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Simultaneous Earthquake Swarms and Eruption in Alaska, Fall 1996:

Statistical Significance and Inference of a Large Aseismic Slip Event

by Stephen R. McNutt and Warner Marzocchi

Abstract In the fall of 1996 the Alaska Volcano Observatory recorded an un-
precedented level of seismic and volcanic activity. The following were observed:
(1) a swarm at [liamna Volcano (August 1996 to mid-1997); (2) an eruption at Pavlof
Volcano (September 1996 to December 1996); (3) a swarm at Martin/Mageik vol-
canoes (October 1996); (4) a swarm at Strandline Lake, which continued for several
years (1996-1999); and (5) deformation of Mt. Peulik (inflation begins after October
1996 and ends in fall 1998), based on interpretation of interferometric synthetic
aperture radar data. The number of monitored volcanic areas in 1996 was thirteen.
We conducted two formal statistical tests to determine the likelihood of four of these
events occurring randomly in the same time interval. The tests are based on different
conceptual probabilistic models (classical and Bayesian) that embrace a wide range
of realistic tectonic models. The first test considered only the areas in which swarms
or eruptions occurred (7 of 13 if Strandline Lake is included; 6 of 12 otherwise), by
comparing the real catalog with 10,000 synthetic catalogs under the assumption that
the sites are independent. The second method is a hierarchical Bayesian model in
which the probability of a swarm at each of the 13 (or 12) areas is different but the
parent population is the same. We found that the likelihood of the swarms and erup-
tion occurring nearly simultaneously by chance alone is small for a wide range of
probabilistic schemes and, consequently, for different tectonic scenarios. Therefore,
we conclude that the events may be related to a single process. We speculate that a
widespread deformation pulse or strain transient occurred, mainly in the east half of
the arc, and may be the most likely candidate for causing such nearly simultaneous
events.

Introduction

In 1996, especially in the late summer and fall, the
Alaska Volcano Observatory (AVO) recorded an unprece-
dented level of seismic and volcanic activity. The following
were observed: (1) a swarm at Akutan Volcano (March
1996) including more than 3500 felt events (Lu et al., 2000);
(2) the Iliamna Swarm (May 1996; August 1996 to mid-
1997); (3) the Pavlof Eruption (11 September 1996 to 29
December 1996); (4) the Martin/Mageik Swarm (16-21 Oc-
tober 1996); (5) a swarm at Strandline Lake (not a volcano),
which continued for several years (September 1996-1999);
(6) the deformation of Mt. Peulik (inflation begins after Oc-
tober 1996 and ends in fall 1998; Peulik is 140 km northeast
of Aniakchak Volcano on Fig. 1), based on interpretation of
interferometric synthetic aperture radar (InSAR) data (Lu et
al., 2002); and (7) an M,, 7.9 earthquake near Adak in June
1996 (PDE, 1996). The four swarms (or volcanoes) that were
active in fall 1996 are located in an 870-km-long section of
the Alaska-Aleutian arc (Fig. 1). No comparable swarms or

eruptions occurred at these areas or volcanoes in the 6 years
from 1997 to 2002.

In this article we briefly describe the eruption or earth-
quake swarm at each of the four areas and estimate the prob-
ability of all the swarms and eruption occurring nearly si-
multaneously by chance alone. In addition, we examine
several possible triggering mechanisms and suggest new
data that will be needed to determine physical mechanisms.

Data, Instruments, and Networks

AVO presently operates seismic networks of 6 to 18
short-period (7 = 1 or 0.5 sec) stations near each of the four
active areas (Fig. 2) as well as 21 other volcanoes in Alaska.
At the time of the activity under study, networks were op-
erating in 13 areas. Data are telemetered in analog form and
digitized at 100 samples/sec in the seismology laboratory at
the University of Alaska Fairbanks Geophysical Institute.
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Figure 1.
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volcanoes are labeled. The large dot is the epicenter of the Adak earthquake. The
distance from Adak to Strandline Lake is 1970 km.

Data are recorded by computers in both continuous and trig-
gered mode, with the latter providing the primary data set
for Iliamna, Martin-Mageik, and Strandline Lake, and the
former for Pavlof.

Description of Activity

Pavlof

Pavlof Volcano, on the Alaska Peninsula (Fig. 1), is the
most active volcano in North America and has had more
than 40 documented eruptions since 1760 (Miller et al.,
1998). It was monitored from 1973 to 1990 by the Lamont-
Doherty Geological Observatory of Columbia University
(McNutt, 1986, 1999), then a new network was installed by
AVO in July 1996, including six seismic stations within 11
km and three others between 33 and 40 km (Fig. 2) from the
active vent. An eruption report was received on the morning
of 16 September 1996 from residents of Cold Bay, 37 miles
to the southwest (Table 1). Later analyses showed that the
small-scale seismicity had actually increased on 11 Septem-
ber (McNutt, 2002). The eruption lasted continuously from
16 September to 4 December, declined, and was followed
by two stronger bursts on 10—12 December and 26-29 De-
cember (Fig. 3). The seismic activity associated with Pavlof
was continuous volcanic tremor with variable amplitude last-
ing for nearly 3.5 months (McNutt, 2002). Explosion earth-
quakes were superimposed on the tremor (Garces et al.,
2000; Roach et al., 2001). The seismic signal was generally

stronger during more vigorous phases of activity. The tremor
amplitude was converted to reduced displacement, a nor-
malized metric that corrects for geometric spreading of
waves and instrument magnification (Fehler, 1983). The
time series shown in Figure 3 is roughly equivalent to the
number of events versus time.

Iliamna

Iliamna Volcano is a 3-km-high stratovolcano located
in the eastern Aleutian arc about 225 km southwest of An-
chorage, Alaska, on the western side of Cook Inlet (Fig. 1).
Glaciers that radiate from a summit ice cap dissect the vol-
canic cone. Vigorous fumarolic vents exist on the volcano’s
eastern flank at an approximate elevation of 2740 m. Several
Pleistocene vents extend roughly 6 km to the south of the
present summit. The volcano has no documented eruptions
in historical time; however, activity may have occurred as
recently as 300 years ago (Waythomas and Miller, 1999). A
four- to six-station seismic network has monitored Iliamna
Volcano continuously since 1993 (Fig. 2; Jolly et al., 1996,
2001). Between 1993 and 1996 only a few earthquakes each
month were detected at Iliamna. In May of 1996 a small
swarm of 90 earthquakes was detected beneath the volcano.
A second much larger swarm of earthquakes began in July
and peaked in September 1996; elevated rates of seismicity
continued until mid-1997 (Jolly et al., 2001). This swarm
consisted of more than 1000 located earthquakes. The 1996—
1997 hypocenters occurred beneath the summit and ex-
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Figure 2.  Shaded relief maps showing the seismic networks. Squares are seismic
stations, denoted by three- or four-letter station codes. Volcanoes are indicated by solid
triangles. (A) Pavlof, (B) Iliamna, (C) Katmai region, and (D) Spurr/Strandline Lake.
Table 1
Alaska Fall 1996 Swarm and Eruption Parameters
Swarm Start Date Swarm Peak Date Swarm End Date
Location Monitoring Start Date (mm/dd/yy) (mm/dd/yy) (mm/dd/yy) max M
Strandline Lake October 1989 09/25/96 10/07 & 28/96 12/31/96 3.1
Tliamna October 1994 08/01/96 08/15/96 02/08/97 33
Martin-Mageik July 1995 10/16/96 10/17/96 10/21/96 1.3
Pavlof July 1996 09/11/96 Continuous eruption 12/29/96 Dy = 19 cm?

Dy, reduced displacement.
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tended roughly 7 km to the south beneath the Pleistocene
vents identified by Waythomas and Miller (1999) (Fig. 4).
Hypocentral depths range from sea level to approximately
4 km (Roman et al., 2001). The largest event had a local
magnitude of 3.3. A large increase in SO, emissions was
also observed coincident with the increased activity begin-
ning in August (Roman et al., 2001).

Martin-Mageik
Mt. Martin and Mt. Mageik are two adjacent strato-
volcanoes in the Katmai group on the Alaska Peninsula
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(Fig. 1). A monitoring network of five stations was installed
by AVO in July 1995, then upgraded to 18 stations over the
next four summers (Fig. 2). Seismicity in the Katmai area
generally occurs in four clusters along the volcanic axis, one
of which is beneath Martin and Mageik volcanoes (Jolly and
McNutt, 1999; Moran, 2003). In October 1996 the strongest
swarm (in terms of numbers) to date in the entire Katmai
region occurred beneath Martin and Mageik (Fig. 5 and Ta-
ble 1). Although the largest event was only M 1.3, more than
500 events with M between 0.5 and 1.3 occurred in 5 days.
Depths of the events were mostly 2—6 km (Jolly and McNutt,
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Figure 4.

Shaded relief map of Iliamna Volcano. Squares are seismic stations. Cir-

cles are earthquake epicenters from October 1994 to December 2001, with symbol size
proportional to magnitude. Events deeper than 20 km are indicated by triangles.



Simultaneous Earthquake Swarms and Eruption in Alaska, Fall 1996

Martin/Mageik Volcano Seismicity

58'N 10

a |0
58 NO6[ o

-155' W27  -155 W21  -155 W15  -155 W09

Depth (km)

15545 -1554 -155.35 -1553 -155.25 -1552 -155.15

Figure 5.  Shaded relief map of Martin-Mageik volcanoes. Squares are seismic sta-
tions. Circles are earthquake epicenters from July 1995 to December 2001, with symbol
size proportional to magnitude. Events deeper than 20 km are indicated by triangles.
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1999). The b-value of the frequency—magnitude relation was
higher (b = 1.54) during the swarm and for several months
afterward compared with prior values (b = 0.92), suggesting
that pore pressures were relatively higher and that an intru-
sion occurred (Jolly and McNutt, 1999).

Strandline Lake

Strandline Lake is a small lake 30 km northeast of Mt.
Spurr (Fig. 1) and southeast of Mt. Hayes Volcano. It is
located near the strike of the volcanic axis. Earthquakes in
the area (Fig. 6) are recorded on the Mt. Spurr network (Fig.
2), and an additional station was added at Strandline Lake
itself in the summer of 1997, which improved the quality of
locations. The site of the 1996 swarm is a long-standing
feature in the Alaska earthquake catalog; see, for example,
figure 4 of Jolly et al. (1994), which shows a cluster of
events surrounding Strandline Lake recorded between 1981
and 1991. Three larger events occurred in this area in 1989
(magnitudes 2.1, 3.2, and 3.0 on 30 March, 9 April, and 9
April 1989, respectively). Figure 7 of Jolly et al. (1994),
shows that the best-constrained focal mechanism in this clus-
ter is dominantly strike-slip. The less well constrained focal

mechanisms have some thrust component. The 1996 swarm
began on 25 September, peaked in October, and ended ap-
proximately 31 December, at which time the rate dropped
by a factor of 4 (Table 1). The background rate, however,
remained higher than the preswarm level until April 1999.
The maximum magnitude earthquake was M 3.1, which oc-
curred on 1 July 1997. This swarm was deeper than the oth-
ers, with most events occurring from 3 to 12 km (Fig. 6).

Probability Calculations

In late summer and fall 1996, four almost simultaneous
seismic swarms occurred in different sites in the eastern
Aleutian arc. Here we want to calculate the probability that
these simultaneous swarms could occur by chance alone.
Initially we examined the period ending 31 December 2000;
the calculations were repeated when an additional year of
data became available. We present both results to demon-
strate the minor effect of extending the length of time.

The problem is complicated by the fact that three
swarms occurred at volcanoes, but the fourth (Strandline
Lake) did not. Further, we do not know how many other
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Figure 6.  Shaded relief map of Strandline Lake. Squares are seismic stations. Cir-

cles are earthquake epicenters from October 1989 to December 2001, with symbol size
proportional to magnitude. Events deeper than 20 km are indicated by triangles.

“tectonic” sites exist along the Alaska Peninsula and the
Aleutian Islands. We include Strandline Lake because within
a volcanic arc it may be reasonable to assume that most
seismicity is ultimately related to the same stresses that result
in the formation of volcanic centers. Inclusion of Strandline
Lake creates some restrictions in the probability framework,
which are explained as needed below.

The general method we use can be subdivided into three
parts: (1) Definition of the probability framework. (2) Gen-
eration of synthetic catalogs built under the null hypothesis
that the sites are independent. We use two different tech-
niques (TEST) based on different assumptions. (3) Calcu-
lation of the significance level, that is, the probability to
make a mistake in rejecting the null hypothesis. In other
words, we seek the probability of observing the ‘“coinci-
dences” in the real catalog by chance.

Setting Up the Probabilistic Scheme

The first step in establishing the probability scheme is
to define the concepts of “site” and “event.” In general, we
define a site as a place where seismic swarms can occur (or
occurred) and that have been monitored since 1996 or be-

fore. An event is the occurrence of a seismic swarm, and we
do not consider as events clear single mainshock-aftershock
sequences. It is important to remark that these definitions
contain a certain degree of subjectivity that we cannot over-
come. For instance, we define two volcanoes of the Katmai
group, Martin/Mageik, as a single site, mainly because seis-
mic swarms occur half way between these volcanoes, as op-
posed to distinct spots beneath each. This appears to be a
stable long-term feature of the seismicity in the vicinity of
Katmai (Jolly and McNutt, 1999; Moran, 2003). The choice
of one site is certainly questionable. For this reason, we also
check the stability of our results by adopting different defi-
nitions of site and event that will be discussed in depth in
the following sections.

By using our definition of sites and events we have 13
sites, 12 of which are volcanoes, and the thirteenth is the
area near Strandline Lake. Each site experienced one or zero
seismic swarm in the monitoring period (variable start dates,
but all ending 31 December 2001). The monitoring period
for each site is discretized by n; (i = 1, ..., 13) adjacent
and nonoverlapping time windows of length . Intervals of
30 to 360 days were tested. Obviously, n; depends on the
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Figure 7. Time series of seismicity for Pavlof,
[liamna, Strandline Lake, and Martin-Mageik areas
from mid-1995 to 31 December 2001. The Pavlof data
are schematic (see Fig. 3 for details). The others show
the number of located events per day. Note that the
vertical scales are different. All areas showed in-
creased seismicity in late summer and fall 1996 and
at no other time.

length of 7. For each site we choose the time axis directed
from the present toward the past, and the origin is at 31
December 2001. Each time window can contain zero or one
seismic crisis (we use only the starting time of the swarm).
Therefore, we can determine the probabilistic scheme con-
ceptually to be composed of 13 urns. For the ith urn, n; balls
are extracted. Although urns containing black and white
balls give a convenient representation of the procedure, in
practice the algorithm is performed by a computer simula-
tion. The sequences we observe in the real catalog are com-
posed only of white balls and zero black balls (the sites that
do not experience any seismic swarm), or n; — 1 white balls
and 1 black ball (the sites where one [m] time window con-
tains a seismic swarm). In our case, m = 1 for all sites, but
we also verify the calculation by using m = 3 for Martin/
Mageik (see in the following section). Therefore, the coin-
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cidences consist of simultaneous extraction of black balls at
different urns (sites).

Generation of the Synthetic Catalogs

We generate 10,000 synthetic catalogs under the as-
sumption that the sites are independent. The main difficulty
in building realistic catalogs is that we do not know the
probability of occurrence of the seismic swarms at each site.
To overcome this problem and to check the stability of the
results we adopt two stochastic models based on quite dif-
ferent (nearly antithetical) assumptions (Larsen and Marx,
1986). Such models reflect two limiting cases that encom-
pass a wide range of possible models and that probably in-
clude the most realistic models. Under this perspective, sta-
ble results would indicate the low sensitivity of our
calculations to a wide range of possible models.

Method 1. We consider only the urns where different balls
exist, that is, only TEST 1, the seven sites where at least one
seismic swarm occurred. We shuffle these urns 10,000 times,
and each time we extract randomly (without replacement)
the balls from the urns. In this way we generate 10,000 syn-
thetic sequences by assuming that the sampling from the
urns is independent. (This is equivalent to saying that the
seismic swarms at the sites occurred independently of one
another.) The method used has one important physical as-
sumption: the random shuffling of the urns implies that the
white and black balls inside the urns are representative of
the statistical distributions. In practice, this means that if we
take independent time periods comparable in length with the
real case, the sites where one seismic swarm occurred are
largely dominated by the probability of having exactly one
event. Instead, in the sites where no seismic swarms occurred
the probability of having zero events is largely predominant.
From a geophysical point of view this also implies that the
sites have different levels of tectonic activity.

Method 2. In this case we consider a hierarchical Bayesian
model, in which (TEST 2) the probability to have one black
ball inside any urn is different, but each derives from a
unique parent distribution. We consider as a parent distri-
bution a beta distribution with hyperparameters « and f
(Gelman et al., 1995). The values of « and f are related to
the average and standard deviation calculated from the em-
pirical probabilities for each urn (Gelman et al., 1995).
Therefore, each synthetic series is composed by randomly
generating 13 probability (P;) values from the parent beta
distribution. Each value represents the probability of having
one black ball in the urn (i.e., a seismic swarm at each site).
Then, for each ith urn we generate an ordered extraction of
n; balls. The white balls have a probability (1 — P;) of being
extracted, and the black balls have a probability P; of being
extracted. The use of a single parent distribution implies that
the tectonic activity of the Alaska arc is the same every-
where. The different probabilities at the sites are then due
only to random fluctuations. This underscores the problem
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with respect to Strandline Lake. We know that an earthquake
swarm occurred there, so this draws attention (and inclusion
as a site in this study). But there are hundreds of other can-
didate sites of similar size along the Alaska Peninsula and
in the Aleutian Islands. We do not know, however, how
many of these to include in the analyses. The lowest number
is 13, but we lack a basis for estimating the highest number.
Thus our estimates that include Strandline Lake are under-
estimates of the probabilities. Next we calculate the proba-
bilities both including and excluding Strandline Lake to
demonstrate the small difference in the estimates.

Calculating the Significance Level

The final step consists of evaluating the significance
level. Generally speaking, we count how many times the
feature observed in the real catalog can be seen also in the
synthetic catalogs. To avoid the dependence on the value of
7, we perform a stacking of the results. That is, we sum, for
different values of 7, the maximum number of “coinci-
dences” observed in the sequences. We repeat the same cal-
culation on the 10,000 synthetic catalogs and count how
many times the sum of the maximum number of coinci-
dences for different 7 is equal to or larger than the number
observed for the real catalog. Let us call this number R. The
probability of observing the coincidences by chance is there-
fore R/10,000.

Results

The parameters for tests ending in 31 December 2000
and 31 December 2001 are shown in Tables 2 and 3, re-

Table 2

Parameters Used for Probability Calculations Using
31 December 2000 End Date

Length of Time of Last Event
Monitoring Interval, Since 31/12/00,

Site T (days) T1 (days) Pl* P2t

Mt. Spurr 4079 3426 UT-7 & -1
Strandline Lake 4079 1558 UT-7 &t
Redoubt 4079 4035 Tt & 1
Iliamna 2253 1599 UT-7 &+t
Augustine 4079 — 0 &5 7
Martin-Mageik 1996 1537 UT- -1 &+t
Trident-Novarupta 1996 — 0 &1
Katmai 1996 — 0 [
Snowy 1996 — 0 o T
Pavlof 1630 1572 UT- -7 & 1
Akutan 1749 1740 UT -t &, 7
Makushin 1625 — 0 &n-1
Aniakchak 1630 — 0 &5-7

*P1 represents the probabilities of a single event for each site, used to
generate the 10,000 synthetic catalogs with the METHODI. 7 is the length
(in days) of the time window considered.

P2 represents the probabilities of a single event for each site, used to
generate the 10,000 synthetic catalogs with the METHOD?2. For each syn-
thetic catalog, the vector &; is randomly selected from a BETA distribution
(see text for details). 7 is the length (in days) of the time window considered.

S. R. McNutt and W. Marzocchi

spectively. The results are clear. For the two methods we
obtain a probability less than 3% for both tests (Tables 4
and 5). Probabilities are lower (less than 1%) when Strand-
line Lake is included (Table 5, bottom). The stabilities of
the results reported in the tables are checked by considering
the two volcanoes Martin and Mageik to be two different
sites only one of which experienced a seismic swarm in

Table 3

Parameters Used for Probability Calculations Using
31 December 2001 End Date

Length of Time of Last Event
Monitoring Interval, Since 31/12/01,

Site T (days) T1 (days) P1* P2f

Mt. Spurr 4444 3791 UT-7 & -t
Strandline Lake 4444 1923 UT-7 &+t
Redoubt 4444 4400 UT- -7 & 1
Iliamna 2618 1964 UT- -7 & -1
Augustine 4444 — 0 &1
Martin-Mageik 2361 1902 UT- -7 &+t
Trident-Novarupta 2361 — 0 &t
Katmai 2361 — 0 &g T
Snowy 2361 — 0 & T
Pavlof 1995 1937 Tt &1
Akutan 2114 2105 UT-7 &, 1
Makushin 1990 — 0 ¢&n-t
Aniakchak 1995 — 0 &5°1

*P1 represents the probabilities of a single event for each site, used to
generate the 10,000 synthetic catalogs with the METHODI. 7 is the length
(in days) of the time window considered.

P2 represents the probabilities of a single event for each site, used to
generate the 10,000 synthetic catalogs with the METHOD2. For each syn-
thetic catalog, the vector &, is randomly selected from a BETA distribution
(see text for details). 7 is the length (in days) of the time window considered.

Table 4

Results of Probability Calculations for Different Intervals Using
Two Probability Methods, for Period Ending 31 December 2000

Number of
Coincidences

T (days) Observed P1* P2t

30 2 0.17 0.18

60 2 0.33 0.32

90 4 <0.01 <0.01
120 2 0.58 0.49
150 4 <0.01 <0.01
180 4 <0.01 0.01
210 4 0.01 <0.01
240 4 0.02 0.01
270 4 0.02 0.02
300 5 0.03 0.02
330 4 0.04 0.02
360 5 <0.01 <0.01
Stacked 44 <0.01 0.01

*P1 is the probability to obtain by chance a number of “coincidences”
equal to or larger than the number observed in the real catalog, by using
the scheme described in METHODI.

P2 is the probability to obtain by chance a number of “coincidences”
equal to or larger than the number observed in the real catalog, by using
the scheme described in METHOD?2.
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Table 5

Results of Probability Calculations for Different Intervals Using
Two Probability Methods, for Period Ending 31 December 2001

Number of
Coincidences
T (days) Observed P1* p2'
30 2 0.17 0.17
60 3 0.01 0.02
90 4 <0.01 <0.01
120 3 0.04 0.05
150 3 0.06 0.07
180 4 <0.01 <0.01
210 4 <0.01 0.01
240 4 0.01 0.02
270 5 <0.01 <0.01
300 4 0.02 0.04
330 4 0.03 0.05
360 5 <0.01 <0.01
Stacked 45 <0.01 <0.01
Without Strandline Lake
Stacked 33 0.02 0.03

*P1 is the probability to obtain by chance a number of “coincidences”
equal to or larger than the number observed in the real catalog, by using
the scheme described in METHOD1.

P2 is the probability to obtain by chance a number of “coincidences”
equal to or larger than the number observed in the real catalog, by using
the scheme described in METHOD?2.

1996. Moreover, we have also considered that Martin/Ma-
geik could have experienced more than one seismic swarm
in the past. This last case is very conservative. In Figure 7
we can see that the network at these two volcanoes recorded
two other peaks of seismicity. These were caused by main-
shock-aftershock sequences in the vicinity (not under Mar-
tin/Mageik). In any case, we decided to include these two
further “events” just to verify the sensitivity of our results
to the definitions of event and site adopted. In all the cases
the significance level is always less than 10%, ranging from
less than 1% to 9% for the most conservative choices. All
the results mean that there is a very small probability that
the coincidences are due to chance. Note that we used 12
different values of 7, from 30 to 360 days (r = i*30,i =
1, ..., 12) to rule out the possibility of producing significant
results only because of the particular choice of a time win-
dow. Indirectly, this choice also helps to account for the fact
that we could use the start dates of the swarms, the dates of
peak rates, the dates of the middles of the durations, etc. In
other words, the results are robust regardless of the details
of the parameterization of the swarms. Results of specific
calculations using these different values are displayed in Ta-
bles 4 and 5.

Discussion

The year 1996 in the Aleutian Arc was one of high
seismic and volcanic activity by any standard. The following
were observed: (1) a swarm at Akutan Volcano (March
1996) including more than 3500 felt events; (2) the Iliamna
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Swarm (May 1996, August 1996 to mid-1997); (3) the Pav-
lof Eruption (September 1996 to December 1996); (4) the
Martin/Mageik Swarm (October 1996); (5) the swarm at
Strandline Lake, which continued for several years (1996—
1999); (6) deformation of Mt. Peulik (inflation begins after
October 1996 and ends in fall 1998; earthquakes near Be-
charof Lake occurred in May 1998); (7) and M,, = 7.9 earth-
quake near Adak in June 1996. The majority of these swarms
could only be identified from instrumental data. The areas
where they occurred are remote and mostly uninhabited, so
none of the earthquakes were felt except at Akutan and
Adak.

An interpretation of these events is complicated by the
fact that we have very few empirical and physical con-
straints. We do not know the starting conditions or threshold
of the physical system at each locality, so we do not know
the magnitude of any effect needed to serve as a trigger (see
Ziv and Rubin, 2000). Further, we cannot be certain that the
swarms represent the same processes. Pavlof erupted, so ob-
viously there was intrusion and eventual eruption of magma.
Indirect evidence favors intrusion of magma or other fluids
at Iliamna (Roman et al., 2001) and Martin-Mageik (Jolly
and McNutt, 1999). The mechanism is likely different at
Strandline Lake, where the swarm was deeper and lasted
longer, and there is no volcano at the surface. For these
reasons, at this stage of knowledge we can only provide
speculations about possible causative physical models for
such nearly simultaneous events.

Regardless of the specific nature of the unrest at each
site, we can generally assume that all the sites represent sys-
tems very close to a critical state, where small perturbations
are able to induce unrest. This is typical for some volcanic
areas that appear to be very sensitive to the passage of seis-
mic waves (e.g., Hill er al., 1993), to earth tides (McNutt
and Beavan, 1981, 1984), to slow perturbations induced by
postseismic effects of remote earthquakes (Hill et al., 2002;
Marzocchi, 2002; Marzocchi et al., 2002), and to other simi-
lar effects. For instance, previous studies on Pavlof and its
seasonal eruptions have suggested that ocean loads are partly
responsible for triggering eruptions (McNutt, 1999). The
pattern of ocean loading occurs annually with minor varia-
tions and produces volume strains of about 10~° (McNutt
and Beavan, 1987). However, the 1996 eruption was larger
and longer lasting than most others, suggesting that there
could be additional causes. Another reasonable assumption
is that a single origin is responsible for the nearly simulta-
neous perturbations found at different sites in 1996.

Because of its magnitude (M,, 7.9) and the infrequent
occurrence of such events (about once per decade) the Adak
earthquake might be an appealing candidate for a source of
deformation. However, the distance from Adak to the four
areas is large: Adak—Pavlof, 1100 km; Adak—Martin, 1600
km; Adak—Iliamna, 1830 km; Adak—Strandline, 1970 km.
Based on comparison with measured deformation from other
large earthquakes, static effects from the Adak earthquake
at those distances do not appear to be large enough to have
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been the trigger. Other mechanisms, such as a time-depen-
dent stress transfer due to seismic waves (Hill et al., 2002)
or to viscoelastic relaxation of the lower crust and/or as-
thenosphere (e.g., Wahr and Wyss, 1980) act on different
timescales compared with the few months of time lag be-
tween the Adak earthquake and the unrest observed in fall
1996. On the contrary it appears plausible that the Adak
earthquake may have been a response to the same wide-
spread event that also triggered the other activity. Hill et al.
(2002) discuss several cases of possible interaction between
large earthquakes and volcanoes at comparable distances
(1000-2000 km) and with similar time offsets.

Another interesting empirical feature is the lack of a
spatial-temporal trend for the unrest. If, for example, stress
diffusion had occurred propagating from the west (if caused
by the Adak earthquake), then we would expect the order of
the swarms/eruption to be Pavlof, Martin-Mageik, Iliamna,
and then Strandline Lake. (This assumes that the levels of
criticality or thresholds at each place are the same.) The
observed order was Iliamna, Pavlof, Strandline Lake, and
Martin-Mageik (Fig. 7; see Fig. 1 for locations). Similar rea-
soning rules out stress diffusion propagating from the east.
While stress diffusion may act over long timescales (e.g.,
Pollitz and Sacks, 1997), the combination of time, distance,
and relative order of the swarms/eruption tends to rule it out
unless we know more about the mechanisms.

Most of the increased earthquake activity (Iliamna,
Martin-Mageik, and Strandline Lake [also Peulik, but it has
no known earthquakes, and there is no local monitoring])
occurred in the eastern part of the arc. Pavlof and Akutan
occurred in the central arc, whereas the Adak earthquake was
much farther west. Thus it may or may not have been related.
Given these facts it seems that the most likely causal mech-
anism was some type of strain transient in the eastern or
central portion of the arc. [liamna, Martin-Mageik, Strand-
line, and Peulik all fall within or close to the boundaries of
the 1964 (M., 9.2) rupture zone (Fig. 1; south of the coastline
from longitude 145° to 156° W). We infer that a possible
explanation for these nearly simultaneous events might be a
deeper aseismic slip event that occurred along this zone. This
would perhaps be similar to the “silent slip” event reported
by Dragert er al. (2001) in the Cascadia subduction zone in
1999 under Vancouver Island. Dragert et al. (2001) suggest
that such aseismic slip events may play a role in stress load-
ing of the shallow seismogenic zone. We have no evidence
of an aseismic slip event in 1996; however, aseismic slip
was inferred to have occurred in the Shumagin Islands re-
gions (near Pavlof) in 1978-1980 (Beavan et al., 1984) and
in southern Alaska near Cook Inlet in 1998-2002 (Frey-
mueller et al., 2002).

We also note that the three swarms highlighted in the
present study were several orders of magnitude larger and
lasted much longer than previous swarms observed in the
same areas triggered by dynamic strains from S waves. For
example, a M, 7.0 earthquake near Kodiak, Alaska, in De-
cember 1999 triggered a small earthquake swarm 160 km
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away at Martin-Mageik, one of the four areas of the present
study (Power et al., 2001). The December 1999 swarm was
tiny, having only about a dozen events and lasting only a
few hours. This evidence suggests that in the present case
the trigger, or the physical mechanism underlying it, could
have been larger and longer lasting.

Unfortunately, at this stage the identification of any spe-
cific mechanism is pure speculation. Under this perspective,
we suggest that the trigger might be due to some transient
in deformation such as a silent earthquake. Hopefully, in the
future it will be possible, through an expanded Global Po-
sitioning System network and more frequent InSAR passes
over the regions of Alaska, to integrate ground deformation
and seismicity data to better identify regional stress triggers.
Without continuous deformation measurements it is proba-
bly not possible to confirm any mechanism. Our purpose
here has been to take the first important steps to document
the activity that occurred in 1996 and to establish statistical
significance.

Conclusions

The likelihood of three swarms and an eruption occur-
ring simultaneously by chance alone ranges from 9% to less
than 1%, depending on the different choices made to esti-
mate such probabilities. We thus conclude that the events
may have been triggered by a single process. We speculate
that a widespread deformation pulse or strain transient oc-
curred, affecting the eastern portion of the Aleutian arc. This
transient may also be responsible for other relevant geo-
physical events that occurred in 1996, such as the M,, 7.9
earthquake that took place in the central portion of the arc
in June 1996. However, no arc-wide continuous deformation
data exist for 1996, so we cannot determine physical mech-
anisms. The high level of earthquake and volcanic activity
in the Aleutian arc suggests that such triggering or interac-
tion may occur again. If so, then in the future, with contin-
uous Global Positioning System and InSAR data, we will be
better able to confirm the effects of widespread deformation
pulses or strain transients in the Aleutian arc.

Acknowledgments

We thank S. Stihler for locating most of the earthquakes used in this
study and G. Tytgat for servicing the seismic stations. Comments by re-
viewers J. Power, A. Lomax, T. Wright, S. Prejean, B. Pauk, J. Sanchez,
and associate editor C. Rowe are gratefully acknowledged. This work was
partially supported by the Alaska Volcano Observatory and the U.S. Geo-
logical Survey (USGS) as part of their Volcano Hazards and Geothermal
Studies Program, and by additional funds from the State of Alaska. The
USGS requires us to add the following: The views and conclusions con-
tained in this document are those of the authors and should not be inter-
preted as necessarily representing the official policies, either expressed or
implied, of the U.S. Government. The U.S. Government reserves the right
to reproduce and distribute reprints for governmental purposes.



Simultaneous Earthquake Swarms and Eruption in Alaska, Fall 1996

References

Beavan, R. J., R. Bilham, and K. Hurst (1984). Coherent tilt signals ob-
served in the Shumagin seismic gap: detection of time-dependent sub-
duction at depth, J. Geophys. Res. 89, 4478-4492.

Dragert, H., K. Wang, and T. S. James (2001). A silent slip event on the
deeper Casadia subduction zone, Science 292, 1525-1528.

Fehler, M. (1983). Observations of volcanic tremor at Mt. St. Helens vol-
cano, J. Geophys. Res. 88, 3476-3484.

Freymueller, J. T., S. Hreinsdottir, C. Zweck, and P. J. Haeussler (2002).
The 1998-2002 deep megathrust slip event, Alaska. EOS Trans.
Amer. Geophys. Union 83 (suppl.), F358.

Garces, M. A., S. R. McNutt, R. A. Hansen, and J. C. Eichelberger (2000).
Application of wave-theoretical seismoacoustic models to the inter-
pretation of explosion and eruption tremor signals radiated by Pavlof
Volcano, Alaska, J. Geophys. Res. 105, 3039-3058.

Gelman A., J. B. Carlin, H. S. Stern, and D. B. Rubin (1995). Bayesian
Data Analysis, Chapman & Hall/CRC, London.

Hill, D. P., F. Pollitz, and C. G. Newhall (2002). Earthquake-volcano in-
teractions, Phys. Today November, 41-47.

Hill, D. P., P. A. Reasenberg, A. Michael, W. J. Arabaz, G. Beroza, D.
Brumbaugh, J. N. Brune, R. Castro, S. Davis, D. dePolo, W. L. Ells-
worth, J. Gomberg, S. Harmsen, L. House, S. M. Jackson, M. J. S.
Johnston, L. Jones, R. Keller, S. Malone, L. Munguia, S. Nava, J. C.
Pechmann, A. Sanford, R. W. Simpson, R. B. Smith, M. Stark, M.
Stickney, A. Vidal, S. Walter, V. Wong, and J. Zollweg (1993). Seis-
micity remotely triggered by the magnitude 7.3 Landers, California,
earthquake, Science 260, 1617-1623.

Jolly, A. D., and S. R. McNutt (1999). Seismicity at the volcanoes of Kat-
mai National Park, Alaska; July 1995-December 1997, J. Volcanol.
Geotherm. Res. 93, 173-190.

Jolly, A. D., R. A. Page, and J. A. Power (1994). Seismicity and stress in
the vicinity of Mount Spurr volcano, south central Alaska, J. Geophys.
Res. 99, 15,305-15,318.

Jolly, A. D., J. A. Power, S. D. Stihler, L. N. Rao, G. Davidson, J. Pas-
kievitch, S. Estes, and J. C. Lahr (1996). Catalog of earthquake hy-
pocenters for Augustine, Redoubt, Ilimana, and Mount Spurr volca-
noes, Alaska: January 1, 1991-December 31, 1993, U.S. Geol. Survey
Open-File Rep. 96-70, 90 pp.

Jolly, A. D., S. D. Stihler, J. A. Power, J. C. Lahr, J. Paskievitch, G. Tytgat,
S. Estes, A. B. Lockhart, S. C. Moran, S. R. McNutt, and W. R.
Hammond (2001). Catalog of earthquake hypocenters at Alaskan vol-
canoes: January 1, 1994 through December 31, 1999, U.S. Geol. Sur-
vey Open-File Rep. 01-189, Online version 1.0.

Larsen, R. J., and M. L. Marx (1986). An Introduction to Mathematical
Statistics and Its Applications, Prentice-Hall, Englewood Cliffs, New
Jersey, 630 pp.

Lu, Z., C. Wicks, J. A. Power, and D. Dzurisin (2000). Ground deformation
associated with the March 1996 earthquake swarm at Akutan volcano,
Alaska, revealed by satellite radar interferometry, J. Geophys. Res.
105, 21,483-21,496.

Lu, Z., C. Wicks, D. Dzurisin, J. A. Power, S. C. Moran, and W. Thatcher
(2002). Magmatic inflation at a dormant stratovolcano: 19961998
activity at Mount Peulik Volcano, Alaska, revealed by satellite radar
interferometry, J. Geophys. Res. 107, no. B7, doi 10.1029/2001
JB000471.

Marzocchi, W. (2002). Remote seismic influence on the large explosive
eruptions, J. Geophys. Res. 107, no. B1, doi 10.1029/2001JB000307.

Marzocchi W., E. Casarotti, and A. Piersanti (2002). Modeling the stress
variations induced by great earthquakes on the largest volcanic erup-
tions of the 20th Century, J. Geophys. Res. 107, no. B11, 2320, doi
10.1029/2001JB001391.

McNutt, S. R. (1986). Observations and analysis of B-type earthquakes,
explosions, and volcanic tremor at Pavlof Volcano, Alaska, Bull.
Seism. Soc. Am. 76, 153-175.

McNutt, S. R. (1999). Eruptions of Pavlof Volcano, Alaska, and their pos-

1841

sible modulation by ocean load and tectonic stresses: re-evaluation of
the hypothesis based on new data from 1984—1998, Pure Appl. Geo-
phys. 155, 701-712.

McNutt, S. R. (2002). Volcano seismology and monitoring for eruptions,
in International Handbook of Earthquake and Engineering Seismol-
ogy, W. H. K. Lee, H. Kanamori, P. C. Jennings, and C. Kisslinger
(Editors), Vol. 81A, Academic Press, London, 383—406.

McNutt, S. R., and R. J. Beavan (1981). Volcanic earthquakes at Pavlof
volcano correlated with the solid Earth tide, Nature 294, 615-618.

McNutt, S. R., and R. J. Beavan (1984). Patterns of earthquakes and the
effect of solid Earth and ocean load tides at Mount St. Helens prior
to the May 18, 1980 eruption, J. Geophys. Res. 89, 3075-3086.

McNutt, S. R., and R. J. Beavan (1987). Eruptions of Pavlof Volcano,
Alaska, and their possible modulation by ocean load and tectonic
stresses, J. Geophys. Res. 92, no. B11, 11,509-11,523.

Miller, T. P., R. G. McGimsey, D. H. Richter, J. R. Riehle, C. J. Nye, M. E.
Yount, and J. A. Dumoulin (1998). Catalog of the historically active
volcanoes of Alaska, U.S. Geol. Survey Open-File Rept. OF-98-582,
104 pp.

Moran, S. C. (2003). Multiple seismogenic processes for high-frequency
earthquakes at Katmai National Park, Alaska: evidence from stress
tensor inversions of fault-plane solutions, Bull. Seism. Soc. Am. 93,
94-108.

PDE (Preliminary Determination of Epicenters), Monthly Listing, May
1996. U.S. Geological Survey, National Earthquake Information Cen-
ter, Golden, Colorado, 24 pp.

Pollitz, F. F., and I. S. Sacks (1997). The 1995 Kobe, Japan, Earthquake:
a long-delayed aftershock of the offshore 1944 Tonankai and 1946
Nankaido earthquakes, Bull. Seism. Soc. Am. 87, 1-10.

Power, J. A., S. C. Moran, S. R. McNutt, S. D. Stihler, and J. J. Sanchez
(2001). Seismic response of the Katmai volcanoes to the 6 December
1999 magnitude 7.0 Karluk Lake earthquake, Alaska, Bull. Seism.
Soc. Am. 91, 57-63.

Roach, A. L., J. P. Benoit, K. G. Dean, and S. R. McNutt (2001). The
combined use of satellite and seismic monitoring during the 1996
eruption of Pavlof Volcano, Alaska, Bull. Volcanol. 62, 385-399.

Roman, D. C., J. A. Power, S. C. Moran, K. V. Cashman, and S. D. Stihler,
(2001). Unrest at Ilimana Volcano, Alaska in 1996, evidence for a
magmatic intrusion, EOS Trans. Am. Geophys. Union 82 (suppl.),
F1329.

Wahr, J., and M. Wyss (1980). Interpretation of postseismic deformation
with a viscoelastic relaxation model, J. Geophys. Res. 85, 6471-6477.

Waythomas, C. F., and T. P. Miller (1999). Preliminary volcano hazard
assessment for Iliamna Volcano, Alaska, U.S. Geol. Survey Open-
File Rept 99-373, 31 pp.

Ziv, A., and A. M. Rubin (2000). Static stress transfer and earthquake
triggering: no lower threshold in sight? J. Geophys. Res. 105, 13,631—
13,642.

Alaska Volcano Observatory
University of Alaska Fairbanks Geophysical Institute
P.O. Box 757320
Fairbanks, Alaska 99775-7320
steve @giseis.alaska.edu
(S.RM.)

INGV-Osservatorio Vesuviano
Settore Geofisica, Dip. Fisica
Universita’ di Bologna
V. le Berti Pichat 8, 40127 Bologna
Ttaly
warner @ov.ingv.it

(W.M,)

Manuscript received 10 February 2003.



