

December 16, one month after a M8.2 earthquake (October 28) nearby and the beginning 

of the eruption of Mount Pinatubo (April 2, 1991) which occurred ten months after a 

M7.7 earthquake in Luzon, Philippines (July 16, 1990) [Hill et al., 2002; Harvard CMT; 

Smithsonian Institution, 1991], illustrate static stress change triggering. The timing of the 

volcanic eruption following the earthquake is too great to be a result of dynamic wave 

triggering. A dramatic example of static stress triggering is the 1999 Hector Mine 

earthquake in California. This earthquake occurred seven years after and 20 km away 

from the 1992 Landers earthquake [Freed and Lin, 2001]. Modeling of this triggering has 

been done by multiple investigators with highly variable answers for static stress 

changes, ranging from decreases of 1.4 bars to increases of 0.5 bars [Parsons and Dreger, 

2000; Freed and Lin, 2001], Hill et al. [2002] note a potential correlation between the 

Cascadia megathrust earthquake in 1700 and a large number of eruptions in the Cascade 

volcanoes in the 1800s. The decay of the strain from the earthquake peaked 50 years 

prior to the peak in volcanic eruptions. The explanation for this delay is that the strain 

peak marks the beginning of vertical dike propagations that took 50 years to express 

themselves as volcanic eruptions [Hill et al., 2002]. Static triggering at large distances is 

a more difficult mechanism on which to speculate because of the multiple parameters 

involved. However, Marzocchi has correlated volcanic eruptions and earthquakes for 

distances up to 1000 km that differ in time by up to 35 years using statistical probabilities 

[Hill et al., 2002].



Many studies have shown dramatic triggering examples where large earthquakes 

are involved. However, Ziv and Rubin [2000] have shown there is no lower limit to the 

amount of static stress change required for triggering of an earthquake to occur. This 

implies that small earthquakes may also serve as triggers. Studies have also shown that 

either a decrease or an increase in stress could further drive a fault to failure, depending 

on the geometry and type of fault [Voisin et al., 2004]. These two ideas can also be 

applied to volcanoes. Volcanoes are sensitive, highly heterogeneous structures that 

change their background seismicity rate often. Toda et al. [2002] found that, by using rate 

and state friction laws [Dieterich, 1994], stressing rate governs the seismicity rate of a 

given region. Using these ideas, a change in the seismicity rate at a volcano may indicate 

a change in the stressing rate and, by Hooke’s Law, the strain rate. A change in stressing 

rate is an indication of a change in the region as a response to some other event. 

Considering seismicity rate changes, along with eruptions and seismic swarms, at 

volcanoes to be triggered responses to unknown events which caused stress changes in a 

region is the reverse of the common method of searching for triggered events following a 

known stress change, such as a large earthquake.

To determine the cause of an activity change at one volcano is a difficult task. The 

cause of the change could be local to the volcano or from a regional or distant source. 

Correlating between multiple volcanoes that have activity changes at the same time 

eliminates local effects as a cause for the changes and is the focus of this thesis. Regional 

sources for any activity changes could have many causes. The activity change, especially 

if it is a large change, at one volcano could be the reason for the activity changes at other

4



volcanoes. A large regional earthquake or a slow deformation event, such as aseismic 

slip, could also be the cause.

The purpose of this thesis is to quantify and to investigate the observations of 

coincident activity level changes at multiple volcanoes in Alaska. Included in the activity 

level changes are volcanic eruptions and seismic swarms along with background 

seismicity rate changes. Background seismicity rate changes, seismic swarms, and 

volcanic eruptions are all indications that a volcano is reacting to a stress change. Seismic 

swarms and volcanic eruptions are obvious indicators of a change in a volcano’s activity; 

however, background seismicity rate changes are a more subtle indicator of a stress 

change. Background seismicity rate changes are often examined retrospectively when a 

volcano’s activity level begins to rise dramatically to determine exactly when the change 

in activity began. The background seismicity further yields clues about the constantly 

changing volcanoes and is therefore an integral part of the study of activity level changes 

at volcanoes.

Alaska and the Aleutian chain are ideal places to expand on the current research 

involving volcano-volcano and earthquake-volcano interactions. This highly active 

tectonic region provides the potential for many interactions between volcanoes and 

earthquakes. Because monitoring of the Aleutian Arc has been occurring for over a 

decade, the data set is a rich resource for this type of study.
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2. Data

As of this writing (February 2005), the Alaska Volcano Observatory (AVO) 

seismically monitors 26 volcanoes and one highly seismically active region referred to as 

Strandline Lake (which from now on will be referred to as a volcano for simplicity’s 

sake) in the Aleutian Arc. The seismic networks are typically composed of six to eight 

stations with vertical single-component short-period seismometers with a one second 

natural period (appendix A, table 2.1). However, there are sixteen three-component 

seismometers with either 0.5 or 1.0 second natural period distributed among thirteen of 

the networks and two broadband seismometers: one at Akutan and one at Augustine 

[Dixon et al., 2003].

The data that are collected on the networks are telemetered over radio or 

telephone to AVO, where they are digitized at 100 samples per second. Once at AVO, the 

raw data are processed through an automated detection system which identifies potential 

earthquakes. The automated detection system reads the real-time seismic data from a 

station and analyzes it for changes in amplitude of the signal. If the change in amplitude 

meets a set of criteria regarding size of amplitude change, length of time of the change, 

and decay rate of the signal change, then the station is considered triggered. If enough 

stations trigger within a given length of time, then the data is marked as an earthquake to 

be analyzed by a staff member [Rogers, 1993; Dixon et al., 2005]. There were several 

automated detection and location systems used in AVO history. Prior to March 1, 2002, 

XDETECT and its predecessor MDETECT were used to detect events. The detected 

events were then converted to AH format and processed by a staff member of AVO



[Dixon et al., 2003]. Starting March 1, 2002, the EARTHWORM system was activated. 

EARTHWORM triggered slightly differently than XDETECT. XDETECT was limited in 

the triggering by the individual seismic networks. For example, if a regional earthquake 

occurred, only one individual network would be triggered. For EARTHWORM, on the 

other hand, all of stations on which the earthquake was detected were passed on as 

triggered. EARTHWORM allowed for earthquakes to be located using different volcano 

networks combined. EARTHWORM also stores the data in SAC format instead of AH 

format [Dixon et al., 2003]. The change from XDETECT to EARTHWORM caused 

increases in the number of detected events at most volcanoes.

Following preliminary event location, the data are checked by a staff member to 

determine the final location of the earthquake before it is cataloged. The earthquakes are 

located using XPICK and HYPOELLIPSE. XPICK allows the staff member to filter and 

manipulate the seismic data to pick arrival times and HYPOELLIPSE is the earthquake 

location program. The eight velocity models used by HYPOELLIPSE can be found in 

Dixon et al. [2003]. The waveform data are then stored online and on tape in either SAC 

or AH format. The online catalog data are stored in the ANTELOPE system.

Of the 27 monitored volcanoes, there are 25 which have been monitored for at 

least a year and a half (figure 2.1 and table 2.1). The monitoring time is variable and 

ranged from 1.5 years for Okmok to 15 years for Redoubt and Spurr. The volcanoes that 

have the longest monitoring time are located in the Cook Inlet region. The monitoring 

times get shorter for volcanoes further west along the Aleutian chain.



Twenty-five volcanoes are included in the analyses for background seismicity rate 

changes because their time history is sufficiently long. The other two have had seismic 

networks installed too recently to be used. Seven of the twenty-five are included in one 

volcanic region because their close proximity to one another suggests that they are not 

independent of one another. These are located in the Katmai Volcanic Region, and 

include the volcanoes Katmai, Trident, Snowy, Griggs, Martin, Mageik, and Novarupta.

The seismic activity at the different volcanic regions is highly variable. On the 

extremes, Dutton typically has only about two locatable earthquakes per year (figure 

B.4), while Katmai averages around 250 to 300 earthquakes per year (figure B.8). There 

are several reasons for differences in the total numbers of earthquakes. One reason is that 

the networks set up to monitor the volcanoes include different numbers and types of 

instruments which are located at different distances from the volcano’s edifice, which 

may detect earthquakes that cannot be detected by a different network configuration. The 

detection threshold for the various networks is given by Dixon et al. [2005]. Another 

reason is that the volcanoes are physically different, meaning that their true seismicity 

levels are different. The locations of the volcanoes, the types of eruptive materials, and 

the internal structure of the volcanoes all determine the activity level and seismicity level.
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Figure 2.1: Alaskan Volcanoes Index Map. This map shows the 
seventeen volcanic regions and one region of high seismic activity 
(Strandline Lake) used in the rate change analysis plus two more 
locations where events of note took place during the time frame of this 
analysis. The volcanic regions used in this analysis are marked with 
black dots. The additional locations are noted by small stars.
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Table 2.1: The Seismic Networks of the 18 Volcanic Regions. Included are the seismic 
station names, the installation dates, locations, and the type of seismometer [Dixon et al., 
2003].

AKUTAN:
Station Name Install Date Latitude (N) Longitude (W) Type
AHB 07/24/1996 54° 06.916’ 165° 48.943’ Short-period
AKS 07/24/1996 54° 06.624’ 165° 41.803’ 3-component short-period
AKT 03/18/1996 54° 08.15’ 165° 46.2’ Broadband
AKV 07/24/1996 54° 07.571’ 165° 57.763’ Short-period
HSB 07/24/1996 54° 11.205’ 165° 54.743’ Short-period
LVA 07/24/1996 54° 09.655’ 166° 02.024’ Short-period
ZRO 07/24/1996 54° 05.494’ 165° 58.678’ Short-period

ANIAKCKLAK:
Station Name Install Date Latitude (N) Longitude (W) Type
AJAX 10/07/2000 

(removed 2002)
56° 53.370’ 158° 13.29’ Short-period

ANNE 07/18/1997 56° 54.763’ 158° 03.534’ Short-period
ANNW 07/18/1997 56° 57.986’ 158° 12.895’ Short-period
ANON 07/10/2000 56° 55.188’ 158° 10.293’ 3-component short-period
ANPB 07/18/1997 56° 48.141’ 158° 16.847’ Short-period
ANPK 07/18/1997 56° 50.499’ 158° 07.572’ Short-period
AZAC 07/12/2002 56° 53.727’ 158° 13.841’ Short-period

AUGUST!NE:
Station Name Install Date Latitude (N) Longitude (W) Type
AUC 09/13/1995 59° 21.596’ 153° 25.469’ Short-period
AUE 10/29/1980 59° 21.531’ 153° 22.365’ Short-period
AUH 12/01/1978 59° 21.833’ 153° 26.591’ Short-period
AUI 04/06/1978 59° 20.11’ 153° 25.66’ 3-component short-period
AUL 08/27/1978 59° 22.93’ 153° 26.07’ Broadband and short- 

period
AUP 09/22/1977 59° 21.74’ 153° 25.23’ Short-period
AUR 11/01/1995 59° 21.766’ 153° 25.873’ Short-period
AUS 09/01/1990 59° 21.599’ 153° 25.840’ Short-period
AUW 10/17/1976 59° 22.205’ 153° 28.249’ Short-period
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Table 2.1: continued.

DUTTON:
Station Name Install Date Latitude (N) Longitude (W) Type
BLDY 07/11/1996 55° 11.670’ 162° 47.018’ Short-period
DRR3 07/11/1996 54° 58.015’ 162° 15.671’ Short-period
DTI 06/21/1991 55° 06.358’ 162° 16.709’ Short-period
DTN 07/16/1988 55° 09.011’ 162° 14.985’ Short-period

GREAT SITKIN:
Station Name Install Date Latitude (N) Longitude (W) Type
GSCK 09/15/1999 52° 00.712’ 176° 09.718’ Short-period
GSIG 09/03/1999 51° 59.181’ 175° 55.502’ Short-period
GSMY 09/03/1999 52° 02.594’ 176° 03.376’ Short-period
GSSP 09/15/1999 52° 05.566’ 176° 10.541’ Short-period
GSTD 09/03/1999 52° 03.356’ 176° 08.685’ 3-component short-period
GSTR 09/03/1999 52° 05.655’ 176° 03.546’ Short-period

ILIAMNA:
Station Name Install Date Latitude (N) Longitude (W) Type
ILI 09/15/1987 60° 04.81’ 152° 57.57’ Short-period
ILS 08/28/1996 59° 57.454’ 153° 04.083’ Short-period
ILW 09/09/1994 60° 03.60’ 153° 08.17’ Short-period
INE 08/29/1990 60° 03.65’ 153° 03.75’ Short-period
IVE 09/19/1996 60° 00.972’ 153° 00.993’ 3-component short-period
IVS 08/29/1990 60° 00.55’ 153° 04.85’ Short-period

KANAGA:
Station Name Install Date Latitude (N) Longitude (W) Type
KICM 09/15/1999 51° 55.136’ 177° 11.718’ Short-period
KIKV 09/15/1999 51° 52.730’ 177° 10.223’ Short-period
KIMD 09/15/1999 51° 45.697’ 177° 14.093’ Short-period
KINC 09/15/1999 51° 55.884’ 177° 07.657’ Short-period
KIRH 09/03/1999 51° 53.976’ 177° 05.611’ Short-period
KIWB 09/03/1999 51° 51.183’ 177° 09.049’ Short-period
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Table 2.1 continued.

KATMAI:
Station Name Install Date Latitude (N) Longitude (W) Type
ACH 07/25/1996 58° 12.64’ 155° 19.56’ 3-component short-period
ANCK 07/25/1996 58° 11.93’ 155° 29.64’ Short-period
CAHL 07/25/1996 58° 03.15’ 155° 18.09’ Short-period
CNTC 07/25/1996 58° 15.87’ 155° 53.02’ Short-period
KABR 08/12/1998 58° 07.87’ 154° 58.15’ Short-period
KAHC 10/12/1998 58° 38.94’ 155° 00.36’ Short-period
KAHG 10/12/1998 58° 29.64’ 154° 32.78’ Short-period
KAIC 10/12/1998 58° 29.10’ 155° 02.75’ Short-period
KAPH 10/12/1998 58° 35.81’ 154° 20.81’ 3-component short-period
KARR 10/12/1998 58° 29.87’ 154° 42.20’ Short-period
KAWH 10/12/1998 58° 23.02’ 154° 47.95’ Short-period
KBM 07/22/1991 58° 16.50’ 155° 12.10’ Short-period
KCE 07/22/1991 58° 14.60’ 155° 11.00’ Short-period
KCG 08/01/1988 58° 18.457’ 155° 06.684’ 3-component short-period
KEL 08/01/1988 58° 26.401’ 155° 44.442’ Short-period
KJL 07/25/1996 58° 03.24’ 155° 34.39’ Short-period
KVT 08/01/1988 58° 22.90’ 155° 17.70’ Short-period
MGLS 07/25/1996 58° 08.06’ 155° 09.65’ Short-period

MAKUSH IN:
Station Name Install Date Latitude (N) Longitude (W) Type
MCIR 07/25/1996 53° 57.08’ 166° 53.51’ Short-period
MGOD 07/25/1996 53° 47.68’ 166° 52.35’ Short-period
MNAT 07/25/1996 53° 53.03’ 166° 41.00’ Short-period
MSOM 07/25/1996 53° 48.99’ 166° 56.94’ Short-period
MSW 07/25/1996 53° 54.88’ 166° 46.96’ 3-component short-period
MTBL 07/25/1996 53° 58.16’ 166° 40.71’ Short-period
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Table 2.1: continued.

OKMOK:
Station Name Install Date Latitude (N) Longitude (W) Type
OKAS 01/09/2003 53° 24.319’ 168° 21.686’ Short-period
OKCF 01/09/2003 53° 23.689’ 168° 08.299’ Short-period
OKID 01/09/2003 53° 28.587’ 167° 49.088’ Short-period
OKRE 01/09/2003 53° 31.163’ 168° 09.964’ Short-period
OKSP 01/09/2003 53° 15.099’ 168° 17.548’ Short-period
OKTU 01/09/2003 53° 22.967’ 168° 02.571’ Short-period
OKWE 01/09/2003 53° 28.270’ 168° 14.512’ Short-period
OKWR 01/09/2003 53° 26.031’ 168° 12.455’ Short-period

PAVLOF:
Station Name Install Date Latitude (N) Longitude (W) Type
BLHA 07/11/1996 55° 42.227’ 162° 03.907’ Short-period
DOL 07/11/1996 55° 08.960’ 161° 51.683’ Short-period
HAG 07/11/1996 55° 19.068’ 161° 54.150’ Short-period
PN7A 07/11/1996 55° 26.009’ 161° 59.757’ Short-period
PS1A 07/11/1996 55° 25.321’ 161° 44.425’ Short-period
PS4A 07/11/1996 55° 20.811’ 161° 51.233’ Short-period
PV6 07/11/1996 55° 27.227’ 161° 55.138’ 3-component Short-period
PVV 07/11/1996 55° 22.438’ 161° 47.396’ Short-period

REDOUB1. I
Station Name Install Date Latitude (N) Longitude (W) Type
DFR 08/15/1988 60° 35.514’ 152° 41.160’ Short-period
NCT 08/14/1988 60° 33.789’ 152° 55.568’ Short-period
RDN 08/13/1988 60° 31.370’ 152° 44.256’ Short-period
RDT 08/09/1971 60° 34.396’ 152° 24.315’ Short-period
RED 08/30/1990 60° 25.192’ 152° 46.308’ 3-component short-period
REF 07/27/1992 60° 29.35’ 152° 42.10’ 3-component short-period 

and low-gain vertical 
component

RSO 03/01/1990 60° 27.73’ 152° 45.23’ Short-period
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Table 2.1: continued.

SHISHAL]DIN:
Station Name Install Date Latitude (N) Longitude (W) Type
BRPK 07/27/1997 54° 38.719’ 163° 44.475’ Short-period
ISNN 07/27/1997 54° 49.925’ 163° 46.700’ Short-period
ISTK 07/27/1997 54° 43.980’ 163° 42.330’ Short-period
SSLN 07/27/1997 54° 48.709’ 163° 59.756’ Short-period
SSLS 07/27/1997 54° 42.718’ 163° 59.926’ 3-component short-period
SSLW 07/27/1997 54° 46.307’ 164° 07.282’ Short-period

SPURR:
Station Name Install Date Latitude (N) Longitude (W) Type
BGL 08/13/1989 61° 16.02’ 152° 23.30’ Short-period
BKG 07/01/1991 61° 04.21’ 152° 15.76’ Short-period
CGL 09/22/1981 61° 18.46’ 152° 00.40’ Short-period
CKL 08/05/1989 61° 11.79’ 152° 20.27’ Short-period
CKN 08/19/1991 61° 13.44’ 152° 10.89’ Short-period
CKT 09/16/1992 61° 12.05’ 152° 12.37’ Short-period
CP2 10/23/1992 61° 15.85’ 152° 14.51’ Short-period
CRP 08/26/1981 61° 16.02’ 152° 09.33’ 3-component short-period
NCG 08/06/1989 61° 24.22’ 152° 09.40’ Short-period
SPU 08/10/1971 61° 10.90’ 152° 03.26’ Short-period

STRANDLINE LAKE:
Station Name Install Date Latitude (N) Longitude (W) Type
NCG 08/06/1989 61° 24.22’ 152° 09.40’ Short-period
STLK 09/01/1997 61° 29.923’ 151° 49.98’ Short-period

VENIAMINOF:
Station Name Install Date Latitude (N) Longitude (W) Type
BPBC 10/03/2002 56° 35.383’ 158° 27.153’ Short-period
VNFG 02/06/2002 56° 17.140’ 158° 33.066’ Short-period
VNHG 02/06/2002 56° 13.267’ 158° 09.853’ Short-period
VNKR 02/06/2002 56° 01.871’ 159° 22.068’ Short-period
VNNF 06/20/2002 56° 17.022’ 159° 18.961’ Short-period
VNSG 02/06/2002 56° 07.549 159° 05.121’ Short-period
VNSS 02/06/2002 56° 13.600’ 159° 27.290’ Short-period
VNSW 06/20/2002 56° 04.317’ 159° 33.508’ Short-period
VNWF 02/06/2002 56° 09.104’ 159° 33.733’ Short-period
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Table 2.1: continued.

WESTDAlHL:
Station Name Install Date Latitude (N) Longitude (W) Type
WESE 08/28/1998 54° 28.344’ 164° 35.188’ Short-period
WESN 10/17/1998 54° 32.342’ 164° 34.804’ Short-period
WESS 08/28/1998 54° 28.795’ 164° 43.428’ 3-component short-period
WFAR 08/28/1998 54° 31.967’ 164° 46.690’ Short-period
WPOG 10/17/1998 54° 35.776’ 164° 44.772’ Short-period
WTUG 10/17/1998 54° 50.792’ 164° 23.258’ Short-period

WRANGELL:
Station Name Install Date Latitude (N) Longitude (W) Type
WACK 07/31/2000 61° 59.178’ 144° 19.704’ 3-component short-period
WANC 07/31/2000 62° 00.192’ 144° 04.194’ Short-period
WASW 08/03/2001 61° 55.692’ 144° 10.346’ Short-period
WAZA 08/03/2001 61° 04.506’ 144° 09.132’ Short-period



3. Methods

3.1 Identifying Background Seismicity Rate Changes

The identification of background seismicity rate changes at an individual volcano 

involves several steps. The first step is to calculate a minimum magnitude of 

completeness. Due to network variations, the magnitude of completeness will be different 

for each volcano. Earthquakes smaller than the minimum magnitude of completeness are 

removed from the catalog in order to produce a consistent and complete data set. Once a 

minimum magnitude of completeness is applied, the data set is analyzed for background 

seismicity rate changes using a normal deviate test. Rate changes for each individual 

volcano can be caused by either instrumentation problems (referred to as man-made 

changes) or natural phenomena. Man-made changes could be caused by seismic stations 

not working properly, weather that causes the noise level in the seismometer to be too 

high, additional seismic stations being added to a network, etc. Man-made rate changes 

are discarded from further study. Natural rate changes together with any documented 

eruptions or seismic swarms are temporally compared to similar activity from other 

volcanoes to search for potentially correlated changes. The potentially correlated changes 

are then probabilistically analyzed to determine if the changes are random and 

independent of one another and to what significance level.

3.2 Minimum Magnitude of Completeness

Seismic monitoring along the Aleutian chain is logistically difficult. The Aleutian 

chain experiences harsh climatic conditions and seismic stations are remotely located. 

The quality of the seismic data is dependent on the weather conditions, the health of the



seismic stations, and the telemetry capabilities, in addition to site conditions. These 

conditions lead to inconsistent seismic monitoring, with a large variation in the size and 

number of earthquakes that are detected and located. In order to correct for these 

variations and to systematically analyze the seismicity rates of a volcano, a minimum 

magnitude of completeness must be determined. The minimum magnitude of 

completeness is defined as the minimum magnitude for which all events above that 

magnitude are detected, located, and cataloged [.Habermann, 1983]. Excluding 

earthquakes that are smaller than the minimum magnitude of completeness eliminates 

some of the rate changes that would be attributed to artificial causes, such as weather or 

station health.

To calculate the minimum magnitude of completeness, a frequency-magnitude 

curve is computed for a given data set (figure 3.1). The frequency-magnitude curve plots 

the cumulative number of seismic events above a given magnitude level for each 

magnitude. It is based on the empirical formula of Ishimoto and Iida [1939] and 

Gutenberg and Richter [1956],

log N  = a -  bM

where N  is the number of earthquakes of magnitude M  and larger occurring in a given 

time period, constants a and b represent a linear relationship where the slope, b, is the 

proportion of small magnitude earthquakes to large magnitude earthquakes [Lay and 

Wallace, 1995; Udias, 1999]. A weighted least-squares best fit line, with a slope of b, is 

fit to the linear portion of the frequency-magnitude curve. The minimum magnitude of



completeness is the smallest magnitude at which all points on the curve associated with 

smaller magnitudes fall below the best fit line.

The minimum magnitude of completeness was calculated using the computer 

program Zmap [Wiemer, 2001]. This program uses two methods (weighted least squares 

and maximum likelihood) to calculate the minimum magnitude of completeness. The 

minimum magnitude of completeness for this study uses the weighted least squares 

method because it has a smaller variance than the maximum likelihood method [Neter et 

al., 1996].

The minimum magnitude of completeness is calculated separately for each of the 

eighteen volcanic regions. The results are provided in Table 3.1. The minimum 

magnitudes range from 0.2 at Augustine to 1.9 at Dutton. For each volcanic region, the 

earthquakes below the minimum magnitude of completeness are eliminated from the 

catalogs.

3.3 Z-value Test

There are several techniques to determine the existence and timing of background 

seismicity rate changes. All the techniques involve plotting the cumulative number of 

earthquakes (at the minimum magnitude of completeness and above) versus time. The 

simplest method is to determine visually where the cumulative curve deviates from a 

constant rate. This method is not used here because there is no way to statistically 

quantify the identification of the rate changes. Other methods which statistically identify 

the background seismicity rate changes are the long-term average (LTA), the rubber band



method, and the AS(t) function. The LTA method takes an a priori identified time period 

with an anomalous rate and determines its significance by comparing that rate to the 

mean rate over the entire data set. The AS(t) function identifies the strongest rate change 

within a given time period by iteratively dividing the data set into two with varying 

sample sizes and comparing their mean rates. The rubber band method is a version of the 

AS(t) function that includes an additional requirement of fixing the amount of time 

allowed in one of the two segments [ Wiemer, 2001]. The AS(t) function is used in this 

study because it does not require a priori knowledge of the rate changes as does the LTA 

method and it does not require a fixed time for either of the two samples in the analysis as 

does the rubber band method. The AS(t) function eliminates the bias of observational rate 

change identification and provides a measure of the strength of the rate changes.

In order to identify statistically significant rate changes in seismicity, a statistical 

test must be applied to the data set. The appropriate statistical test is the normal deviate 

(z) test, which evaluates the differences in rates of two time periods. In this case, rates are 

a measure of the number of earthquakes per day. The normal deviate, z, represents the 

number of standard deviations the mean of one rate differs from the other using a normal 

distribution. The normal deviate test is a test that indicates whether the two samples (i.e. 

the two rates) come from the same parent population [Habermann, 1983]. A larger z 

indicates a higher confidence that the two rates are different. A z of 2.57 is equivalent to a 

99% confidence level, which is the minimum threshold for this study. The following 

formula is used to calculate z for two rates (1 and 2),



where Mi and M2 are the mean rates, 07 and 0 5  are the standard deviations of the rates, 

and Ni and N2 are the number of samples (Jaisingh, 2000; Wyss et al., 2001) (figure 3.2).

3.3.1 AS(t) Function

The method of normal deviate test used to isolate rate changes in this study is the 

AS(t) function. The AS(t) function determines the point of greatest change within a data 

set. This is accomplished by taking the entire data set and dividing it into two smaller 

time periods, which change with each iteration. For the first iteration, the time period of 

rate 1 (time 1) is given by the window length (tw). The window length is the shortest 

length of time that will be analyzed as one rate. Time 1 goes from the start time of the 

data set (t0) to the start time plus the window length (t0+tw). The time period for rate 2 

(time 2) is from the end of time 1 plus one day (ta+tw+l) to the end of the data set (//). 

The second iteration adds the bin length (tb) to time 1, so that time 1 goes from the start 

time {t0) to the start time plus the window length plus the bin length (t0+tw+tb). Time 2 

goes from the end of time 1 plus one day (t0+tw+tb+l) until the end of the data set (//). 

The bin length is the amount of time that each iteration adds to time 1 and subtracts from 

time 2. It also determines how often the z-value is calculated. The iterations continue 

until time 2 is equal to the window length. Each iteration calculates z for rate 1 compared 

to rate 2. When the iterations are completed, the z’s are compared to find the largest 

absolute value of the z’s, which represents the time of greatest change in the data set 

(tzmax) [Weimer, 2001]. If the absolute value of the z’s is equal or greater than 2.57, then



the change is considered to be statistically significant. The sign of z indicates whether the 

rate change was an increase in seismicity (negative z) or a decrease (positive z).

Once the time of greatest change in a data set has been found, the data set is 

divided into two new data sets. The first new data set includes data from the start time of 

the original data set (/0) to the time of greatest change (t:max). The second new data set 

includes data from the time of greatest change (tzmax) to the end of the original data set 

(tj). The AS(t) function is then applied to both of these new data sets. Two new times of 

greatest change are identified (one from the first new data set and one from the second). 

These new data sets are then divided again by the times of greatest changes and the AS(t) 

function is performed again. This iteration of the AS(t) function is completed when there 

are no statistically significant rate changes at a 99% confidence level within a subsetted 

data set. All of the times of greatest change are compiled to yield all the statistically 

significant rate changes in a given data set.

For this test to be statistically significant, all dependent data must be removed 

from the data set. Seismic swarms and eruptions are dependent data because the 

earthquakes during these events are too similar in location and size. If there are periods 

of seismic swarms and eruptions (noted in tables 3.2 and 4.2-4.12 and on figures B.l- 

B.17) at a volcano, the AS(t) function is performed from the beginning of the monitoring 

time to the start time of the swarm or eruption and from the end time of the swarm or 

eruption to the end of the data set or to the next swarm or eruption when applicable.



3.3.2 Length of Time

The AS(t) function is limited to a rate lasting 1.5 months, which is the smallest 

sample length. This time period is large enough to avoid short rate changes on a daily or 

weekly level and to contain enough events for the test to be statistically significant. The 

time period needs to be as short as possible to catch rate changes that only last a short 

time period. The observed rates of 0.01 to 6.57 earthquakes per day set a practical limit at 

1.5 months.

3.3.3 Elimination of Man-Made Rate Changes

Once the rate changes for a given volcano have been identified, they were 

analyzed to determine if they were caused by instrumentation problems. Instrumentation 

problems include station outages, new station installations, telemetry problems, etc. The 

problems would have to have lasted at least one and a half months to be identified as rate 

changes. The timing of all of the rate changes for each volcano was compared with 

station usage charts, which plotted stations used to locate earthquakes (by both Alaska 

Volcano Observatory and Alaska Earthquake Information Center) per day (figure 3.3). If 

there was an addition or subtraction of a station in the station chart around the time of the 

rate change, then the rate change was eliminated from the study because it was 

considered to be a man-made rate change. This process was performed for each rate 

change for each volcano.



3.4 Correlating between Volcanoes

The purpose of identifying the background seismicity rate changes was to 

determine if there were any rate changes, eruptions, or seismic swarms occurring close in 

time at more than one volcano. After identifying the rate changes and concatenating them 

into a list that includes the eruptions and seismic swarms, which also mark changes in the 

stress environment, it is apparent that several volcanic regions had simultaneous activity 

changes, and were likely reacting to stress changes close in time. In order to quantify this 

observation, some criteria must be established that determine which volcanic regions are 

coincident. Once these coincident groups have been formed, then the probability of these 

simultaneous occurrences must be calculated.

3.4.1 Criteria

In order for volcanoes to form coincident groups for this study they must meet the 

following criteria. 1) There must be at least three volcanoes which have rate changes, 

swarms, or eruptions within 120 days of one another (table 3.2). The length of time of 

120 days was chosen somewhat arbitrarily to be as long as possible while still being 

reasonable and within the bounds that previous studies established for triggering times. 

2) Once there are three within 120 days of one another, a fourth volcano may be included 

in the group if the activity change occurs within 60 days of the latest activity change of 

the group of three. This criterion was also chosen somewhat arbitrarily not to include 

activity changes that were too distant in time, but to include those activity changes that



could possibly be related. 3) A volcano which has multiple activity changes within a 120 

day window will only be included once. The activity change which is included is the one 

that minimizes the time period of the whole group. This is intended to prevent an 

artificial inflation of the number of activity changes in one group. 4) The same activity 

change cannot be included in more than one coincident group. While an activity change 

may be a reaction to multiple causes from different groups, the ability to prove or even 

speculate this complex of a scenario is too difficult to be included.

3.4.2 Probability Calculations

To determine whether a series of volcanic activities can be considered correlated 

requires a probability calculation, because without a well-constrained physical model, 

this determination can only be made statistically. The question to be answered by the 

probability test is: What is the probability that a given number of volcanoes can exhibit 

activity changes randomly and independently of one another within a given period of 

time? The null hypothesis of this probability test is that a given number of activity 

changes at different volcanoes within a given time period (the time window) are random 

and independent of one another. The goal of this probability test is to reject the null 

hypothesis. When the null hypothesis is rejected, it indicates, with a particular confidence 

level, that the activity is likely not random or independent. The method used to test the 

null hypothesis follows the method used by McNutt and Marzocchi [2004], who were 

trying to determine whether the anomalous amounts of seismic activity at different 

Alaskan volcanoes in 1996 were related and by what cause. They determined



probabilities two different ways, one classical and one Bayesian. A similar test based on 

the classical test that McNutt and Marzocchi performed is used in this case.

The format of this statistical test follows a classical probability method. Each 

group of volcanoes with coincident activity changes was compared against 10,000 

synthetic catalogs to determine how likely a given number of volcanoes in a given period 

of time could randomly change their activity levels. The set of 10,000 synthetic catalogs 

was created based on the time length of each group found by the criteria. For example, if 

a group of volcanoes all changed their activity levels within 75 days or one another, a set 

of 10,000 synthetic catalogs was created for the 75 day time window. Sets of 10,000 

synthetic catalogs were created for time windows of several different length, ranging 

from 60 to 150 days.

The first step to forming the synthetic catalogs was to create daily entries for the 

catalogs. Each catalog is 10 years in length, so 3,652 daily entries were created. Each 

daily entry is composed of the date and an entry for each volcano. The volcano entries are 

either a 1 or a 0. A 1 represents an activity change, regardless of whether the change is a 

background seismicity rate change, a seismic swarm, or an eruption. A 0 represents no 

change. The 7’s and O's are chosen randomly from a vector created for each specific 

volcano, based on the monitoring and activity history. This vector is created for each 

time window as well, because the length of the vector is dependent on that time. The 

length of the vector is equal to the length of the catalog (10 years) divided by the window 

length. Continuing the 75-day window example, the length of all the volcanoes’ vectors 

for this 75 day case would be 48 elements. Then, for each specific volcano, the elements



are filled in with i ’s and 0’s. So for the 75 day case, if a volcano has 6 activity changes in 

it’s 10 year history, then six / ’s are entered in the 48-element vector and the rest of the 

entries are O' s. Once the vectors for each volcano are created, an element is randomly 

selected from each vector for each volcano for each day of each synthetic catalog.

Once all 10,000 synthetic catalogs are compiled for a given time period, the 

probabilities of a given number of volcanoes all having activity changes within a given 

time window can be calculated. In order to calculate that probability, the synthetic 

catalogs are searched for groups of volcanoes that have activity changes with the given 

time period. The number of catalogs that contain these groups (n) are divided by the total 

number of catalogs (10,000) to give the probability that the given number of volcanoes 

all having activity changes in a given time window that are random and independent 

(table 3.3):

P = —^—
10000

3.4.3 Stress Calculations

Stress calculations were computed for large regional earthquakes (MH>7.0) that 

may have potentially affected volcanic activity levels to determine what the possible 

influence of each earthquake was on each volcano in the Aleutian Arc. The method used 

to calculate the strain changes is based on Okada [1992], This model describes the state 

of stress in a homogeneous elastic half-space due to displacement on a shear or tensile 

fault plane. Since Okada’s model calculates the stress both at the surface and at depth



within the elastic half-space, it is an appropriate model to apply to volcanic seismicity, 

which occurs at depth.

Using Okada’s method, a strain tensor is calculated for each earthquake at each 

volcano. The strain tensor is converted to a stress tensor with the assumption of linear 

elasticity:

where ay is the stress tensor, cti2= CT2 1, o i3= ct3i, and a 23= a 32. From this tensor, the 

isotropic pressure and the second invariant are extracted. The isotropic pressure, a m is 

the mean of the diagonal elements of the stress tensor,

^  _ ^ll + <T22 + 3̂3
3

and is a measure of the amount of dilational strain applied to the volcanic region. To 

determine the second invariant, the stress tensor must be rotated to the principal axes. The 

second invariant yields the maximum shear stress possible for a given stress condition, 

known as the deviatoric stress,

Ji = j[( î -ViY + fa  -  + fa  ~ o',)2]

where J2 is the second invariant in Pa2, <j, , &2, and <r3 are the normal stresses on the

three principal axes. For comparison with the mean stress values, the square root of J? is 

used so that both quantities are measured in the same units.



There were seven Mw7.0 and greater earthquakes during the time period of this 

study from 1991 through 2004. Four of the seven correlate in time with activity rate 

change groups. The isotropic pressure and the deviatoric stress in the form of the second 

invariant are calculated for each of the four earthquakes at each of the monitored 

volcanoes used in this study. The stress changes caused by each regional earthquake are 

calculated for each volcano in Table 3.4.
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b-value (wLS, M >=0.2): -1.13 +/-0.07, a-value = 3.7985 
b-value (max lik, M >= -0.9): -0.994 +/- 0.015, a-value = 3.71

Figure 3.1: Frequeney-Magnitude Curve for Redoubt Volcano. The cumulative numbers of all the 
earthquakes located and archived for Redoubt Volcano are plotted versus their magnitude to 
determine the smallest magnitude at which all the earthquakes are consistently located and archived. 
A best-fit line is fit to the linear part of the data. The minimum magnitude of completeness (Mc) is 
found where the curve deviates from the best-fit line. The 6-value and the minimum magnitude of 
completeness are given at the bottom of the plot using two techniques. The first is the Weighted 
Least Squares method, which in this case, gives a 6-value of -1.13 and a minimum magnitude of 0.2. 
The second is the Maximum Likelihood method which gives a 5-value of -0.994 and a minimum 
magnitude o f -0.9. The Weighted Least Squares method is used in this study.
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Table 3.1: The Minimum Magnitude of Completeness (Mc) for the 18 Volcanic Regions. 
The minimum magnitude of completeness was calculated using frequency-magnitude 
curves and the weighted least squares method. The minimum magnitude of completeness 
represents the smallest magnitude of earthquakes that are consistently located and 
archived for each volcanic region.

Volcanic Region Mc
Akutan 1.3
Aniakchak 1.8
Augustine 0.2
Dutton 1.9
Great Sitkin 0.6
Iliamna 0.5
Kanaga 1.2
Katmai 0.8
Makushin 1.1
Okmok 1.3
Pavlof 1.1
Redoubt 0.3
Shishaldin 1.1
Spurr 0.3
Strandline Lake 0.9
Veniaminof 1.2
Westdahl 0.7
Wrangell 1.0
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Time in years

Figure 3.2: An Example of the output from the Zmap program of a Normal Deviate Test 
Using a Synthetic Catalog. The synthetic catalog includes one event per day from Jan. 1 
1998 through Dec. 31 1998 and two events per day from Jan. 1 1999 through Dec. 31 
1999. The cumulative number of events versus time is plotted as the dark line. The 
normal deviate test is plotted in the light line. The result of the test indicates the strongest 
z at 1998.9973 (Dec. 31 1998) which is the last day of the first rate. Note that a negative z 
indicates a seismicity rate increase.
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Figure 3.3: Examples of Station Usage Charts for determining man-made seismicity rate 
changes. Rate changes are shown by black arrows. (A) shows a time period when a rate 
change (05/07/1996) was not caused by station outages at Iliamna. This rate change is 
considered to be natural. (B) shows a time period when a rate change (04/07/2003) is 
considered to be man-made because some of the seismic stations were not working at the 
time.
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Table 3.2: All the Rate Changes, Swarms, and Eruptions for All Volcanoes in Alaska. 
The times between each event are listed below along with whether there are three events 
in sequence which occur within 120 days of one another. The delta time is the time 
between the previous activity change and the current activity change. The coincident 
groups of volcanoes which all have events close in time are indicated in the coincident 
group # column. If an explanation is needed as to why a volcano was or was not included 
in a coincident group, it is provided in the second to last column. Explanation codes: R: 
repeated volcano, T: time is too long, GT: total time period of group, O: over 60 days 
away in overlapping group.

Event Date Volcano
Delta
Time

120 Day 
Window

Coincident 
Group # Explanation

+ or -
rate

1 01/30/1990 Spurr — — -

2 01/03/1991 Spurr 338.355 — +
3 04/04/1991 Redoubt 90.52 No -

4 05/27/1991 Redoubt 52.56 No +
5 07/25/1991 Redoubt 59.495 Yes 1 -

6 08/08/1991 Spurr Eruption 13.505 Yes 1 +
7 09/30/1991 Strandline 53.29 Yes 1 GT: 66.795 Days +
8 05/17/1993 Spurr 594.22 No +
9 07/04/1993 Spurr 47.815 No R -

10 02/11/1994 Augustine 222.65 No +
11 05/31/1994 Augustine 108.04 No R +
12 10/05/1994 Augustine 127.75 No -

13 12/08/1994 Spurr 63.875 No R +
14 07/28/1995 Augustine 232.14 No +
15 11/24/1995 Iliamna 118.26 No T +
16 02/19/1996 Augustine 87.235 No 2 -

17 03/10/1996 Akutan Swarm 18.615 Yes 2 +
18 05/10/1996 Iliamna 62.05 Yes 2 +
19 05/13/1996 Redoubt 2.555 No 2 GT: 83.22 Days -

20 07/31/1996 Iliamna 79.21 Yes 3 +
21 08/31/1996 Strandline Swarm 32.85 Yes 3 +
22 09/16/1996 Pavlof Eruption 16.06 No 3 +
23 09/27/1996 Augustine 11.315 Yes 3 +
24 10/13/1996 Akutan 16.06 Yes 3 -

25 10/13/1996 Spurr 0 Yes 3 -

26 10/16/1996 Katmai Swarm 2.555 Yes 3 GT: 78.84 +
27 03/12/1997 Augustine 147.095 No -

28 05/15/1997 Makushin 64.24 No R +

29 07/05/1997 Strandline 51.1 Yes 4 -

30 07/10/1997 Akutan 5.11 Yes 4 -

31 07/29/1997 Iliamna 20.075 Yes 4 -

32 08/12/1997 Makushin 13.14 Yes 4 -

33 08/14/1997 Redoubt 2.19 Yes 4 -
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Table 3.2 (cont.)
34 08/16/1997 Katmai 1.825 Yes 4 GT: 42.34 +
35 10/15/1997 Redoubt 60.225 Yes R +
36 12/10/1997 Augustine 55.115 Yes 5 +
37 01/16/1998 Makushin 37.23 Yes 5 -
38 03/30/1998 Strandline 73 Yes 5 -
39 04/04/1998 Spurr 5.11 Yes 5 -
40 05/04/1998 Redoubt 29.565 Yes 5 GT: 144.905 -
41 09/14/1998 Spurr 133.59 No +
42 11/04/1998 Katmai 51.1 No +
43 09/03/1999 Spurr 302.585 No -
44 11/31/1999 Makushin 89.06 No 6 -
45 12/02/1999 Strandline 1.46 Yes 6 -
46 12/11/1999 Katmai 9.125 Yes 6 -
47 01/04/2000 Katmai 23.725 Yes R +
48 01/18/2000 Spurr 13.87 Yes 6 -
49 02/18/2000 Redoubt 31.39 Yes 6 GT: 79.57 -
50 04/12/2000 Spurr 52.195 Yes R, O +
51 06/25/2000 Katmai 74.825 No 7 +
52 07/14/2000 Makushin 18.25 Yes 7 +
53 08/23/2000 Great Sitkin 40.15 Yes 7 +
54 08/28/2000 Strandline 4.745 Yes 7 GT:63.145 +
55 11/08/2000 Makushin 72.27 Yes +
56 12/10/2000 Katmai 31.755 Yes R -
57 12/31/2000 Strandline 21.17 Yes 8 +
58 02/02/2001 Spurr 33.215 Yes 8 -
59 02/11/2001 Katmai 8.76 Yes 8 +
60 03/09/2001 Makushin 27.01 Yes 8 -
61 04/22/2001 lliamna 43.07 Yes 8 GT: 111.055 -
62 05/04/2001 Strandline 12.045 Yes R +
63 05/24/2001 Makushin 19.71 Yes R -
64 08/23/2001 Great Sitkin 90.885 No -
65 12/31/2001 Wrangell 129.94 No R -
66 02/19/2002 Spurr 50.735 No 9 +
67 03/05/2002 Wrangell 13.505 Yes 9 +
68 03/16/2002 Redoubt 11.68 Yes 9 +
69 03/24/2002 Pavlof 7.3 Yes 9 +
70 04/03/2002 Strandline 10.22 Yes 9 +
71 04/14/2002 lliamna 10.95 Yes 9 +
72 05/01/2002 Great Sitkin Swarm 17.155 Yes 9 GT: 70.81 +
73 05/27/2002 Wrangell 26.28 Yes R -
74 06/25/2002 Augustine 29.2 Yes O -

75 08/19/2002 Redoubt 54.75 Yes 10 -

76 10/08/2002 Pavlof 49.64 Yes 10 -
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Table 3.2 (cont.)
77 10/26/2002 Spurr 18.615 Yes 10 -
78 10/30/2002 Strandline 4.015 Yes 10 +

79 11/20/2002 Wrangell 20.075 Yes 10 GT: 92.345 -
80 12/17/2002 Spurr 27.375 Yes R +

81 12/21/2002 Strandline 3.65 Yes R +

82 02/07/2003 Great Sitkin 48.18 Yes -

83 02/07/2003 Spurr 0.365 Yes R -

84 03/18/2003 Wrangell 38.69 Yes R +

85 04/17/2003 Spurr 30.295 Yes R +

86 06/16/2003 Wrangell 59.86 Yes R -

87 07/11/2003 Great Sitkin 24.82 Yes +

88 10/02/2003 Iliamna 83.585 No -

89 10/02/2003 Wrangell 0 Yes +

90 06/09/2004 Spurr 249.295 No +
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Table 3.3: Probabilities that a Given Number of Volcanoes will have Activity Changes 
within a Given Period of Time by Chance Alone.

Table 3.3 a: Probabilities that a given number o f volcanoes will have activity changes 
within 60 days in a catalog by_ chance  ̂alone.__________________________________
3 Volcanoes P=0.5791
4 Volcanoes P=0.1467
5 Volcanoes P=0.0252
6 Volcanoes P=0.0029
7 Volcanoes P=0.0002

Table 3.3b: Probabilities that a given number o f volcanoes will have activity changes 
within 75_ days in a catalog  ̂fry chance  ̂alone.__________________________________
3 Volcanoes P=0.6983
4 Volcanoes P=0.2303
5 Volcanoes P=0.0467
6 Volcanoes P=0.0067
7 Volcanoes P=0.0011

Table 3.3c: Probabilities that a given number o f volcanoes will have activity changes 
within %  days in a catalog  ̂by chance alone.__________________________________
3 Volcanoes P=0.7870
4 Volcanoes P=0.3108
5 Volcanoes P=0.0783
6 Volcanoes P=0.0135
7 Volcanoes P=0.0015

Table 3.3 d: Probabilities that a given number o f volcanoes will have activity changes 
within 705 days in a catalog^ by chance  ̂alone._________________________________
3 Volcanoes P-0.8498
4 Volcanoes P=0.4019
5 Volcanoes P=0.1084
6 Volcanoes P=0.0199
7 Volcanoes P=0.0033

Table 3.3e: Probabilities that a given number o f volcanoes will have activity changes 
within 120 days in a catalog by chance  ̂done._________________________________
3 Volcanoes P=0.8898
4 Volcanoes P=0.4643
5 Volcanoes P=0.1463
6 Volcanoes P=0.0315
7 Volcanoes P=0.0042
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Table 3.3f: Probabilities that a given number o f volcanoes will have activity changes 
within 135 days in a catalog by chancy alone._________________________________
3 Volcanoes P=0.9202
4 Volcanoes P=0.5393
5 Volcanoes P=0.1974
6 Volcanoes P=0.0485
7 Volcanoes P=0.0068

Table 3.3g: Probabilities that a given number o f volcanoes will have activity changes 
within 150 days_ in a catalog by chance_ alone._________________________________
3 Volcanoes P=0.9346
4 Volcanoes P=0.6026
5 Volcanoes P=0.2425
6 Volcanoes P=0.0671
7 Volcanoes P=0.0136
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Table 3.4: Isotropic stress and second invariant (Pa), rounded to the nearest Pa, are given 
for four earthquakes over Mw7.0 that correlate with activity rate change groups at each of 
the monitored volcanoes in this study. They were calculated based on Okada [1992],

(A) On June 10, 1996, there was a Mw7.9 located at 51.56N, 177.63W, and 29 km depth. 
The strike, dip, rake, and moment are 248°, 17°, 84°, and 8.05*102°Nm, respectively.

Volcano a m (Pa) h  (Pa) Distance from 
volcano (km)

Wrangell -1 10 1152
Strandline Lake 1 19 1163
Spurr 1 20 1119
Redoubt -1 19 984
Iliamna -2 20 934
Augustine -3 20 862
Katmai -5 23 747
Aniakchak -10 32 587
Veniaminof -13 37 507
Pavlof -22 55 425
Dutton -25 58 395
Shishaldin -36 81 352
Westdahl -42 93 328
Akutan -58 122 289
Makushin -77 156 256
Okmok -120 217 201
Great Sitkin -8432 79428 57
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Table 3.4 (continued).
(B) On June 10, 1996, there was a Mw7.2, located at 51.48N, 176.85W, and 36.5 km 
depth. The strike, dip, rake, and moment are 258°, 25°, 105°, and 8.51*1019Nm, 
respectively.

Volcano c?m (Pa) h  (Pa) Distance from 
volcano (km)

Wrangell 0 1 1171
Strandline Lake 0 3 1182
Spurr -1 3 1138
Redoubt 0 3 1004
lliamna 0 3 954
Augustine -1 3 881
Katmai -1 3 767
Aniakchak -2 4 607
Veniaminof -3 5 527
Pavlof -4 8 445
Dutton -5 8 415
Shishaldin -7 12 372
Westdahl -9 14 347
Akutan -12 18 309
Makushin -17 24 276
Okmok -27 36 221
Great Sitkin -3257 33581 77
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Table 3.4 (continued).
(C) On December 6, 1999, there was a Mw7.0, located at 57.5 IN, 154.67W, and 54.1 km 
depth. The strike, dip, rake, and moment are 357°, 63°, -180°, and 3.47*1019Nm, 
respectively.

Volcano a m (Pa) h  (Pa) Distance from 
volcano (km)

Wrangell 27 59 513
Strandline Lake 56 141 524
Spurr 74 189 480
Redoubt 217 568 345
Iliamna 347 944 296
Augustine 805 2335 223
Katmai 1401 11537 108
Aniakchak 303 1080 52
Veniaminof 192 487 131
Pavlof 57 137 214
Dutton 49 115 244
Shishaldin 27 62 287
Westdahl 21 50 311
Akutan 15 34 350
Makushin 11 26 383
Okmok 8 19 438
Great Sitkin 1 4 581



Table 3.4 (continued).
(D) On November 3, 2002, there was a Mw7.9, located at 63.5N, 147.5W, and 15 km 
depth. The strike, dip, rake, and moment are 029°, 82°, 19°, and 7.48*1020Nm, 
respectively.

Volcano CTm (Pa) J2 (Pa) Distance from 
volcano (km)

Wrangell 8204 22547 136
Strandline Lake -10523 22223 125
Spurr -6148 13204 169
Redoubt -1392 3450 303
Iliamna -895 2275 353
Augustine -465 1323 426
Katmai -268 696 540
Aniakchak -164 363 700
Veniaminof -126 273 780
Pavlof -101 209 863
Dutton -93 191 892
Shishaldin -82 166 935
Westdahl -76 154 960
Akutan -68 136 998
Makushin -61 123 1031
Okmok -53 105 1087
Great Sitkin -28 59 1230



4. Results and Discussion

There were 90 activity level changes (background seismicity rate change, seismic 

swarms, or eruptions) found at eleven of the eighteen volcanoes in the study (table 3.2). 

Seven volcanoes didn’t have eruptions or seismic swarms or their activity levels were too 

low to analyze them statistically for background seismicity rate changes. From the other 

eleven volcanoes, ten coincident groups were created based on the criteria from section

3.4.1. These ten coincident groups are further discussed in this section. For the coincident 

groups where we can reject the null hypothesis, we suggest that a regional stress change 

may have caused the activity changes. The potential origins of those regional stress 

changes are discussed in the following sections.

4.1 1991

In mid 1991, all three volcanoes (Redoubt, Spurr, and Strandline Lake) that were 

monitored by A VO at the time had activity changes (table 4.1, figure 4.1). While 

Augustine did have a seismic network, it was not functioning at the time and therefore, 

could not be used. Redoubt Volcano had a background seismicity rate decrease in early 

July (table 4.2, figure B.12). In August, Mt. Spurr began precursory seismicity for the 

1992 eruption (table 4.3, figure B.14) and Strandline Lake had a rate increase in late 

September (table 4.4, figure B.15). The probability of any three volcanoes in Alaska 

having simultaneous activity changes by chance alone within a 75 day window is 0.6983 

(tables 3.3b and 4.1), indicating that this is a common occurrence and the null hypothesis 

can not be rejected. These three activity changes are considered to be random and



independent. There were two other events in the arc that may indicate that more activity 

changes were happening. Akutan Volcano was reported to have had periods with ash 

emissions coming from the vent from September through November [Smithsonian 

Institution, 1991]. Westdahl Volcano was also active at this time. A fissure eruption 

began on the 29th of November and continued into January 1992 [Smithsonian Institution, 

1991; Miller et al., 1998]. If these two volcanoes are included in the probability analysis, 

then the significance test changes to five volcanoes in 135 days. The probability is equal 

to 0.1367 and the null hypothesis still is not rejected. Because the null hypothesis could 

not be rejected in either case, there is no speculation necessary about a common cause for 

the activity changes.
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Figure 4.1: Map of the 1991 Coincident Group. The active volcanoes 
included in the statistical analysis are Strandline Lake, Spurr, and 
Redoubt (indicated by stars). Additional activity in the Aleutian Arc 
includes two regional earthquakes [Harvard CMT], steam and ash 
emission at Akutan in September, and a fissure eruption of Westdahl in 
November.
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In early to mid 1996, four volcanoes in the Aleutian Arc had activity changes 

(table 4.1; figure 4.2). On February 19, Augustine showed a background seismicity rate 

decrease (table 4.5, figure B.3). Akutan Volcano exhibited its largest recorded swarm 

[Benoit, 1997; Lu et al., 2000; McNutt, pers. comm.] from the 10th to the 14th of March 

(table 4.6, figure B.l). In May, Iliamna's (May 8) background seismicity rate increased, 

while Redoubt (May 11) displayed a background seismicity rate decrease (table 4.7, 

figure B.6, table 4.2, figure B .l2). These four events occurred within 90 days of one 

another. The probability that any four volcanoes will have an activity level change within 

90 days is 0.3108 (table 3.3c). This indicates that it is fairly common for four activity 

level changes to occur within 90 days and that the changes are considered to be random 

and independent of one another. However, there is further evidence of activity level 

changes at other volcanoes that were not formally monitored by the Alaska Volcano 

Observatory during 1996.

In addition to these four volcanoes, Shishaldin erupted on December 23, 1995 and 

continued to emit steam plumes through January [Smithsonian, 1996] (figure 4.2). If 

Shishaldin is included in the analysis, the probability (for any five volcanoes in 120 days) 

drops to 0.1463 (table 3.3e). The null hypothesis is still not rejected with the additional 

volcano added.

4.2 Early 1996
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Figure 4.2: Map of the Early 1996 Coincident Group. The volcanic 
regions included in the probability analysis are indicated with stars. Dots 
indicate locations of activity that are not included in the probability 
analysis.



In late 1996, there were seven volcanoes which displayed activity changes within 

60 days of one another (table 4.1; figure 4.3). Iliamna started off the activity with a 

seismic swarm at the end of July. Strandline Lake region began a seismic swarm on the 

31st of August (table 4.4, figure B.15). Following that was an eruption at Pavlof Volcano 

on the 16th of September (table 4.8, figure B .ll). On the 25th of September, Augustine 

had a rate increase (table 4.5, figure B.3). On October 13th, Spurr and Akutan showed 

background rate decreases (table 4.3, figure B.14, table 4.6, figure B.l). Finally, on the

th16 of October, there was a swarm in the Katmai Volcanic region, between Martin and 

Mageik Volcanoes (table 4.9, figure B.8). When any seven volcanoes change their 

activity levels, the probability of all of them occurring within 90 days is 0.0015. Since 

this is considerably less than five percent, the null hypothesis that the events are random 

can be rejected. Therefore, it is highly likely that the activity changes are not random or 

independent.

In addition to these seven volcanoes with activity changes, there was a group of 

large earthquakes in the Andreanof Islands at the far western end of the Aleutian Arc 

(figure 4.3). These earthquakes ranged from Mw6.0 to Mw7.9 and spanned from the 8th of 

June until the 19th of August. Following those earthquakes, was an eruption at Amutka, 

an unmonitored volcano located approximately 200 km west of Akutan. The timing of 

these earthquakes could indicate that the volcanic activities are a reaction to the stress 

changes created from the earthquakes or, perhaps, that both the earthquakes and the 

volcanic activity changes are reactions to the same wide-spread stress change. The

4.3 Late 1996



isotropic stress and shear stress changes are calculated at each monitored volcano for the 

two earthquakes above Mw7.0 (table 3.4). The results of the stress calculations are 

inconclusive, but note that the static stress changes are small at the Cook Inlet volcanoes. 

If we assume that static stress changes are the cause of this group of rate changes, then 

these two earthquakes do not seem to be primarily responsible for this group. There is a 

debate amongst scientists regarding the static stress level required to affect a fault or 

volcano; therefore, at this time, one cannot eliminate these two earthquakes from playing 

a minor role in the activity changes in the Cook Inlet, but they do not appear to be the 

only cause. The volcano with the largest shear stress change is Great Sitkin, with a shear 

stress change approaching 0.1 MPa. If the magnitude of the shear stress is a direct cause 

of rate changes, then Great Sitkin’s behavior during this time period would be useful for 

determining the numerical value required for a shear stress change to cause a rate change. 

Unfortunately, this volcano was not monitored during this period of time, so whether it 

changed its behavior or not is unknown.
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Figure 4.3: Map of the Late 1996 Coincident Group. The volcanic 
regions included in the probability analysis are indicated with stars. 
Regional earthquakes above M7.0 within this time frame are indicated 
by their focal mechanisms [Harvard CMT\.



In the summer of 1997, there were six monitored volcanic regions with activity 

changes within 60 days of one another (table 4.1, figure 4.4). Strandline Lake, Akutan, 

lliamna, Makushin, and Redoubt all displayed background seismicity rate decreases 

between July 5th and August 14th (table 4.4, figure B.15, table 4.6, figure B.l, table 4.7, 

figure B.6, table 4.10, figure B.9, table 4.2, figure B.12). Then on the 16th of August 

Katmai exhibited an increase in rate (table 4.9, figure B.8). The probability of having any 

six volcanic regions independently and randomly active within a 60 day window is less 

than 0.0029 (table 3.3a). The null hypothesis that the volcanic activity is independent can 

be rejected. It is highly likely that the activity is not random or independent.

The activity during this time could be related to the previous activity in late 1996. 

All activity changes, except for Katmai, are rate decreases, while the majority of activity 

changes in late 1996 were increases. This could indicate that whatever caused the activity 

increases in late 1996 is no longer affecting the region and the volcanoes are '‘relaxing” 

or if there was a slow slip event in late 1996, this could represent the end of that event.
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4.4 Early 1997
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Figure 4.4: Map of the 1997 Coincident Group. The active volcanic 
regions included in the statistical analysis are indicated by stars.



4.5 Late 1997/ Early 1998

In 1998, there were several activity changes within a 150 day window (table 4.1; 

figure 4.5). Five of them were at monitored volcanoes, so they can be included in the 

probability analysis. Augustine had a background seismicity rate increase on December 

10, 1997 (table 4.5, figure B.3). Following that, four volcanoes had rate decreases: 

Makushin (January 16th, 1998), Strandline Lake (March 30th), Spurr (April 4th), and 

Redoubt (May 4th) (table 4.10, figure B.9, table 4.4, figure B.15, table 4.3, figure B.14, 

table 4.2, figure B.12). The probability that any five events would randomly occur within 

150 days of one another is 0.2425 (table 3.3g), disallowing the rejection of the null 

hypothesis that the events are independent of one another.

This case may be an example of the criteria driving the results. The criteria set 

forth in Section 3.4.1 required that Augustine and Makushin be included in the analysis. 

If the criteria were different, requiring activity changes to occur within 45 days of one 

another instead of 120 days, the group of volcanoes analyzed in this case would have 

been limited to Strandline Lake, Spurr, and Redoubt. These three volcanoes are closely 

spaced geographically and their rate changes occurred within 35 days. If the study were 

altered to include geographical weighting and a reduction in the minimum time 

requirement, this also may have reduced the probability enough to reject the null 

hypothesis.

In addition to the five events above, three other events occurred that could not be 

input into the probability analysis. First, a swarm occurred on the 8th and 9th of May at 

Lake Becharof, near Ukinrek Maars (figure 4.5). Second, there was a plume seen in



Anchorage coming from Spurr on the 28th of March [,Smithsonian Institute, 1998]. 

Finally, a large slow deformation event began some time in 1998 [Ohta et al., 2004]. This 

event is centered in the Cook Inlet region, which is close to most of the volcanic regions 

with background seismicity rate changes during this time. The beginning of this 

deformation event may have caused the activity, or looking at the problem in a different 

way, the volcanic rate changes help to pin down the unknown onset time of the 

deformation event.
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Figure 4.5: Map of the Late 1997/ Early 1998 Coincident Group. The 
volcanic regions included in the probability analysis are indicated with 
stars. The dot indicates the location of activity that was not included in 
the probability analysis.
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4.6 1999/ Early 2000

Starting at the beginning of December 1999, there were five volcanoes with 

activity level changes, in the Aleutian chain, within 90 days of one another (table 4.1; 

figure 4.6). In early December, three volcanic regions, Makushin, Strandline Lake, and 

Katmai, all showed background seismicity rate decreases (table 4.10, figure B.9, table 

4.4, figure B.15, table 4.9, figure B.8). In mid-January, Spurr had a rate decrease, and 

then in mid-February, Redoubt also had a decrease (table 4.3, figure B.14, table 4.2, 

figure B.12). The probability of any five volcanoes having rate changes within 90 days of 

one another is 0.0738 (table 3.3c). This is above the five percent cutoff, though only 

slightly, and requires that the null hypothesis not be rejected. The activity changes are 

thus considered to be random and independent. Since the probability is close to the 95% 

confidence level, some coincident activity is possible. Had the criteria assigned to the 

study (Section 3.4.1) been different, like including a geographic limitation on the 

activities included in a group, then this case may have a lower probability of random 

occurrence.

During this time frame there were three regional earthquakes that add evidence 

suggesting an arc-wide stress change. Following the rate changes of Makushin 

(December 1st) and Strandline Lake (December 2nd), there were two intraplate 

earthquakes near Kodiak Island, just outside of the Cook Inlet (figure 4.6). The first was a 

Mw7.0 on the 6th, followed by a Mw6.4 on the 7th [Ratchkovski et al., 2001]. It was noted 

by Power et al. \2001] that the Katmai Volcanic region had an immediate short-term (8- 

13 hours) increase in the number of earthquakes immediately after the Mw7.0, which was



concluded to be dynamically triggered activity. Three days after the dynamic triggering at 

Katmai, the background seismicity rate decreased by 64%. This suggests that the brief 

spike in seismicity was triggered by the earthquakes, and that it may have relieved 

enough stress in the Katmai region to cause the background seismicity rate to decrease. 

This can not be true for all the activity changes within this group because some of them 

changed their activity levels prior to the earthquakes. Isotropic stress changes and the 

shear stress changes are calculated at each of the monitored volcanoes for the Mw7.0 

earthquake. The shear stress change was the largest at Katmai (table 3.4c), which is 

reasonable because of the proximity of the earthquake to the volcanic region and the 

immediate reaction of the volcano. Therefore, this evidence suggests that the earthquake 

is the cause of the rate change at Katmai. Given that the shear stress was two orders of 

magnitude larger at Katmai than at any other volcano and that Katmai was the only 

volcano to change its behavior shortly after the earthquake, stress changes on the order of 

0.01 MPa might be large enough to cause activity changes at a volcano. It is also 

possible that the seismicity was triggered by dynamic strains from the seismic waves. 

Had Great Sitkin been monitored during the June 10, 1996 earthquakes, then, with shear 

stress changes of 0.034 and 0.079 Pa, respectively, one would expect a behavior change 

at that volcano. Again, it was unmonitored at the time, so any behavior changes are 

unknown.

Also occurring during this time is the continuation of the documented slow 

deformation event [Ohta et al, 2004; Freymueller et al., 2002]. This event may have 

triggered both the regional earthquakes and the background seismicity rate changes at the



volcanic regions. The deformation event was focused under the Cook Inlet, which could 

have easily affected the volcanic regions located there. It was documented by campaign 

GPS surveys where data was collected briefly once a year, so the resolution of the start 

time of the slow slip event is only on the order of months. Perhaps these rate changes at 

the Cook Inlet volcanoes could narrow down the timeframes for the start, peak 

movement, and/or end of the slow slip event.
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Figure 4.6: Map of the Late 1999/ Early 2000 Coincident Group. The 
volcanic regions included in the probability analysis are indicated with 
stars. Regional earthquakes above M7.0 within this time frame are 
indicated by their focal mechanisms [Harvard CMT\.



4.7 Mid 2000

Between the 25th of June and the 28th of August 2000 there were four volcanoes 

active in the Aleutian Arc (table 4.1, figure 4.7). Katmai, Makushin, Great Sitkin, and 

Strandline Lake all had background seismicity rate increases in a two month period (table 

4.9, figure B.8, table 4.10, figure B.9, table 4.11, figure B.5, table 4.4, figure B.15). The 

probability of any four volcanoes having activity level changes within 75 days of one 

another is 0.2303 (table 3.3b). The null hypothesis can not be rejected and these activity 

changes are considered to be random and independent. While the polarities of the 

changes are the same, the geographic spread of this group of volcanoes is large. This 

lends evidence to the case that these changes are random and independent of one another. 

Since the activity changes are considered to be random and independent, there is no 

speculation as to a single cause for the changes.
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Figure 4.7: Map of the 2000 Coincident Group. The volcanoes included 
in the statistical analysis are indicated with stars.
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4.8 Late 2000/Early 2001

In late 2000 and early 2001, there were five volcanic regions with activity (table

4.1, figure 4.8). Strandline and Katmai both showed background seismicity rate increases 

(table 4.4, figure B.15, table 4.9, figure B.8) while Spurr, Makushin, and Iliamna had rate 

decreases (table 4.3, figure B.14, table 4.10, figure B.9, table 4.7, figure B.6). This 

activity took place within 120 days. The probability that any five volcanoes having 

activity level changes within 120 days of one another is 0.1463 (table 3.3e). This is above 

the rejection level of five percent, so the activity changes are considered to be random 

and independent. Given the differing polarities, the geographic extent, and the wide time 

frame, this interpretation appears correct for this case.
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Figure 4.8: Map of the 2001 Coincident Group. The volcanic regions 
included in the statistical analyses are indicated by stars. The dates of the 
activity are noted.
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In early 2002, seven volcanoes experienced either background seismicity rate 

changes or swarms (table 4.1, figure 4.9). Spurr, Wrangell, Strandline, Redoubt, and 

Iliamna, and Pavlof all exhibited increases in their background seismicity rate between 

the 19th of February and the 14th of April (table 4.3, figure B.14, table 4.12, figure B.18, 

table 4.4, figure B.15, table 4.2, figure B.12, table 4.7, figure B.6, table 4.8, figure B .ll). 

Following that, a swarm began on the 1st of May at Great Sitkin Volcano (table 4.11, 

figure B.5). The probability of seven volcanoes having activity level changes within a 75 

day period is 0.0011 (table 3.3b). The null hypothesis is rejected and the activity changes 

are not likely to be random and independent.

The problem with this time period is that AVO changed its automated detection 

and location system on the 1st of March 2002, to the new program EARTHWORM. As a 

result, it is difficult to determine whether these rate changes are legitimate or just an 

artifact of the conversion. The new system was designed to detect smaller magnitude 

earthquakes, so the only group of earthquakes that should increase in number is the small 

magnitude earthquakes [Dixon et al., 2005]. However, applying the minimum magnitude 

of completeness should have corrected for this change, especially given the long period 

of time that both detection systems have functioned. The system conversion does not 

explain the change in the seismicity rates at the higher magnitudes. This was tested by 

performing the normal deviate test at different minimum magnitudes on the rate changes 

in this group. At a minimum, this conversion has probably changed the timings of these

4.9 Early 2002



rate changes, but it would be incorrect to assume that the rate changes are completely 

independent of the system conversion.

The evidence that the rate changes are legitimate includes the timing of the rate 

changes versus the timing of the system conversion. Because the system conversion 

occurred all on one day (March 1st), then the rate changes should occur within a day or 

two of March 1st, if not exactly on that day. However, the rate changes vary from eight 

days prior to three months after. Other evidence is from Ohta et al. [2004]. The slow slip 

event that they modeled ended in early 2002. This could be a potential mechanism for the 

rate changes and possibly the swarm at Great Sitkin, although Great Sitkin is located 

quite far (over 1000 km) from the slow slip event.

64



65

Figure 4.9: Map of the Early 2002 Coincident Group. The volcanic 
regions included in the statistical analysis are indicated by stars.
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In mid to late 2002, there were five volcanoes which showed background 

seismicity rate changes (table 4.1, figure 4.10). Redoubt, Pavlof, Spurr, and Wrangell all 

displayed decreases in activity, while Strandline Lake had an increase (table 4.2, figure 

B.12, table 4.8, figure B .ll, table 4.3, figure B.14, table 4.12, figure B.18, table 4.4, 

figure B.15). The probability that five volcanoes would have activity level changes within 

105 days is 0.1084 (table 3.3d). This value requires that the null hypothesis not be 

rejected and the activity is considered random and independent. This may be another case 

where the criteria set forth in Section 3.4.1 are preventing the correlation between a 

smaller group of volcanoes. If the criteria required the activity changes to be closer in 

time than 120 days, then Spurr, Strandline Lake, and Wrangell could have been in one 

group. The three regions changed their activity within 35 days of one another and they 

are located close together. If only these three had been in one group with a shorter period 

of time, the probability may have been low enough to consider the activity not to be 

random or independent, and instead, possibly related to the Denali Earthquake sequence 

as discussed below.

During this time period, the largest earthquake in the world for 2002 occurred in 

interior Alaska. The Denali Fault earthquake sequence included the Mw6.7 Nenana 

Mountain earthquake on October 23, 2002 and was followed by the Mw7.9 Denali 

earthquake on November 3, 2002 (figure 4.10). These two earthquakes ruptured the right 

lateral Denali Fault in the interior of Alaska. While both Redoubt’s and Pavlof s decrease 

in seismicity rate preceded the earthquake sequence by over two months, the other

4.10 Mid-Late 2002



seismicity changes followed shortly after the beginning of the Denali earthquake 

sequence. The Spurr and Strandline Lake rate changes occurred following the Nenana 

Mountain earthquake, October 26th and 30th respectively, and these places are also in the 

directivity line of the earthquake’s rupture path. Wrangell’s rate change occurred 

following the Denali Fault earthquake, on November 20th. The rate change may have 

occurred a few days prior to this; however, Wrangell’s seismometers were saturated by 

Denali aftershocks, so they could not be analyzed for local earthquakes. Mt. Wrangell is 

also located in the directivity path of the Denali Fault earthquake. A previous study by 

Sanchez and McNutt [2004] showed a dilatational strain at Wrangell of 2 x 10'' and a 

Coulomb stress change of approximately 0.002 MPa. This stress change is a possible 

indication of the amount of stress release needed to cause a background seismicity rate 

decrease of 35% (table 4.12). Wrangell, Strandline Lake, and Spurr all had shear stress 

changes greater than 0.01 MPa and they were the only three to change their behavior 

soon after the earthquakes. Following the evidence from Katmai after the Kodiak Island 

earthquakes in 1999, Wrangell, Strandline Lake, and Spurr’s activity changes support 

evidence that a shear stress change on the order of 0.01 MPa is required for a volcano to 

change its behavior. The remaining volcanoes had smaller shear stress changes and did 

not change their behavior following the Denali Fault earthquake sequence. This indicates 

that 0.01 MPa could be a potential threshold for the second invariant.
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Figure 4.10: Map of the Late 2002 Coincident Group. The volcanic 
regions included in the statistical analysis are indicated by stars. The 
three regional earthquakes are indicated by their focal mechanisms 
[Harvard CMT\.
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Table 4.1: All Groups with Probabilities. This table gives, for each group, the time 
window, the number of volcanoes in that group, the probability of randomness, each 
volcano name, the date of the activity changes, what the activity change was, and the 
polarity of the change.

Group Name Time Window # Volcanoes Probability
Date Volcano Activity Change Polarity

1991 75 3 0.6983
07/25/1991 Redoubt Seismicity Decrease -

08/08/1991 Spurr Precursory seismicity +
09/30/1991 Strandline Lake Seismicity Increase +

Early 1996 90 4 0.3108
02/19/1996 Augustine Seismicity decrease -

03/10/1996 Akutan Swarm +
05/10/1996 Iliamna Seismicity Increase +
05/13/1996 Redoubt Seismicity decrease -

Late 1996 60 7 0.0015
07/31/1996 Iliamna Seismic swarm +
08/31/1996 Strandline Lake Seismic swarm +
09/16/1996 Pavlof Eruption +
09/27/1996 Augustine Seismicity Increase +
10/13/1996 Akutan Seismicity decrease -

10/13/1996 Spurr Seismicity decrease -

10/16/1996 Katmai Swarm +

Early 1997 60 6 0.0029
07/05/1997 Strandline Lake Seismicity decrease -

07/10/1997 Akutan Seismicity decrease -

07/29/1997 Iliamna Seismicity decrease -

08/12/1997 Makushin Seismicity decrease -

08/14/1997 Redoubt Seismicity decrease -

08/16/1997 Katmai Seismicity increase +

Late 1997/ Early 1998 150 5 0.2425
12/10/1997 Augustine Seismicity increase +
01/16/1998 Makushin Seismicity decrease -

03/30/1998 Strandline Lake Seismicity decrease -

04/04/1998 Spurr Seismicity decrease -

05/04/1998 Redoubt Seismicity decrease -
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Table 4.1 cont.

1999/ Early 2000 90 days 5 0.0783
12/01/1999 Makushin Seismicity decrease -

12/02/1999 Strandline Lake Seismicity decrease -

12/11/1999 Katmai Seismicity decrease -

01/18/1999 Spurr Seismicity decrease -

02/18/1999 Redoubt Seismicity decrease -

Mid 2000 75 days 4 0.2303
06/25/2000 Katmai Seismicity increase +
07/14/2000 Makushin Seismicity increase +
08/23/2000 Great Sitkin Seismicity increase +
08/28/2000 Strandline Lake Seismicity increase +

Late 2000/Early 2001 120 days 5 0.1463
12/31/2000 Strandline Lake Seismicity increase +
02/02/2001 Spurr Seismicity decrease -

02/11/2001 Katmai Seismicity increase +
03/09/2001 Makushin Seismicity decrease -

04/22/2001 lliamna Seismicity decrease -

Early 2002 75 days 7 0.0011
02/19/2002 Spurr Seismicity increase +
03/05/2002 Wrangell Seismicity increase +
03/16/2002 Redoubt Seismicity increase +
03/24/2002 Pavlof Seismicity increase +
04/03/2002 Strandline Lake Seismicity increase +
03/14/2002 lliamna Seismicity increase +
05/01/2002 Great Sitkin Swarm +

Mid-Late 2002 105 days 5 0.1084
08/19/2002 Redoubt Seismicity decrease -

10/08/2002 Pavlof Seismicity decrease -

10/26/2002 Spurr Seismicity decrease -

10/30/2002 Strandline Lake Seismicity increase +
11/20/2002 Wrangell Seismicity decrease -
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Table 4.2: Rate Changes for Redoubt Volcano from the Normal Deviate Test. (A) U and 
I2 are the iteration number and letter for each z-value calculation and if a rate change is 
found, they are shown in figure B.12. to and t/are the start and end times, respectively, for 
each iteration. t:max is the time within to and tf of greatest rate change. Z  is the number of 
standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
M2 are the rates from to to tzmax and from tzmax to tf, respectively. (B) This chart lists the 
rate changes in chronological order and if the rate is considered man-made, gives a 
reason in column 2.

Il h to tf tzmax Z M, m 2
1 A 1990.750 2004.526 1996.363 12.5 0.33 0.11
2 A 1990.750 1996.363 1991.563 8.7 0.79 0.25
2 B 1996.363 2004.526 2002.205 -3.0 0.10 0.15
3 A 1990.750 1991.563 1991.256 3.3 0.94 0.55
3 B 1991.563 1996.363 None - - -

3 C 1996.363 2002.205 2000.134 4.0 0.12 0.06
3 D 2002.205 2004.526 2002.632 3.0 0.25 0.12
4 A 1990.750 1991.256 None - - -

4 B 1991.256 1991.563 1991.400 -3.1 0.30 0.81
4 C 1996.363 2000.134 1998.337 2.7 0.14 0.09
4 D 2000.134 2002.205 None - - -
4 E 2002.205 2002.632 None - - -

4 F 2002.632 2004.526 None - - -

5 A 1991.256 1991.400 Too Short - - -

5 B 1991.400 1991.563 Too Short - - -

5 C 1996.363 1998.337 1997.789 -2.8 0.12 0.22
5 D 1998.337 2000.134 None - - -

6 A 1996.363 1997.789 1997.619 2.8 0.13 0.04
6 B 1997.789 1998.337 None - - -

7 A 1996.363 1997.619 None - - -

7 B 1997.619 1997.789 Too Short - - -



Table 4.2 (continued).

(B)

Rate Change Time If man-made, reason
1991.256
1991.400
1991.563
1996.363
1997.619
1997.789
1998.337
2000.134
2002.205 Earthworm Conversion
2002.632
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Table 4.3: Rate Changes for Spurr Volcano from the Normal Deviate Test. (A and B) // 
and I2 are the iteration number and letter for each z-value calculation and if a rate change 
is found, they are shown in figure B.14. to and tf are the start and end times, respectively, 
for each iteration. tzmax is the time within to and tf of greatest rate change. Z is the number 
of standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
M2 are the rates from to to tzmax and from tzmax to tf, respectively. (A) is the time from 
October 1989 through August 1991. (B) is the time from March 1993 through July 2004. 
The seismic data from the 1992 eruption (August 1991 through March 1993) is excluded 
from the study. (C) This chart lists the rate changes in chronological order and if the rate 
is considered man-made, gives a reason in column 2.

(A)

II h to tf tzmax Z M, m 2
1 A 1989.783 1991.600 1990.081 3.8 0.24 0.06
2 A 1989.783 1990.081 None - - -
2 B 1990.081 1991.600 1991.008 -4.8 0.03 0.16
3 A 1990.081 1991.008 None - - -
3 B 1991.008 1991.600 None - - -



Table 4.3 (continued).
(B)

I, h to tf tzmax Z Mi m 2
1 A 1993.200 2004.568 2002.960 -9.4 0.32 1.24
2 A 1993.200 2002.960 1996.782 2.8 0.38 0.29
2 B 2002.960 2004.568 2003.292 -6.8 0.50 1.43
3 A 1993.200 1996.782 1994.936 -2.8 0.30 0.43
3 B 1996.782 2002.960 2002.136 -3.6 0.22 0.77
3 C 2002.960 2003.292 2003.103 3.9 0.81 0.28
3 D 2003.292 2004.568 2004.436 -5.7 0.93 5.81
4 A 1993.200 1994.936 1993.505 3.0 0.52 0.29
4 B 1994.936 1996.782 None - - -

4 C 1996.782 2002.136 2000.048 10.0 0.30 0.10
4 D 2002.136 2002.960 2002.819 3.5 0.87 0.25
4 E 2002.960 2003.103 Too Short - - -

4 F 2003.103 2003.292 Too Short - - -
4 G 2003.292 2004.436 None - - -

4 H 2004.436 2004.568 Too Short - - -
5 A 1993.200 1993.505 1993.374 -3.3 0.31 0.80
5 B 1993.505 1994.936 None - - -
5 C 1996.782 2000.048 1998.703 -3.2 0.25 0.36
5 D 2000.048 2002.136 2000.277 -2.8 0.04 0.10
5 E 2002.136 2002.819 None - - -

5 F 2002.819 2002.960 Too Short - - -
6 A 1993.200 1993.374 Too Short - - -
6 B 1993.374 1993.505 Too Short - - -
6 C 1996.782 1998.703 1998.256 3.9 0.29 0.13
6 D 1998.703 2000.048 1999.672 3.3 0.41 0.23
6 E 2000.048 2000.277 Too Short - - -
6 F 2000.277 2002.136 2001.089 2.9 0.15 0.07
7 A 1996.782 1998.256 None - - -
7 B 1998.256 1998.703 None - - -
7 C 1998.703 1999.672 None - - -
7 D 1999.672 2000.048 None - - -

7 E 2000.277 2001.089 None - - -
7 F 2001.089 2002.136 None - - -



Table 4.3 (continued).

(C)
Rate Change Time If man-made, reason

1990.081
1991.008
1993.374
1993.505
1994.936
1996.782
1998.256
1998.703
1999.672
2000.048
2000.277
2001.089
2002.136 Earthworm change
2002.819
2002.960
2003.103
2003.292
2004.436
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Table 4.4: Rate Changes for Strandline Lake from the Normal Deviate Test. (A and B) 7/ 
and I2 are the iteration number and letter for each z-value calculation and if a rate change 
is found, they are shown in figure B.15. to and tf are the start and end times, respectively, 
for each iteration. tzmax is the time within to and tf o f greatest rate change. Z is the number 
of standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
M2 are the rates from to to tzmax and from t:max to tf, respectively. (A) is the cut from 
1989.795-1996.67 and (B) is the cut from 1997.000-2004.539. The cut was made to 
exclude data from the swarm between 1996.67 and 1997.0. (C) This chart lists the rate 
changes in chronological order and if the rate is considered man-made, gives a reason in 
column 2.

I, h to tf tzmax Z Mi m 2
1 A 1989.795 1996.67 1991.746 -3.2 0.002 0.01
2 A 1989.795 1991.746 None - - -

2 B 1991.746 1996.67 None - - -

(B)

I, h to tzmax Z Mi m 2
1 A 1997.000 2004.539 1998.242 14.2 1.35 0.13
2 A 1997.000 1998.242 1997.508 8.2 2.21 0.76
2 B 1998.242 2004.539 1999.920 5.5 0.3 0.1
3 A 1997.000 1997.508 None - - -
3 B 1997.508 1998.242 None - - -

3 C 1998.242 1999.920 None - - -
3 D 1999.920 2004.539 2002.253 -3.3 0.07 0.13
4 A 1999.920 2002.253 2000.998 3.1 0.12 0.04
4 B 2002.253 2004.539 2002.830 -3.3 0.07 0.13
5 A 1999.920 2000.998 2000.655 -3.1 0.05 0.24
5 B 2000.998 2002.253 2001.338 -2.9 0.01 0.06
5 C 2002.253 2002.830 None - - -
5 D 2002.830 2004.539 2002.970 -3.5 0.02 0.10
6 A 1999.920 2000.655 None - - -
6 B 2000.655 2000.998 None - - -
6 C 2000.998 2001.338 None - - -
6 D 2001.338 2002.253 None - - -
6 E 2002.830 2002.970 None - - -
6 F 2002.970 2004.539 None - - -



Table 4.4 (continued).

(C)
Rate Change Time If man-made, reason
1991.746
1997.508
1998.242
1999.920
2000.655
2000.998
2001.338
2002.253 Earthworm Change- late effect
2002.830
2002.970
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Table 4.5: Rate Changes for Augustine Volcano from the Normal Deviate Test. (A) 7/ 
and h  are the iteration number and letter for each z-value calculation and if a rate change 
is found, they are shown in figure B.3. to and tf are the start and end times, respectively, 
for each iteration. t:max is the time within to and tf of greatest rate change. Z is the number 
of standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
M2 are the rates from to to tzmax and from tzmax to tf, respectively. (B) This chart lists the 
rate changes in chronological order and if the rate is considered man-made, gives a 
reason in column 2.
(A )    ._,____________

I, h to tf tzmax Z Mi m 2
1 A 1993.378 2004.557 1994.115 -12.0 0.04 0.22
2 A 1993.378 1994.115 None - - -

2 B 1994.115 2004.557 2000.962 7.5 0.27 0.14
3 A 1994.115 2000.962 1995.572 -6.8 0.14 0.31
3 B 2000.962 2004.557 2001.700 -5.7 0.06 0.17
4 A 1994.115 1995.572 1994.761 3.7 0.22 0.09
4 B 1995.572 2000.962 1996.738 -4.0 0.21 0.33
4 C 2000.962 2001.700 None - - -
4 D 2001.700 2004.557 2002.482 2.67 0.23 0.14
5 A 1994.115 1994.761 1994.411 1 OO 0.10 0.33
5 B 1994.761 1995.572 None - - -
5 C 1995.572 1996.738 1996.135 5.0 0.32 0.10
5 D 1996.738 2000.962 1998.853 4.0 0.42 0.24
5 E 2001.7 2002.482 None - - -

5 F 2002.482 2004.557 None - - -

6 A 1994.115 1994.411 None - - -

6 B 1994.411 1994.761 None - - -

6 C 1995.572 1996.135 None - - -

6 D 1996.135 1996.738 None - - -

6 E 1996.738 1998.853 1997.940 -3.8 0.31 0.57
6 F 1998.853 2000.962 1999.525 -8.9 0.06 0.34
7 A 1996.738 1997.940 1997.192 3.2 0.58 0.14
7 B 1997.940 1998.853 None - - -
7 C 1998.853 1999.525 None - - -
7 D 1999.525 2000.962 2000.333 -2.9 0.27 0.43
8 A 1996.738 1997.192 None - - -
8 B 1997.192 1997.940 None - - -
8 C 1999.525 2000.333 1999.969 4.92 0.40 0.11
8 D 2000.333 2000.962 None - - -
9 A 1999.525 1999.969 1999.742 -2.67 0.27 0.54
9 B 1999.969 2000.333 None - - -
10 A 1999.525 1999.742 None - - -
10 B 1999.742 1999.969 None - - -



Table 4.5 (continued).

(B)
Rate Change Time If man-made, reason

1994.115
1994.411
1994.761
1995.572
1996.135
1996.738
1997.192
1997.940
1998.853 Station-related
1999.525 Station-related
1999.742 Station-related
1999.969 Station-related
2000.333 Station-related
2000.962 Station-related
2001.700 Station-related
2002.482
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Table 4.6: Rate Changes for Akutan Volcano from the Normal Deviate Test. (A) 1/ andI2  

are the iteration number and letter for each z-value calculation and if a rate change is 
found, they are shown in figure B.l. to and tf are the start and end times, respectively, for 
each iteration. tzmax is the time within to and tf of greatest rate change. Z is the number of 
standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
M2 are the rates from to to tzmax and from tzmax to tf, respectively. (B) This chart lists the 
rate changes in chronological order and if the rate is considered man-made, gives a 
reason in column 2.

(A)

II h to tzmax Z M, m 2
1 A 1996.58 2004.543 1997.522 4.0 0.16 0.03
2 A 1996.58 1997.522 1996.782 3.0 0.40 0.10
2 B 1997.522 2004.543 None - - -

3 A 1996.58 1996.782 None - - -

3 B 1996.782 1997.522 None - - -

(B)

Rate Change Time If man-made, reason
1996.782
1997.522
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Table 4.7: Rate Changes for Iliamna Volcano from the Normal Deviate Test. (A and B) Ij 
and I2 are the iteration number and letter for each z-value calculation and if a rate change 
is found, they are shown in figure B.6. to and tf  are the start and end times, respectively, 
for each iteration. tzmax is the time within to and tf  of greatest rate change. Z is the number 
of standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. M i  and 
M2  are the rates from to to tzmax and from tzmax to tf, respectively. (A) is the time from June 
1990 through July 1996. (B) is the time from February 1997 through July 2004. The 
seismic data from the 1996 swarm (July 1996 through February 1997) is excluded from 
the study. (C) This chart lists the rate changes in chronological order and if the rate is 
considered man-made, gives a reason in column 2.

I, h to tf ^zmax Z M] m 2
1 A 1990.459 1996.580 1994.716 -4.6 0.01 0.15
2 A 1990.459 1994.716 None - - -

2 B 1994.716 1996.580 1995.896 -3.8 0.03 0.35
3 A 1994.716 1995.896 None - - -

3 B 1995.896 1996.580 1996.356 -3.7 0.07 0.95
4 A 1995.896 1996.356 None - - -

4 B 1996.356 1996.580 Too Short - - -

(B)

h h to tf ^zmax Z My m 2
1 A 1997.160 2004.553 2003.464 -7.2 0.11 0.32
2 A 1997.160 2003.464 1997.577 4.6 0.43 0.08
2 B 2003.464 2004.553 2003.753 2.7 0.46 0.27
3 A 1997.160 1997.577 None - - -

3 B 1997.577 2003.464 2002.283 -4.4 0.06 0.17
3 C 2003.464 2003.753 None - - -

3 D 2003.753 2004.553 None - - -

4 A 1997.577 2002.283 2001.305 2.7 0.07 0.03
4 B 2002.283 2003.464 2003.268 3.8 0.19 0.05
5 A 1997.577 2001.305 None - - -

5 B 2001.305 2002.283 None - - -

5 C 2002.283 2003.268 None - - -

5 D 2003.268 2003.464 Too Short - - -



Table 4.7 (continued).

(C)
Rate Change Time If man-made, reason

1994.716 2 stations added
1995.896
1996.356
1997.577
2001.305
2002.283 Earthworm??
2003.268 Stations out
2003.464 Stations back
2003.753
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Table 4.8: Rate Changes for Pavlof Volcano from the Normal Deviate Test. (A) // and I2  

are the iteration number and letter for each z-value calculation and if a rate change is 
found, they are shown in figure B.l 1. to and tf are the start and end times, respectively, for 
each iteration. tzmax is the time within to and tf of greatest rate change. Z is the number of 
standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
M2 are the rates from to to tzmax and from tzmax to tf, respectively. (B) This chart lists the 
rate changes in chronological order and if the rate is considered man-made, gives a 
reason in column 2.

I, h to tf tzmax Z Mi m2
1 A 1997.000 2004.494 2002.225 -5.3 0.02 0.09
2 A 1997.000 2002.225 None - - -

2 B 2002.225 2004.494 2002.768 2.6 0.16 0.07
3 A 2002.225 2002.768 None - - -

3 B 2002.768 2004.494 None - - -

(B)

Rate Change Time If man-made, reason
2002.225 Earthworm
2002.768
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Table 4.9: Rate changes for Katmai volcano from the Normal Deviate Test. (A and B) 7/ 
and h  are the iteration number and letter for each z-value calculation and if a rate change 
is found, they are shown in figure B.8. to and tf are the start and end times, respectively, 
for each iteration. tzmax is the time within to and tf of greatest rate change. Z is the number 
of standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
Mo are the rates from to to tzmax and from tzmax to tf, respectively. (A) is the time from June 
1995 through October 1996. (B) is the time from October 1996 through June 2002. (C) is 
the time from Ocotber 2002 through July 2004. The seismic data from the 1996 Mageik 
seismic swarm and the 2002 Snowy swarm is excluded from the study. (D) This chart 
lists the rate changes in chronological order and if the rate is considered man-made, gives 
a reason in column 2.

(A)

h h to tzmax Z Mi m 2
1 A 1995.580 1996.791 1996.660 -5.3 0.88 2.66
2 A 1995.580 1996.660 1996.268 6.2 1.20 0.31
2 B 1996.660 1996.791 None - - -

3 A 1995.580 1996.268 None - - -

3 B 1996.268 1996.660 None - - -
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Table 4.9 (continued).

(B)

I, /2 to tf tzmax Z Mi m 2
1 A 1996.805 2002.500 1999.945 8.7 1.44 0.91
2 A 1996.805 1999.945 1998.843 -5.7 1.23 1.85
2 B 1999.945 2002.500 2001.578 -3.5 0.81 1.08
3 A 1996.805 1998.843 1997.301 3.9 1.68 1.07
3 B 1998.843 1999.945 1999.043 3.2 2.62 1.67
3 C 1999.945 2001.578 2000.940 3.1 0.92 0.66
3 D 2001.578 2002.500 None - - -

4 A 1996.805 1997.301 None - - -

4 B 1997.301 1998.843 1997.464 -8.5 0.36 1.17
4 C 1998.843 1999.043 None - - -

4 D 1999.043 1999.945 1999.377 -5.6 1.09 2.01
4 E 1999.945 2000.940 2000.010 -3.1 0.59 0.97
4 F 2000.940 2001.578 2001.113 -1.9 0.5 0.73
5 A 1997.301 1997.464 None - - -

5 B 1997.464 1998.843 1997.624 -3.9 0.64 1.23
5 C 1999.043 1999.377 None - - -

5 D 1999.377 1999.945 None - - -

5 E 1999.945 2000.010 None - - -

5 F 2000.010 2000.940 2000.482 -2.6 0.78 1.11
5 G 2000.940 2001.113 None - - -

5 H 2001.113 2001.578 None - - -

6 A 1997.464 1997.624 None - - -

6 B 1997.624 1998.843 None - - -

6 C 2000.010 2000.482 None - - -

6 D 2000.482 2000.940 None - - -

(C )
I, h to tf tzmax Z Mi m 2
1 A 2002.75 2004.57 None - - -



Table 4.9 (continued).

(D)

Rate Change Time If man-made, reason
1996.268 Station-related
1996.660 Station-related
1997.301 Station-related
1997.464 Station-related
1997.624
1998.843
1999.043 Station-related
1999.377 Station-related
1999.945
2000.010
2000.482
2000.940
2001.113
2001.578 Station-related
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Table 4.10: Rate Changes for Makushin Volcano from the Normal Deviate Test. (A) 7/ 
and h  are the iteration number and letter for each z-value calculation and if a rate change 
is found, they are shown in figure B.9. to and tf are the start and end times, respectively, 
for each iteration. tzmax is the time within to and tf o f greatest rate change. Z is the number 
of standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mi and 
M2 are the rates from to to tzmax and from tzmax to tf, respectively. (B) This chart lists the 
rate changes in chronological order and if the rate is considered man-made, gives a 
reason in column 2.

I, I2 to tf tzmax Z Mi m 2
1 A 1996.58 2004.568 2001.392 3.8 0.16 0.08
2 A 1996.580 2001.392 2000.532 -5.9 0.10 0.41
2 B 2001.392 2004.568 None - - -

3 A 1996.580 2000.532 1999.916 5.9 0.12 0.01
3 B 2000.532 2001.392 2001.187 5.5 0.50 0.09
4 A 1996.580 1999.916 1998.042 3.7 0.20 0.06
4 B 1999.916 2000.532 None - - -

4 C 2000.532 2001.187 2000.853 -3.7 0.25 0.73
4 D 2001.187 2001.392 None - - -

5 A 1996.580 1998.042 1997.368 -3.6 0.08 0.33
5 B 1998.042 1999.916 None - - -

5 C 2000.532 2000.853 None - - -

5 D 2000.853 2001.187 None - - -

6 A 1996.580 1997.368 None - - -

6 B 1997.368 1998.042 1997.613 2.8 0.62 0.16
7 A 1997.368 1997.613 None - - -

7 B 1997.613 1998.042 None - - -

(B)

Rate Change Time If man-made, reason
1997.368
1997.613
1998.042
1999.916
2000.532
2000.853
2001.187
2001.392
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Table 4.11: Rate Changes for Great Sitkin Volcano from the Normal Deviate Test. (A 
and B) 7/ and 7? are the iteration number and letter for each z-value calculation and if a 
rate change is found, they are shown in figure B.5. to and tf  are the start and end times, 
respectively, for each iteration. tzmax is the time within to and tf  of greatest rate change. Z 
is the number of standard deviations that the rate from to to tzmax varies from the rate of 
tzmax to tf. M i and M2 are the rates from to to tzmax and from tzmax to tf, respectively. (A) is 
the time from September 1999 through May 2002. (B) is the time from July 2002 through 
July 2004. The seismic data from the 1999 swarm (May through June 1999) is excluded 
from the study. (C) This chart lists the rate changes in chronological order and if the rate 
is considered man-made, gives a reason in column 2.

7/ h to t f tzmax Z Mi m 2
1 A 1999.700 2002.330 2000.642 -3.7 0.10 0.24
2 A 1999.700 2000.642 None - - -

2 B 2000.642 2002.330 2001.641 4.7 0.33 0.11
3 A 2000.642 2001.641 None - - -

3 B 2001.641 2002.330 None - - -

(B)

7/ h to tf tzmax Z Mi m 2
1 A 2002.500 2004.568 2003.102 3.8 0.40 0.07
2 A 2002.500 2003.102 None - - -

2 B 2003.102 2004.568 2003.524 -4.0 0.01 0.10
3 A 2003.103 2003.524 None - - -

3 B 2003.524 2004.568 None - - -

(C)
Rate Change Time If man-made, reason

2000.642
2001.641
2003.102
2003.524
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Table 4.12: Rate Changes for Wrangell Volcano from the Normal Deviate Test. (A) 7/ 
and I2 are the iteration number and letter for each z-value calculation and if a rate change 
is found, they are shown in figure B.18. to and tf are the start and end times, respectively, 
for each iteration. tzmax is the time within to and tf of greatest rate change. Z is the number 
of standard deviations that the rate from to to tzmax varies from the rate of tzmax to tf. Mj and 
M2 are the rates from to to tzmax and from tzmax to tf, respectively. (B) This charts list the 
rate changes in chronological order and if the rate is considered man-made, gives a 
reason in column 2.

(A)

II h to ... . ff tzmax Z Mi m 2
1 A 2000.747 2004.526 2001.593 -15.0 0.02 0.34
2 A 2000.747 2001.593 None - - -

2 B 2001.593 2004.526 2002.885 8.2 0.53 0.19
3 A 2001.593 2002.885 2002.173 -4.7 0.35 0.68
3 B 2002.173 2002.885 2003.209 -3.6 0.09 0.22
4 A 2001.593 2002.173 2001.997 3.3 0.43 0.18
4 B 2002.173 2002.885 2002.402 4.1 1.04 0.50
4 C 2002.885 2003.209 Too Short - - -

4 D 2003.209 2004.526 2003.456 3.8 0.44 0.17
5 A 2001.593 2001.997 None - - -

5 B 2001.997 2002.173 None - - -

5 C 2002.173 2002.402 None - - -

5 D 2002.402 2002.885 None - - -

5 E 2003.209 2003.456 None - - -

5 F 2003.456 2004.526 2003.753 -4.0 0.05 0.23
6 A 2003.456 2003.753 None - - -

6 B 2003.753 2004.526 None - - -

(B)

Rate Change Time If man-made, reason
2001.593 Addition of V2 network
2001.997
2002.173 Earthworm
2002.402
2002.885
2003.209
2003.456
2003.753



5. Conclusions

There are three main purposes of this study. The first is to quantify the 

observations that several volcanoes appear to change their seismic behavior closely in 

time (table 5.1). The second is to determine if those changes are related and the third 

purpose is to determine if regional stress changes along the subduction zone are the 

cause. Overall, the study shows that background rate changes at volcanoes are common. 

As shown in table 3.2, there were 90 significant rate changes found using the normal 

deviate test and a minimum magnitude of completeness for each volcano. Using the 

criteria established for this study, 51 of the 90 rate changes were grouped into 10 groups 

of temporally related rate changes. Eighteen rate changes were grouped together into 

three statistically significant groups that reject the null hypothesis, which states that the 

rate changes included in the group are random and independent. Thirty-three rate 

changes were grouped together into seven statistically insignificant groups and the 

remaining 39 rate changes did not have any temporal correlation based on the criteria of 

this study.

The groups of volcanoes with activity changes were identified using objective 

criteria to prevent bias from affecting the outcome. From these criteria, ten groups were 

created and analyzed in the previous section. The groups were quantified and can be 

broken down into three categories. The first category consists of three groups: Late 1996, 

Early 1997, and Early 2002. The groups in this category all had probabilities of random 

occurrence far below 5% (0.3%, 0.3%, and 0.11%. respectively), indicating that it is 

highly unlikely that the activity changes in each group are random or independent. There



are three groups in the second category: 1999/Early 2000, Late 2000/Early 2001, and Mid 

to Late 2002. This category all had probabilities of random occurrence below 20%, but 

still above the required 5% (8%, 15%, and 11%, respectively) that would allow the null 

hypothesis to be rejected at that confidence level. This group will be discussed later. The 

third category includes four groups: 1991, Early 1996, Late 1997/Early 1998, and Mid 

2000. These four groups all had probabilities of random occurrence above 20% (70%, 

31%, 24%, and 23%, respectively); therefore, the changes in these groups are considered 

random and independent and will not be discussed further.

Of greatest interest in this study are the groups from the first category: Late 1996, 

Early 1997, and Early 2002. The null hypothesis is rejected for Early 2002 with a 

probability of 0.12%; however, this time period could be contaminated by the change in 

the automatic detection system used for preliminary processing of seismic data. 

However, given the additional evidence provided by Ohta, et al. [2004; in press] and 

Freymueller, et al. [2002] for a slow slip event on the Alaskan Aleutian megathrust, this 

study concludes that the Early 2002 group is real and it marks the end of that slow slip 

event. It is also concluded that a slow slip event can trigger seismicity rate changes at 

volcanoes.

Prior to this study, a slow slip event was speculated to have occurred during the 

fall of 1996 because multiple volcanoes showed an increase in their seismic activity 

[McNutt and Marzocchi, 2004]. This study supports that speculation. The low probability 

of randomness of the Late 1996 group provides more evidence that a regional event did 

affect this area. Consequently, Early 1997 is also of interest because the group contains



almost the same volcanoes as the Late 1996 group and occurred less than a year after the 

Late 1996 group. Overall, volcanoes in Late 1996 show an increase in seismic activity 

(positive rate change), while volcanoes in Early 1997 show a decrease (negative rate 

change), suggesting that the Late 1996 group was the start of a regional event and Early 

1997 marked the end of a regional event. Further study of the time period between the 

two groups using a shorter rate length time requirement, could yield additional 

constraints regarding the speculated slow slip event. The conclusion is that the Late 1996 

group marks the onset of a slow slip event, while the Early 1997 group marks the end of 

that event.

The location of the potential slow slip event that occurred between late 1996 to 

early 1997 is unknown; however, several regions can be eliminated. According the 

Freymueller [pers. comm.], GPS data were collected in the following regions and no slow 

slip was found: Upper Cook Inlet, Kodiak Island, the Shumagin Islands, Dutch Harbor 

(Unalaska Island), Akutan Island, Prince William Sound, and Cape Yakataga (east of 

Prince William Sound). These data, combined with the fact that five of the seven 

volcanoes in the Late 1996 group are located in the Cook Inlet region, suggests the Lower 

Cook Inlet as a probable location for the speculated slow slip event.

In the second category, where probabilities ranged from 5% to 20%, the results 

seem to be criteria driven thus changing the criteria could dramatically alter the results. 

For instance, involving a weighting scheme for the polarities may reduce the probability 

of random occurrence for the 1999/Early 2000 group. The dominance of the negatively 

polarized rate changes would be highlighted by the ratio of the number of positive to the



number of negative polarities. Regarding the Mid to Late 2002 group, the criteria in this 

study may be too broad temporally and geographically for the probability to be 

statistically significant. If there were geographic constraints on the distance between 

volcanoes in order for them to be grouped, and/or if the time requirement to create a 

group were shorter than the 120 days used in this study, the probability of random 

occurrence for the Mid to Late 2002 group might be low enough for the null hypothesis 

to be rejected. However, for the Late 2000/Early 2001 group there does not appear to be 

any geographic, temporal, or polarity relation between the individual volcanoes’ activity 

changes, so altering the criteria may not have an affect that would decrease the 

probability of rejecting the null hypothesis that the rate changes are random and 

independent.

The ten groups of volcanoes with activity changes fell into the three categories 

with roughly equal distribution. This illustrates the point that volcanoes are highly active 

and reactive media. They appear to change their behavior as a response to many different 

types and levels of stimuli, from regional stress changes that were examined in this study 

to local effects that are isolated to one volcano, such as magma chamber inflation, dike 

intrusion, gas movement, fluid intrusion, etc. Their rate changes are based on many 

different undeterminable parameters, such as the size and geometry of the plumbing 

system, location relative to regional stress changes, orientation with regard to the major 

stress axes of the subduction zone, current pressures and stresses, etc., making 

determination of the specific cause of their behavior changes difficult.



This study illustrates two ways that one could attempt to narrow down the cause 

of behavioral changes at volcanoes. By finding statistically significant groups of 

volcanoes with rate changes, the search for local effects causing the changes can be 

abandoned. The focus should then be on regional events affecting a large area. Local 

effects could be the cause of the documented rate changes (table 3.2) that were not 

included in a group or whose group is statistically insignificant. There still could be large 

regional stress changes, but they are less likely to be the cause than a local effect. Of 

course, the snowball effect of this study is to determine what caused the local factors (i.e. 

magma migration, fluid exsolution, etc.), that triggered the background seismicity rate 

change. That, however, is too large a question to be answered in this study. From this 

study, the third category (all probabilities above 20%) would probably have local causes 

for each of the volcanoes, while the first category (all below 5%) would be related to 

regional causes, as discussed in the previous section. The second category (below 20% 

and above 5%) would require searching for causes on both the regional and local levels 

because if the criteria were changed, the groups could either shift into the first category, 

where regional effects may dominate, or into the third category, where local effects are 

dominant.

One important interpretation of this study is that activity level changes at multiple 

volcanoes could potentially be caused by regional events. A value of 0.01 MPa is the 

threshold of static shear stresses, as measured by the second invariant of the stress tensor, 

for a regional event (in this study, large earthquakes were used as the regional events) to 

consistently cause a background rate change at a given volcano. The frequency of activity



changes at the volcanoes indicates that volcanoes may be highly sensitive to changes in 

their stress environments. Their background seismicity rates could be used as a type of 

stress change indicator for areas surrounding the volcano, effectively acting as well- 

distributed large strainmeters along an arc. While the stress and strain changes causing 

these activity changes are not well-constrained, continuing to note background rate 

changes at each of the monitored volcanoes may help to isolate the timing and extent of 

stress change events in the region. Noting the stress changes of these events and 

comparing them to the inferred threshold value of 0.01 MPa, will help to better constrain 

the magnitudes of stress changes required to affect a volcano’s behavior. Continuing 

assessment of activity rate changes is also important in order to maintain a complete 

historical record of activity changes at each volcano, which can help with decision

making regarding volcano hazards mitigation.

Earthquakes of M7.0 and greater occur regularly in Alaska and do affect the 

volcanoes in the nearby vicinity. The shear stresses induced on volcanoes by earthquakes 

are typically too small to affect a volcano’s behavior. However, it appears that static 

shear stresses greater than 0.01 MPa, as measured by the second invariant of the stress 

tensor, will cause an alteration in the volcano’s seismicity levels. The only location for 

which the 1999 Mw7.0 earthquake near Kodiak Island induced a shear stress of greater 

than 0.01 MPa was Katmai, and it was the only volcano to respond to the earthquake. In 

2002, the Denali Fault earthquake sequence induced shear stresses greater the 0.01 MPa 

on three volcanoes, Wrangell, Strandline Lake, and Spurr, and all three changed their



behavior as well. Therefore, it is concluded that a minimum threshold for static shear 

stresses to change the seismic behavior of a volcano is 0.01 MPa.

Future studies can modify criteria used in this study by either changing the 

parameters governing the identification of rate changes or the parameters governing the 

grouping of rate changes. Changing the length of time required to establish a rate change 

and the sampling rate could increase or decrease the number of significant rate changes 

identified by the normal deviate test. The length of time in this study was conservatively 

long (45 day minimum rate length), so it eliminated high frequency and low magnitude 

rate changes whose sources would be more difficult to substantiate.

Further studies can also modify the criteria associated with the grouping of 

activity changes to better isolate related activity changes. Tailoring the study for specific 

science goals requires that the modified criteria be established prior to evaluating the data 

and that the criteria be objectively applied to all data of interest. The two most effective 

changes in the criteria that could be made in a future study may be geographic and 

temporal. Imposing geographic limitations onto the criteria would change the groups, but 

it’s not obvious if the end result would be a decrease in the probabilities (meaning it’s 

more unlikely they are random and independent of one another). A more appropriate 

method for applying geographic limitations could be to use a weighting scheme for 

distance between different volcanoes in a group. As far as imposing temporal limitations, 

a future study could decrease the maximum amount of time allowed for a group to form 

(120 days in this study) to 45 or 60 days; this would decrease the number of groups found



compared to this study. However, their probabilities should decrease, indicating that it is 

unlikely they are random and independent of one another.

The method used in this study can be used to retrospectively search for regional 

events that were not previously detected. This method cannot be used for real-time 

monitoring of regional events because detection of rate changes requires data both before 

and after an activity level change. Activity levels changes in multiple volcanoes within a 

given time period can provide a time window in which to search for regional events such 

as slow deformation events. Slow deformation events are a recently discovered 

phenomena made possible by the use of continuous GPS, which is also relatively new 

compared to continuously recording seismometers. Once slow deformation events were 

identified from GPS data, the seismic data were analyzed for the same time period and a 

signal was identified that was previously considered to be noise. The time windows, 

found from analyzing activity level changes at multiple volcanoes, can be used to narrow 

down the search for pre-GPS slow deformation events in the seismic record.

Sources of error in this study are mainly from the seismic networks. The 

instability of these networks is high because of the extreme environments in which they 

are operated. Errors that result may be exclusions of rate changes that are natural, but 

deemed man-made because seismic stations were inoperable or noisy. The numbers of 

earthquakes could increase if the networks operated perfectly and consistently without 

contamination from wind and surface noise. The conservative approach of this study 

eliminated any rate changes that were suspicious, which only leads to fewer rate changes 

considered and fewer included in the coincident groups.



Finally, Alaska is an excellent location to study these interactions because the 

tectonic activity level is high due to the large subduction zone and rapid plate 

convergence. Because of the subduction zone, there are 41 historically active volcanoes 

in the region and a large number of earthquakes (approximately 24,000 recorded 

earthquakes each year in the state). The close proximity of a large number of active 

features in Alaska, to a certain degree, simplifies the study of interacting tectonic events 

by eliminating large distance interactions. In this study, the maximum distances for 

interactions were on the order of 2000 kilometers. The methods of this study could be 

applied to regions like Cascadia where there are a string of active volcanoes, a subduction 

zone, and additional documented slow slip events. Japan would be another good region 

because it is a highly active subduction zone with active volcanoes and has a dense 

seismic and continuous GPS network. Performing this study in Japan or Cascadia would 

have the advantage of known regional stress changes, due to relatively dense GPS 

networks as compared to Alaska, that could provide tighter constraints on regional causes 

of volcanic behavior changes. It is recommended that this study should be performed 

again in Alaska in a few years when there is a longer seismic record for the currently 

monitored volcanoes and when even more volcano networks, including both 

seismometers and GPS receivers, are installed.
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Table 5.1: Summary of the ten groups with their time windows, number of volcanoes, 
and the probabilities.

Category Volcano Group Time Window
(days)

Number of 
Volcanoes

Probabilities

1 Late 1996 60 6 0.0015
1 Early 1997 60 7 0.0029
1 Early 2002 75 7 0.0011
2 1999/ Early 2000 90 5 0.0783
2 Late 2000/ Early 2001 120 5 0.1463
2 Mid to Late 2002 105 5 0.1084
3 1991 75 3 0.6983
3 Early 1996 90 4 0.3108
3 Late 1997/ Early 1998 150 5 0.2425
3 Mid 2000 75 4 0.2303
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Appendix A: Seismic network maps for each volcano [ Jolly et al., 2001; Dixon et al., 
2002; Dixon et al., 2003].
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Figure A.8: Seismic Stations of Kanaga Volcano.
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Appendix B: Seismicity Rate Change Charts for 18 Monitored Volcanoes. Each chart 
shows the cumulative number of earthquakes versus time. The time of a seismicity rate 
change is designated by a vertical black line through the graph.

1 A  2 A

T im e  in y e a r s

Figure B .l: Seismicity Rate Change Chart for Akutan Volcano. The cumulative number 
of earthquakes versus time is plotted. The vertical black lines represent seismicity rate 
changes (variations in line thickness are an artifact of plotting). The indexing refers to 
table 4.6.
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Figure B.2: Seismicity Rate Change Chart for Aniakchak Volcano. The cumulative 
number of earthquakes versus time is plotted. There are no seismicity rate changes during 
the monitoring time of Aniakchak because the number of earthquakes is too few to make 
the normal deviate test statistically significant.



116

T i m e  in y e a r s

Figure B.3: Seismicity Rate Change Chart for Augustine Volcano. The cumulative 
number of earthquakes versus time is plotted. The vertical black lines represent 
seismicity rate changes (variations in line thickness are an artifact of plotting). The 
indexing refers to table 4.5.
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Figure B.4: Seismicity Rate Change Chart for Dutton Volcano. The cumulative number 
of earthquakes versus time is plotted.. There are no seismicity rate changes during the 
monitoring time of Dutton because the number of earthquakes is too few to make the 
normal deviate test statistically significant.
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Figure B.5: Seismicity Rate Change Chart for Great Sitkin Volcano. The cumulative 
number of earthquakes versus time is plotted. The vertical black lines represent 
seismicity rate changes (variations in line thickness are an artifact of plotting). The 
indexing refers to table 4.11 (first letter refers to table A or B) and the small hatched area 
is time window which was excluded from the calculation because there was a swarm 
during that time.
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Figure B.6: Seismicity Rate Change Chart for Iliamna Volcano. The cumulative number 
of earthquakes versus time is plotted. The vertical black lines represent seismicity rate 
changes (variations in line thickness are an artifact of plotting). The indexing refers to 
table 4.7 (first letter refers to table A or B) and the hatched area is time window which 
was excluded from the calculation because there was a swarm during that time.
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Figure B.7: Seismicity Rate Change Chart for Kanaga Volcano. The cumulative number 
of earthquakes versus time is plotted.. There are no seismicity rate changes during the 
monitoring time of Kanaga because the number of earthquakes is too few to make the 
normal deviate test statistically significant.
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Figure B.8: Seismicity Rate Change Chart for Katmai Volcano. The cumulative number 
of earthquakes versus time is plotted. The vertical black lines represent seismicity rate 
changes (variations in line thickness are an artifact of plotting). The indexing refers to 
table 4.9 (first letter refers to table A or B) and the small hatched area is time window 
which was excluded from the calculation because there was a swarm during that time.
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Figure B.9: Seismicity Rate Change Chart for Makushin Volcano. The cumulative 
number of earthquakes versus time is plotted. The vertical black lines represent 
seismicity rate changes (variations in line thickness are an artifact of plotting). The 
indexing refers to table 4.10.
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Figure B.10: Seismicity Rate Change Chart for Okmok Volcano. The cumulative number 
of earthquakes versus time is plotted.. There are no seismicity rate changes during the 
monitoring time of Okmok because the number of earthquakes is too few to make the 
normal deviate test statistically significant.
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Figure B.ll:  Seismicity Rate Change Chart for Pavlof Volcano. The cumulative number 
of earthquakes versus time is plotted. The vertical black lines represent seismicity rate 
changes (va33riations in line thickness are an artifact of plotting). The indexing refers to 
table 4.8 and t is the start time of the rate change calculations, prior to that time the 
activity was related to the 1996 eruption.
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Figure B.12: Seismicity Rate Change Chart for Redoubt Volcano. The cumulative 
number of earthquakes versus time is plotted. The vertical black lines represent 
seismicity rate changes (variations in line thickness are an artifact of plotting). The 
indexing refers to table 4.2 and t is the start time of the rate change calculations, prior to 
that time the activity was related to the 1989 eruption.
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Figure B.13: Seismicity Rate Change Chart for Shishaldin Volcano. The cumulative 
number of earthquakes versus time is plotted. There are no seismicity rate changes during 
the monitoring time of Shishaldin because the number of earthquakes is too few to make 
the normal deviate test statistically significant.
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Figure B.14: Seismicity Rate Change Chart for Spurr Volcano. The cumulative number 
of earthquakes versus time is plotted. The vertical black lines represent seismicity rate 
changes (variations in line thickness are an artifact of plotting). The indexing refers to 
table 4.3 (first letter refers to table A or B) and the hatched area is time window which 
was excluded from the calculation because there was an eruption during that time.
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Figure B.15: Seismicity Rate Change Chart for Strandline Lake. The cumulative number 
of earthquakes versus time is plotted. The vertical black lines represent seismicity rate 
changes (variations in line thickness are an artifact of plotting). The indexing refers to 
table 4.4 (first letter refers to table A or B) and the hatched area is time window which 
was excluded from the calculation because there was a swarm during that time.
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Figure B.16: Seismicity Rate Change Chart for Veniaminof Volcano. The cumulative 
number of earthquakes versus time is plotted. The vertical black lines represent 
seismicity rate changes.
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Figure B.17: Seismicity Rate Change Chart for Westdahl Volcano. The cumulative 
number of earthquakes versus time is plotted.. There are no seismicity rate changes 
during the monitoring time of Westdahl because the number of earthquakes is too few to 
make the normal deviate test statistically significant.
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Figure B.18: Seismicity Rate Change Chart for Wrangell Volcano. The cumulative 
number of earthquakes versus time is plotted. The vertical black lines represent 
seismicity rate changes (variations in line thickness are an artifact of plotting). The 
indexing refers to table 4.12.


