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For the past few decades, Bezymianny volcano has erupted once to twice per year. Here, I examine eight
eruptive events between 2006 and 2010. This is the first time period for which proximal or broadband seis-
mic data have been recorded at Bezymianny. Several recurring patterns are demonstrated in advance of erup-
tions. Eruptions are generally preceded by 12–36 h of tremor energy elevated by 2 to 3 orders of magnitude.
Locatable earthquake activity is quite erratic in the days before eruptions. For eruptions of juvenile magma,
however, the cumulative moment magnitude increases with the repose time since the previous eruption.
Though tenuous, this relationship is statistically significant and could improve forecasts of Bezymianny erup-
tions. The most energetic eruptions demonstrate increasing multiplet activity in the run-up, followed by a
rapid cessation at the time of eruption. When present, this behavior marks increasing pressure in the conduit
system as degassing eclipses the capacity for venting. Very long period seismicity (>20 s periods) accom-
panies some eruptions. These tend to be the same short-lived high-energy eruptions that exhibit multiplet
precursors. Four eruptions are examined in detail to illustrate the variety in eruption mechanisms. Lava
dome collapses, sustained eruptions, singular paroxysmal explosions and post-explosion lava flows occur
in different combinations demonstrating that more than one eruption trigger is regulating Bezymianny. Com-
pared to Bezymianny's fifty-year modern history, recent eruptions have been shorter-lived and separated by
longer repose times. Some evidence suggests that these eruptions may be increasingly explosive—a specula-
tion that carries significant hazard implications. If true, however, this threat is tempered by solid evidence
that the most explosive eruptions are preceded by the clearest precursors, suggesting an ability to improve
the already excellent eruption forecasts available for Bezymianny.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the decade from 2000 to 2010, Bezymianny volcano had approx-
imately 17 independent eruptions that were large enough to generate
pyroclastic flows stretching several kilometers and put ash thousands
of meters into the atmosphere (Senyukov et al., 2004; Girina, 2013).
These eruptions were significant enough to warrant public safety noti-
fications. The location of Bezymianny, on Russia's Kamchatka peninsula,
poses significant hazards to trans-Pacific aircraft routes (Neal et al.,
2009). Prevailing weather patterns sweep atmospheric ash eastward
over the north Pacific (Schneider et al., 2000; Ramsey and Dehn,
2004). Eruptions in the past decade have regularly resulted in air traffic
restrictions (e.g., Neal et al., 2009; McGimsey et al., 2011; Neal et al.,
2011). Most of these were short-lived singular eruptions that, broadly
speaking, appear similar to one another.

There is no single standard for measuring the size of a volcanic erup-
tion. However, the majority of Bezymianny eruptions during this decade
were assigned a volcanic explosivity index (VEI) (Newhall and Self,
1982) of 2 or 3 by the Smithsonian Global Volcanism Program (Venzke
et al., 2012). Senyukov et al. (2004) have documented a common set of
rights reserved.
seismic and ground temperature observations that precede most of
these eruptions. The repeatability of the precursory pattern has allowed
many of the eruptions to be accurately forecast on the scale of days to
hours, often with increasingly precise time windows (Senyukov, 2006).
The author is unaware of a series of comparably sized eruptions with
an equivalent forecasting success.

Bezymianny has been erupting intermittently since its initial historic
eruption in 1956. During the VEI 5 eruption, the southeast flank col-
lapsed concurrent with a massive lateral blast that erupted a combined
volume of more than 3 km3 of material and left a 700 m deep crater
(Bogoyavlenskaya et al., 1985). The resulting horseshoe-shaped crater
was 1.5 by 2.8 km in diameter. Subsequent eruptions have built a
dome that now fills in much of this crater. For an overview of the 1956
eruption and ensuing activity see Gorshkov (1959), Bogoyavlenskaya
et al. (1991) and Girina (2013). This eruption preceded the strikingly
similar 1980 eruption ofMt. St. Helens by 24 years and is frequently con-
sidered the type example of sector collapse and lateral blast volcanism
(Voight et al., 1981; Belousov et al., 2007). Though Bezymianny was
only lightly instrumented during its first 50 years of recovery, the erup-
tion record has been well documented through field observations, pho-
tographs and petrologic sampling. Because Bezymianny has rebuilt
much of its edifice in just 50 years, it is an ideal place to examine how
volcanoes respond, long-term, to massive sector collapse events.

http://dx.doi.org/10.1016/j.jvolgeores.2012.12.015
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The first two decades following the 1956 eruption were character-
ized by magma extrusion accompanied occasionally by modest explo-
sions. At times, spines of solid magma were extruded. At other times,
the extruded products were more plastic. By 1976, the dome had
reached a height of more than 800 m (Bogoyavlenskaya et al., 1985
and references therein). Beginning in 1977, the number of explosive
eruptions began to increase. The duration of individual eruptions, on av-
erage, decreased aswell. These eruptions have often been preceded and
or followed by lava extrusion. There is evidence of solid magma spines
being extruded prior to some eruptions (Malyshev, 2000). And several
eruptions have been followed by viscous lava flows emplaced over the
course of days (Carter et al., 2007). However, the extrusive periods
have generally been short lived. If the first twenty years of eruption
can be described as continuous effusive eruption with occasional lulls
and explosions, the post-1977 era should be described as quiescence
punctuated by discrete eruptions.

This activity is represented schematically in Fig. 1. Based on the
growth of the dome, the rate of magma production was clearly very
high in initial years and remained elevated during the first two decades.
Once the dome was large, a significant portion of the eruption products
began spilling out of the cratermaking it challenging to quantifymagma
production with existing data. As well, the volume of magma deposited
as tephra remains largely unquantified. As a result, this model is purely
qualitative. Even without constraints on the actual magma production
rate, several features are likely robust: the high rate of magma produc-
tion in the initial years; the dominantly extrusive phase; the transition
to dominantly explosive phase; and the variability in recent eruption/
extrusion sequences. When the top of the volcano was removed in
1956, the conduit system was effectively shortened by a kilometer
when more than a cubic kilometer of overburden was removed. Any
equilibrium that might have existed in the magmatic system was
destroyed. The ensuing years of domegrowth andpunctuated extrusion
are compatible with this model. Though several mechanisms might ul-
timately be driving eruption (e.g., second boiling, crustal relaxation,
new magma from the deep crust), all of these eruption sources could
be accelerated and sustained byunloading. Likewise, the slowed growth
in recent decades is plausibly due to the fact that Bezymianny is closing
in on its pre-1956 topography. Regardless of mechanism, the eruption
behavior of Bezymianny has evolved steadily over the past half century.

Several lines of evidence suggest that the dome is a significant factor
in regulating eruptions. Increases in surface temperature in the days to
weeks prior to eruption are large enough to be observedwith satellite re-
mote sensing (Ramsey andDehn, 2004). The rate of rockfalls on the dome
increases similarly on a scale of days to weeks (Senyukov et al., 2004).
The observations of magma spines extruded prior to eruption are anec-
dotal, but appear to have occurred on several occasions (Girina, 2013).
Significant ground deformations have not been reported concurrent
with eruptions other than the 1956 one, though it should be noted that
deformation data has only recently become available. The fact that recent
explosive eruptions typically last minutes, and not hours, suggests that
the eruption source is shallow and quickly exhausted. Together these
er
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Fig. 1. Conceptual timeline of eruption activity at Bezymianny in the 50 years following
the 1956 eruption.
observations imply that the dome acts as a cap on the volcanic system
and plays an essential role in regulating eruptions.

Other evidence suggests a strong role for a crustal magma reservoir
kilometers below the surface. Whole rock chemistry has evolved grad-
ually but consistently since 1956. Linear compositional trends through
time (including SiO2, Al2O3, K2O, Na2O) suggest a homogenizing reser-
voir that provides a consistent source of magma. Geophysical evidence
for crustal magma storage is scant. But a modest curtain of seismicity
does suggest the possibility of magma storage at about 3 km below
sea level. Seismic evidence from multiplet earthquakes suggests that
at least one recent eruption sourced material from deep enough to dis-
rupt the conduit system beneath the edifice (Thelen et al., 2010a). Last-
ly, the regularity of eruptions is striking. It is hard to conceptualize this
regularitywithout invoking some type of steady inexorable driving pro-
cess from below.

The goal of this study is to identify the features of the Bezymianny
system that have regulated recent eruptions. There are many common
features that suggest a repeatable eruption mechanism. Closer inspec-
tion however demonstrates a range of eruption triggers. By identifying
the triggers for recent eruptions, and particularly the role of the dome, it
becomes feasible to speculate about future activity in light of the model
in Fig. 1. Significant geophysical instrumentation at Bezymianny, paired
with repeated field observations and sampling, makes these objectives
reasonable. In this paper, I focus on eruptions for which seismic data
is available within 15 km of the volcano. Such data exists for 2006 and
beyond.

2. Data

2.1. The PIRE project

Bezymianny volcano has been the centerpiece of a several-year
multi-disciplinary project led by a collaboration of U.S. and Russian
scientists. The project was focused on comparisons between recent
sector collapse volcanoes with an emphasis on Bezymianny and Mt.
St. Helens. Though Bezymianny has been known internationally for
decades, political realities limited the involvement of foreign scien-
tists until the 1990s. Even today, the logistical consequences of this
history are felt by most researchers working in Kamchatka. The
PIRE project (funded under the National Science Foundation's Partner-
ship for International Research and Education program) sought to
build an international research focus on Bezymianny while equipping
young scientists with the skills to work in Kamchatka and similar
environments.

Despite political isolation, one organization has had an ongoing
presence at Bezymianny throughout its 20th century history. The Insti-
tute of Volcanology and Seismology (IVS), part of the eastern branch of
the Russian Academy of Sciences, has coordinated research and moni-
toring at Bezymianny from its first signs of unrest in 1955 through
today (e.g., Gorshkov, 1959; Bogoyavlenskaya et al., 1991). Beginning
in 1999, the Klyuchevskoy group of volcanoes, of which Bezymianny
is part, was installed with a seismic network and real time telemetry
to IVS in Petropavlovsk-Kamchatsky. Since this time, the Kamchatka
Branch of Geophysical Services (KBGS) has carried out real time seismic
monitoring and routine earthquake location in the larger vicinity of
Bezymianny. In 2005, KBGS was operating six short-period analog seis-
mic stations within 50 km of Bezymianny. The closest stations to
Bezymianny, 14 km distant, allowed themost prominent seismic events
to be detected, though seismicity at neighboring volcanoes oftenmasked
activity. As part of the PIRE project, KBGS and U.S. collaborators under-
took an effort to provide seismic coverage specific to Bezymianny. This
network would provide greater sensitivity to Bezymianny seismicity,
depth control on earthquake locations, broadband coverage to character-
ize the full spectrum of activity and high dynamic range digital recording
to avoid issues with clipped data that are common to analog volcano
networks.
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2.2. Instrumentation

A campaign-style seismic network was installed progressively be-
tween 2006 and 2009 (Fig. 2). On-site recording allowed these stations
to be placedwithminimal power needs andwithout consideration of te-
lemetry. Equipment was furnished by the IRIS/PASSCAL instrument cen-
ter. All stations were broadband Guralp CMG-3T seismometers (120 s)
except for BEZB and BEZC (Guralp 40T, 30 s) and BEZD (Streickheisen
STS-2, 120 s). Digitizing and acquisitionwere performedwith Quanterra
Q330 dataloggers. All data was sampled at 100 samples per second. In
most cases, these stations were visited just once per year. Because the
subarctic active volcano environment is not conducive to solar power,
these stations operated on air cell batteries—a strategy well tested in
Alaska. The small footprint of this design allowed stations to be deployed
high on the Bezymianny edifice. Four of the stations are within 1 km of
the crater rim (the size and activity of the dome preclude any notion of
installing stations inside the crater). 14 stations were installed over the
course of the project, with as many as 11 operating concurrently (Fig. 2).

2.3. KBGS catalog and instrumentation

In addition to the campaign-style equipment, five new stations were
added to the telemeterednetwork (Fig. 2). These short-period analog sta-
tions have improved the routine earthquake catalog produced by KBGS,
by lowering the magnitude of catalog completeness and improving
A

B

Fig. 2. Map and timeline of seismic stations operated at Bezymianny during the study
period. Panel A: map view of PIRE project stations as well as the backbone short-period
network in the region. Inset map shows the location of Klyuchi (Kly), Kozyrevsk (Koz)
and I44RU on the Kamchatka Peninsula in the Russian Far East. Panel B: timeline of op-
eration for each of the PIRE network stations.
ASTER base map image provided by S. Rose at Univ. Pittsburgh, IVIS Lab.
location errors. The KBGS earthquake catalog for the Klyuchevskoy
group of volcanoes is produced using the DIMAS software package
(Droznin and Droznina, 2011).

3. Analysis

Here I focus on eight eruptive episodes between late 2006 and 2010.
For brevity, these are referred to as events number 1–8. Table 1 provides
the parameters of each event. The selection of these eight is somewhat
subjective. However, it includes events that deposited ash over several
square kilometers and are separated byweeks ormonths. In the few in-
stances where explosive activity continued over hours, I treat the event
as a singular eruption.

3.1. Tremor

There are several common methods for monitoring the strength of
volcanic tremor. RSAM (Endo and Murray, 1991), reduced displace-
ment (Aki and Koyanagi, 1981; vanManen et al., 2010), and seismic en-
ergy (Johnson and Aster, 2005; Buurman et al., 2013) are rooted in a
common method. All three approaches measure total ground shaking
by averaging or summing the complete seismic record or its square.
RSAM is the least insightful, though also the least subjective, as it
makes no attempt to correct for station characteristics or source loca-
tion. Reduced displacement and energy both attempt to provide a met-
ric that is independent of station characteristics and distance from the
source. This is achieved by making gross assumptions about ground
properties and wave propagation. These two techniques provide mea-
sures that are comparable across a seismic network and between volca-
noes, but only if one admits very significant error bounds. Recent work
has pointed out discrepancies in the calculation of reduced displace-
ment between studies (van Manen et al., 2010). For these reasons, I
use energy as the tremor measure for Bezymianny. Relative kinetic en-
ergy is calculated from the time integral of the particle velocity squared.
This is an unambiguous computation. Subjectivity is introduced by ex-
trapolating this to a source energy:

Esource ¼ 2πr2ρVp
1
A
∫U2dt ð1Þ

where

A ¼ exp −πfr=VPQð Þ: ð2Þ

I use P-wave velocity Vp=3 km/s, average density ρ=2 kg/m3, a
predominant frequency f=3 Hz, and an attenuation quality factor Q=
10, consistent with comparable environments (e.g., Del Pezzo et al.,
2001). r is the distance from the station to the summit vent and U is
the velocity seismogram. Johnson andAster (2005) give a good overview
of the caveats on these assumptions. Even so, the estimated seismic en-
ergy permits better potential for comparison between volcanoes than
RSAM and reduced displacement. When the same station is used to esti-
mate energy at one volcano, most of these terms are invariant. The esti-
mated seismic energy is stable for comparison of Bezymianny eruptions.
When comparing to eruption energies at other volcanoes, the estimates
have realistic errors of 1–2 orders ofmagnitude. A final note is that trem-
or energy calculations assume that all seismic energy is emanating from
the volcanic vent. All seismic sources, including seismicity, noise and
neighboring volcanoes (in this case, Klyuchevskoy) will contaminate
the record. Despite the numerous caveats, however, basic tremor ampli-
tude measures have proven extremely insightful and remain a staple of
seismic volcano monitoring (see summary in McNutt and Nishimura,
2008).

Throughout this study, I use station BELO for single station compar-
isons due to its proximity, quality and continuous operation (Fig. 2).
Since BELO was not installed until summer 2007, station BEZB is



Table 1
Eruption parameters.

Eruption #1 #2 #3 #4 #5 #6 #7 #8

Date and
time

2006/12/24
09:17

2007/05/11
14:30

2007/09/25
08:28

2007/10/15
02:23

2007/11/05
08:43

2008/08/19
10:33

2009/12/16
21:46

2010/05/31
12:34

Duration (min)a 25 31 18 47 20 26 3 16
Energy (MJ)b 1700 740 40 240 1500 1000 12,000 2200
Sudden onsetc N N N Y Y N Y N
Tremor befored Y N Y Y N Y Y Y
Repose (days)e 229 138 137 157 21 288 484 165
CMM beforef 2.4 – 1.5 2.5 1.2 1.9 2.9 1.6
CMM afterg 1.9 – 1.7 2.6 2.0 1.8 1.8 1.4
Multiplet terminationh Y – N Y N ? Y –

Post-eruption rockfallsi Y – N Y Y ? Y –

Pressure at I44RU (Pa)j – 0.17 – – Below noise – 11 1.5

a Duration of the energetic portion of the eruption (Section 3.2).
b Energy of the eruption (Sections 3.1 and 3.2).
c Determined by visual inspection (Section 3.2).
d Based on a ten-fold rise in tremor energy or more during the 24 h preceding the eruption (Section 3.1).
e Number of days since the previous eruption.
f Cumulative moment magnitude of the located earthquakes in the week prior to eruption (Section 4.1).
g Cumulative moment magnitude of the located earthquakes in the week after eruption (Section 4.1).
h Subjective assessment based on Fig. 8 of whether the dominant multiplets terminated at the time of eruption.
i Based on increase in “long, high frequency” earthquake class in the days following eruption (Fig. 7).
j Peak-to-peak infrasound amplitude measured at station 144RU outside Petropavlovsk-Kamchatsky (not shown).
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substituted for eruptions number 1 and 2. The reader should keep this
discontinuity in mind when comparing data. Stations BELO and BEZB
are 1.7 and 4.6 km, respectively, from the center of the dome.

Fig. 3 shows the energy per hour for a time window of nine days
around each eruption. Most eruptions show precursory tremor occur-
ring hours to days before the eruption, followed by comparable high en-
ergy in the 24 h following eruption. Inspection of the seismic records
shows that this tremor comprises a few types. Much of the elevated en-
ergy at Bezymianny can be attributed to rockfalls. Rockfall activity on
the Bezymianny dome prior to eruptions is well known. Within a kilo-
meter or two of the crater, rockfalls can be heard almost continuously
during elevated periods. This is evident in the seismic record from enve-
lopes of energy lasting 5–30 s, rich in frequencies above 3 Hz, with few
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Fig. 3. Tremor amplitude in 9-day windows around each eruption, marked with a red vertical l
for details.
patterns in particle motion.When this activity is continuous, it is nearly
indistinguishable from more classic conduit-sourced tremor. There are
however periods of steady tremor that lack the pulsing indicative of dis-
crete rockfalls. This difference can be seen in the scatter in the energy
plots (Fig. 3). Eruption 1, for example, is notably rich in rockfalls. This
is evidenced in energy by the two orders of magnitude scatter in the
days prior to the eruption. Amore steady state type of tremor is demon-
strated for eruption 8 by the unvarying energies before the eruption.

3.2. Eruption onset, energies and durations

All eight eruptions were relatively short-lived with a clear peak in
energy early in the sequence. This makes it straightforward to quantify
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ine. Amplitudes are presented as energies assuming a Bezymianny source. See Section 3.1
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energies and durations. Fig. 4 shows 90-minute spectrograms of vertical
component data. The eruption onsets follow two styles. I characterize
these by visual inspection as either sharp onset or gradual. Sharp onsets
can be determined unambiguously to within 1 min. Though subjective,
these two styles of eruption onset are relatively clear in the spectro-
grams. Eruption duration is defined as the time window during which
90% of the seismic energy occurs. The same technique is used to esti-
mate energy as for tremor (Section 3.1) using the square of the norm
of the three-component velocity, which is proportional to power. The
eruption duration in Table 1 is the amount of time required for the inte-
gral of the power to reach 90% of its total value, following Trifunac and
Brady (1975). Relative power and duration are estimated using station
BELO (BEZB for eruptions 1 and 2).
3.3. Earthquake activity

The routine earthquake catalog produced by KBGS contains about
700 earthquakes at Bezymianny during the 2006–2010 period. These
are subset from the larger catalog by requiring a horizontal distance
from Bezymianny of less than 7 km and a depth of less than 15 km.
These bounds partition the cluster of Bezymianny earthquakes from
those under nearbyKlyuchevskoy volcano and also exclude the remark-
able, though diffuse, cluster of earthquakes that occur in large numbers
at 30 km depth. I exclude these since their numbers dwarf the shallow
seismicity and it remains unclear to what extent these deep long period
earthquakes are directly tied to the Bezymianny and/or Klyuchevskoy
systems (George, 2010; Koulakov et al., 2011).

Despite limited historical station coverage at Bezymianny, the KBGS
catalog is surprisingly rich in smaller magnitude earthquakes. Though
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Fig. 4. 90-minute spectrograms of the onset of each eruption. Eruptions start 10 min into ea
are described in the text (Section 3.1).
many earthquakes are located using just three stations, all sensors are
three-component and P and S phases are picked on all stations. Earth-
quake size is reported in the KBGS catalog using an energy-based
scale (Ks) and not magnitude (Fedotov, 1972). Though Ks is the native
unit in this catalog, these values are converted to Richter local magni-
tude (ML) here for continuity with other studies. The energy class is
converted to magnitude using the expression ML=Ks/2+0.75 of
Gusev (1991).

The Bezymianny earthquake catalog shows a clear, though variable,
relationship to eruptions (Fig. 5). Five eruptions are associated with
changes in seismicity. Total earthquake rates are only marginally diag-
nostic. The sensitivity of the network varies considerably during the
four-year period as a result of changing station configuration and
periods of eruption at Klyuchevskoy volcano, located 10 km north of
Bezymianny. Klyuchevskoy is a basaltic stratovolcano whose erup-
tions often last months. The effusive nature of these eruptions gener-
ates strong tremors that can mask low amplitude seismic signals at
Bezymianny for weeks on end. More than half of the earthquakes great-
er thanmagnitude 1 occurred within 10 days of an eruption. Seismicity
can behigh before and/or after eruptions. However, seismicity (>M1) is
rarely high outside of an eruption period. The close association with lo-
catable earthquakes underpins the eruption forecasting algorithm that
has been used with great success by KBGS (Senyukov, 2006).
3.4. Discrete event detection

Several criteriamust bemet to reliably constrain an earthquake using
traditional travel time-based location techniques: sufficient station cov-
erage; a stable hypocenter inversion; clear P-waves; and at least some
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Fig. 5. Earthquakes in 55-day windows around eruptions number 1–8, marked with red vertical lines. Catalog data provided by the Kamchatka Branch of Geophysical Service
(KBGS). See Section 3.3 for details.

Table 2
Automated event detection parameters.

Frequency band 3–18 Hz 0.5–10 Hz

Short term average window length (STA) 1.4 2.3
Long term average window length (LTA) 7.0 11.5
STA/LTA threshold 3 3
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identifiable S-waves. Because these criteria exclude the vast majority of
events visible in raw data, we supplement the KBGS earthquake data
with a catalog of detected events. The detected events catalog sacrifices
the quality of hypocenter solutions to gain a far higher rate of inclusion
(e.g., Buurman et al., 2009; Thelen et al., 2011). Since the largest earth-
quakes are already constrained by the analyst-reviewed catalog, the
only sacrifice is in the locations of the smallest events. For time-rate
and statistical studies, the detected events catalog offers much improved
resolution. The detected events catalog also includes events that lack
precise phase arrival times such as rockfalls and low frequency earth-
quakes. On a practical level, this catalog also offers a way to deal expedi-
ently with remote data that is not available until long after a production
catalog is completed.

Event detectionmethods that rely on a single station of data are easily
contaminated. The most robust method for filtering out environmental
and/or anthropogenic noise is to require events to show across multiple
stations. I use the two-step approach laid out by Thompson and West
(2010). The first step is event detection on individual data channels. In
the second step, these detections are associated across several stations
consistent with pre-computed travel times from a grid of test hypocen-
ters. This methodology is essentially the same used by seismic networks
worldwide to perform automated earthquake detection. The broad ap-
proach is comparable to that used by Thelen et al. (2010a, 2011).

Single channel event detection is performedwith a simple short-term
average to long-term average ratio. To ensure that all types of discrete
events are included, I detect events in both a low and a high frequency
band (Table 2). Detections from vertical components are associated
across the network by grid searching for hypocenters that fit three or
more detection times, assuming P-waves. The observed and predicted
arrival times must match within 1 s. Detections on horizontal compo-
nents that fit these solutions are associated as S-waves post priori.
Three phase arrivals are insufficient to constrain the hypocenter and
source time. The grid search technique is still important, however, as it
limits the catalog to events with plausible move out across the network.
That is, phase arrivals at nearby stations must cluster tightly in time
while distal stations must have greater travel times.

Detection and association parameters trade off against one another.
Parameters here are based on a separate study in which data from five
volcanoes in Alaska were processed using 5760 different combinations
of detection and association parameters (Thompson, 2011). The opti-
mal configuration can be qualitatively described as having a lenient
detection threshold and relying on strict association criteria. This is
demonstrated at Bezymianny by the fact that no more than 30% of the
detections from any one channel (vertical) are successfully converted
into events. At lower quality stations, this conversion ratio can fre-
quently be less than 1%. While this process can be tuned differently,
screening events by requiring them to show on several stations allows
the detection criteria to be as inclusive as possible of different event
types.

Aswith any type of catalog, the results reflect changes in the network
and background noise. The Bezymianny network evolved considerably
during this project (Fig. 2). Fortunately, the configuration was stable
within each of the 55-day windows considered here. While the total
number of events is strongly influenced by the network and background
noise, the trends within these eight windows are robust. Numbers of
events vary from 1000 for eruption 2, to 6000 events for eruption 8.

3.5. Event classification

The discrete event catalog contains a wide variety of source types.
To characterize these, I estimate the frequency content and duration
of each event. Frequency content is summarized by the characteristic
frequency, which is defined here as the centroid of the frequency
spectrum on the range 0.33–25 Hz. Characteristic frequencies for the
complete set of detected events range from 0.6 to 12 Hz with the vast
majority of earthquakes falling between 1.5 and 6 Hz.

Event durations are measured as the time window during which
90% of the energy occurs. This is the same approach used for eruption
durations (see Section 3.1). The minimum durations are around 2 s.
The maximum duration caps artificially near 23 s to minimize overlap
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between events close in time. Examination of the full population of
durations demonstrates that there are likely few events exceeding
this.

Though the classification thresholds are somewhat arbitrary, they
produce trends that can be tracked during each eruption and can be
used for comparison between eruptions. The distributions vary for each
eruption. However, there are recurring clusters in frequency–duration
space (Fig. 6A). Based on these clusters, I split the data by frequency
above and below a characteristic frequency of 2 Hz. The high frequency
category is then split above and below a duration of 10 s. This results
in three surprisingly distinct classes of events (Fig. 6). The high-
frequency short-duration events have the characteristics of typical
volcano-tectonic (VT) earthquakes (McNutt, 2002). The high-frequency
long-duration events match the characteristics of rockfalls and block-
and-ashflows (DeRoin et al., 2012). The low frequency category likely in-
cludes more than one type of event. The shorter duration events may
include so-called long period earthquakes thought to be sourced by
non-destructive fluid- and/or gas-driven sources (Chouet, 1996). How-
ever, there is little seismicity at Bezymianny that is both low in frequency
and short in duration.Most low frequency events have durations ofmore
than 10 s. The source of these events is more enigmatic but likely in-
cludes spasmodic tremor as well as long period events that have previ-
ously been observed to precede rockfalls (Luckett et al., 2008; Thelen
et al., 2010a). Fig. 7 shows the rates for each of the event classes by
eruption.
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Fig. 6. Earthquakes as a function of frequency and duration using the discrete event de-
tections. Panel A: distribution of events in frequency–distribution space. Panel B: sample
waveforms from each event class for two eruptions. Waveforms are drawn from the ver-
tical component of BELO.
3.6. Multiplet seismicity

Multiplet analysis is used to characterize repeatedly occurring
earthquakes that produce similar seismic waveforms. Because multi-
plets are commonly observed at lava domes (e.g., Rowe et al., 2004;
Moran et al., 2008; Buurman and West, 2010; Thelen et al., 2011),
they are of particular interest at Bezymianny. Multiplet behavior is the
pivotal observation in Thelen et al. (2010a) that was used qualitatively
to assess the source depth of the Bezymianny eruptions in 2007, re-
ferred to herein as events 3–5.

The discrete event detection catalog is used as the input formultiplet
analysis. Tests against numerous previous datasets indicate that multi-
plet results on one station are generally repeatable on other stations
in the network so long as the signal to noise ratio remains high. Each
of the eight catalogs is a subset for events that have cataloged arrivals
on station BELO (BEZB for eruptions 1 and 2). The numbers of events
range from 1050 to 4200 for the different 55-day time windows.
These traces are bandpass filtered on 0.8–15 Hz and then segmented
1 s before the arrival time and 8 s after. A half-second cosine taper is ap-
plied to both ends of the traces. Each trace is cross correlated against
each other trace, storing themaximumnormalized cross correlation co-
efficient and its associated lag time. The cross correlation coefficients
are the basis for hierarchical clustering. I use a common methodology
that assigns events into clusters based on their average correlation coef-
ficient with all other events in the cluster. The choice of 0.8 as the clus-
tering threshold is arbitrary. Examination of the hierarchical cluster
trees (not shown)demonstrates that correlation coefficients are distrib-
uted smoothly between 0 and 1. A higher correlation threshold will re-
sult inmore, but smaller, clusters. A lower threshold ismore inclusive of
events that differ slightly. Becausemy objective is to determine changes
in multiplet activity, I use a relatively high (i.e. strict) threshold for
inclusion.

Fig. 8 shows the lifespan of each multiplet that contains five or
more events, ordered by date of first appearance, following Thelen
et al. (2010a). The number of multiplets varies considerably between
eruptions. This variation should be considered cautiously as the de-
tection levels vary significantly between the eight eruption catalogs.
The lifespan of the multiplets however is relatively insulated from dif-
ferences in the underlying catalog.
3.7. Very long period (VLP) seismicity

Explosive volcanism is known to produce seismic waves at pe-
riods much longer than typical volcanic earthquake, tremor and
rockfall activity. Loosely referred to as VLP (very long period) seis-
micity (e.g., Arciniega-Ceballos et al., 1999; Chouet et al., 2003;
Wiens et al., 2005), this ground motion is best observed at periods
beyond the microseism band—periods longer than ~10 s. At these pe-
riods, the entire edifice of the volcano is within one wavelength of the
source. This ground motion is best conceptualized as short-term defor-
mations of the edifice.

Very long period seismicity is examined at Bezymianny using dis-
placement seismograms low pass filtered at 0.05 Hz. Fig. 9A displays
three component VLP records from station BELO. At these frequencies,
the background noise is relatively consistent at 2–5 μm. Events 7 and
8 exhibit displacements on the order of 50–200 μm at station BELO.
These displacements are large enough to be seen across the network in-
cluding stations BEZH and BEFL at distances of 6.3 and 8.3 km, respec-
tively (Fig. 9B). These explosions have significant displacements at
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periods as long as 120 s. Eruptions 7 and 8, however, are the only explo-
sions that exhibit this type of seismicity above the noise level.

4. Discussion

4.1. Eruption precursors

Few Bezymianny eruptions have occurred since 2000 without ad-
vance activity. The most commonly observed precursors have been in-
creased seismicity and ground temperature thermal anomalies (Ramsey
andDehn, 2004; Senyukov, 2006). These observations underpin the algo-
rithms used operationally to forecast Bezymianny eruptions. The 1956
sector collapse left an amphitheater-like crater open to the southeast.
The breach in the crater funnels pyroclastic flows, lahars and surge de-
posits in roughly the same direction during each eruption (Carter and
Ramsey, 2009; Girina, 2013). The forecasting success and this broad sim-
ilarity of eruption deposits suggest that the mechanics of the eruptions
are similarly repeatable. The variety in observations in Section 3 hint
that, in fact, several different mechanisms are at work. The challenge is
to understand whether these multiple mechanisms coexist randomly or
are responses to the same underlying processes.

4.1.1. Precursory tremor
Seismic tremor is a consistent precursor to Bezymianny eruptions

(Fig. 3). Six of the eight eruptions show a strong increase in tremor in
the day prior to eruption. Eruption 2 does not show a strong tremor
signal. However, the background noise level is much higher for this
eruption and strong enough to mask the tremor observed during other
eruptions. Klyuchevskoy volcano was erupting during this period. Its ef-
fusive basaltic eruptions produce powerful tremor in the 1–5 Hz band
lasting weeks to months. Though this noise overlaps in frequency,
there are indications of Bezymianny's tremor pulsing above the back-
ground noise. The other event without a clear tremor precursor is
number 5. This event is thought to be a gravity-driven collapse from
the dome or the front of the lava flow. Though the deposits from this
event stretch ~2 km (Carter and Ramsey, 2009), there are no indications
of an explosion at the time. Thelen et al. (2010a) demonstrate that this
eruption did not involve the conduit. The absence of notable precursory
tremor is consistent with this being a collapse event.

The increase in tremor begins 12–36 h prior to eruptionswith an en-
ergy increase of two to three orders of magnitude. Comparable changes
in energy are not observed outside of eruption periods during the
four-year study. The short rise time makes energy particularly useful
for forecasting. Several eruptions (1, 6, 7, 8) show a quasi-exponential
increase in tremor that effectively points to an eruption time. Though
not foolproof, this trend can in theory be modeled to provide an esti-
mate of the eruption time, comparable to Smith and Kilburn (2010).
The closer the eruption gets, the more precise the solution could be.
An exponential increase in tremor amplitude in the hours preceding
eruption is a globally observed phenomenon. In a literature review
study, McNutt and Nishimura (2008) find that half of the eruptions in
their study have exponentially increasing tremor with durations rang-
ing from 5 min to 63 h. Tremor durations cluster much more tightly
at Bezymianny increasing the forecasting potential.

The second pulse of eruption 4 is not preceded by a rise in energy.
This is expected since the conduit system had vented 12 h earlier and
was presumably still open. No energy was required to prepare the con-
duit for eruption. This unusual second eruption lasted for a day and ap-
pears to have accompanied the extrusion of a viscous lava flow (Carter
and Ramsey, 2009) (see Section 4.4).

4.1.2. Precursory seismicity
Earthquakes occur throughout the Klyuchevskoy group of volcanoes.

The majority of these occur in the shallow crust beneath Klyuchevskoy
volcano and in a very active cluster at 30 km depth (e.g., George, 2010;
Thelen et al., 2010a). Fortunately, earthquakes at Bezymianny are
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spatially separated fromother clusters. Over the course of the project, the
permanent telemetered network was greatly expanded at Bezymianny.
As a result, the location errors were cut in half and the magnitude of
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Using earthquakes in the KBGS catalog, eruptions 1 and 7 were pre-
ceded by a week of unmistakable seismicity (Fig. 5). Eruption 4 had one
day of precursory seismicity. Background noise from Klyuchevskoy ob-
scured seismicity during the build up to eruptions 2 and 8. Overall
though, the link between eruptions and advance earthquakes is not as
robust as might be anticipated. At volcanoes that have not erupted for
several years, explosive eruptions are nearly always preceded by vigor-
ous seismicity (e.g., Moran et al., 2008; Buurman and West, 2010;
Ruppert et al., 2011). Thelen et al. (2010b) have demonstrated that
the cumulative moment magnitude of precursory seismicity increases
with the repose time. In this model, the magnitude of the seismicity re-
flects howmuch energy is needed to reopen the conduit, which in turn
is determined by how much time the magma has had to cool in place
following the previous eruption. On the scale of decades, Thelen et al.
(2010b) show that Bezymianny fits this model. Data in Table 1 demon-
strate that thismodel can be applied on the scale ofmonths aswell. Pre-
cursory cumulative moment magnitudes are based on the week of
seismicity preceding each eruption. Nodata point is available for eruption
2 due to noise fromKlyuchevskoy that obscured potential earthquake ac-
tivity. Event 3 is ignored since it is known not to be a magmatic eruption
(Carter and Ramsey, 2009). Fig. 10 shows that the most energetic earth-
quake swarms precede the eruptions with the longest repose times.
While this relationship is not without scatter, it suggests an improved
ability to forecast Bezymianny eruptions when the repose time is longer.

The detected seismicity catalog contains events an order of magni-
tude more than the KBGS catalog. The larger population of events
increases the statistical robustness of the event classifications andmulti-
plet analysis, while being more inclusive of rockfalls and low frequency
earthquakes. Trends in the high frequency detected seismicity track the
KBGS catalog for most eruptions. It appears that the detected seismicity
is simply amore inclusive representation of the KBGS catalog. The great-
er number of small events predicted by the Gutenberg–Richter relation-
ship (Gutenberg and Richter, 1954) suggests that the detected events
include the KBGS catalog in addition to events that are smaller by
one-half to one magnitude, highly dependent on the b-value. While
data is insufficient to estimate this exactly, visual inspection of the
waveforms and the catalog confirms that small magnitude events com-
prise the difference between the catalogs.

The clearest pattern in the event classifications is the large num-
ber of low frequency events in the time windows around eruptions
2 and 8. These two periods correspond to the strongest tremor activity
from neighboring Klyuchevskoy (Fig. 3). Based on this association, I do
not consider the low frequency event class, as determined here, to be di-
agnostic of Bezymianny activity. The low frequency events during the
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other six eruptions do not demonstrate tractable patterns. However,
the low frequency events do provide a valuable way to characterize
the seismicity contributions from Klyuchevskoy.

The two classes of high frequency seismicity (VT and rockfall) do
show patterns with Bezymianny eruptions. An increase in VT earth-
quakes precedes some eruptions. Eruption 3 has a steady rise in VT
events over a few weeks. A similar pattern is suggested for eruption 1
though the data is weaker. This pattern is most clear for eruption 7.
Not only does the rate reach 350 events per day, the increase is also
quasi-exponential, suggesting some ability to forecast an eruption time.
The network coverage was at its best for eruption 7 suggesting that
good data coverage near the cratermight have improved the results dur-
ing other time periods. After eruptions, there is an increase in the rockfall
rates. Though this is an expected phenomenon, Fig. 7 demonstrates that
increased rockfall activity lasts anywhere from a day (events 1, 5) to two
weeks (events 4, 7).

Some eruptions are preceded by increases in rockfall activity (events
1, 4, 7 and possibly 2). This increase in rockfalls has long been observed
anecdotally in thefield prior to eruptions. The data suggests that it is not
ubiquitous, but rather precedes just some eruptions. The variable occur-
rence of VT and rockfall activity suggests different physical processes
occurring before eruptions. Sample waveforms (Fig. 6B) demonstrate
that these are notably different types of events. It is challenging to cor-
roborate these observations with the spotty field observations. It is pos-
sible that extruded magma spines, thought to precede some eruptions
(see Section 1 and Malyshev, 2000), topple from the dome creating
these rockfalls. Similar relationships have been noted elsewhere
(e.g., Calder et al., 2005). It is also possible that increased gas and
heat passing through the dome create instabilities that trigger rock-
falls. A final possibility is that the dome expands slightly before
eruptions causing the rockfall activity.

4.1.3. Precursory multiplets
Themere occurrence ofmultiplet seismicity has onlymodest predic-

tive capability. The author is unaware of significant volcano earthquake
sequences anywhere that do not exhibit multiplets. At Bezymianny,
multiplet activity appears as a consistent subset of the overall seismicity
(see similarities in Figs. 7 and 8). This suggests that high frequencymul-
tiplet events exist as a natural part of any large population of volcanic
earthquakes. Multiplets do however require a repeatable source and,
by extension, a consistent stress regime. The time over which a multi-
plet is active, referred to here as its lifespan, is a rough proxy for the con-
sistency of the stress patterns. When the stress regime changes, many
existing multiplets will cease, possibly followed by new multiplets. In
the build-up to an eruption, most multiplets are presumably related to
increasing volumes of magma or increasing fluid and gas pressures as
a result of fresh magma. Events 1, 3, 4, and 7 have increased multiplet
activity in the weeks prior to eruption. I do not consider events 2 and
8, as they appear to be manifestations of the Klyuchevskoy eruption,
and not of Bezymianny. The precursory multiplets, like increased seis-
micity, are suggestive of gradual stress increases in the volcano. Some
of thesemultiplets cease abruptly at eruption (events 1, 4 and 7). As in-
troduced in Thelen et al. (2010b), this cessation indicates that the erup-
tion was sourced deep enough to restructure the stress regime and gas
pathways in the conduit. On a practical level,multiplet lifespans present
a way to distinguish between eruptions sourced from the surface (such
as dome collapses) and those that tap the crustal reservoir. The multi-
plet lifespans in Fig. 8 demonstrate that events 1, 4 and 7 destroyed
themultiplet source, presumably by tapping the volcano at depth. Across
events 3 and 5, however, the multiplets are unaffected suggesting that
these were surficial events that did not influence the magmatic system.
This agrees well with previous speculation that these were dome col-
lapse events.

The multiplet history of eruption 7 is unique. In addition to the
large rates, it has two clear multiplet time scales. There is an increase
in multiplet activity beginning one week before the eruption. Then



52 M.E. West / Journal of Volcanology and Geothermal Research 263 (2013) 42–57
two to three days before the eruption, the number of concurrent mul-
tiplets jumps significantly. What is remarkable, however, is that the
older multiplets continue to remain active until the eruption. This
cannot be explained by ever-changing stresses from, for example,
magma rising in the conduit. This would tend to terminate existing
multiplets. Instead, it suggests a steady increase of a single stress con-
dition, such as an inflating magma reservoir or a gas system that is not
able to vent adequately. These multiplets terminate abruptly with the
eruption. Figs. 3 and 6 demonstrate that this is not due to poor event de-
tection. The multiplets truly end. This eruption, more than any other,
appears to have destroyed the entire set of multiplet conditions.

4.2. Eruptions

4.2.1. Eruption onsets and durations
Gross parameters contained in information releases and databases

suggest that eruptions between 2006 and 2010 are relatively similar
(KVERT, 2005–2010; Venzke et al., 2012). Comparable ash cloud
heights, recurrence times, deposits and VEI support this. Examination
of the spectrograms in Fig. 4 reveals several types of activity, however.
Some eruptions begin abruptly. The onset times for events 4, 5 and 7
can be readily determined to better than a minute (Table 1). The
remaining eruptions have more gradual onsets. While the slow onset
eruptions exhibit dramatic increases in seismic energy, it is less clear
whichmoment in time corresponds to the physical start of the eruption.
In contrast, explosive eruptions have, by definition, abrupt onsets. The
moment the plug is overcome, the vent clears in a sudden explosive
rush.

In contrast, if the conduit is open or only weakly plugged then it is
more likely to start with a gradual runaway process thanwith a sudden
explosion. Such a runaway process is inferred when the rate of gas ex-
solution exceeds the conduit's ability to vent this gas. In situ gas exsolu-
tion causes themagma to expand and rise further in the conduit, which
triggers further degassing. This positive feedback builds quickly into a
full eruption. However, it lacks the singular moment in time when the
conduit is catastrophically breached. The two different styles of erup-
tion onset in Fig. 4 suggest that both mechanisms occur at Bezymianny.

Explosive eruptions at Bezymianny are generally short, with high-
energy venting lasting less than half an hour, and in some cases, much
less (Fig. 4). The eruptions with rapid onsets generally have their
peak energy within the first couple of minutes. It is reasonable that
their higher explosivitywould be front-loadedwith energy. The runaway
effusion inferred for slow onset eruptions peaks later, once magma has
risen further in the conduit and the exsolution process has escalated. A
slow onset of seismic energy can also be indicative of large gravity-
driven collapses. Pyroclastic flows and lahars have a characteristic
cigar-shaped seismic envelope that can last several tens of minutes
(Zobin, 2012; Buurman et al., 2013). The Bezymianny lava dome is
a well-formed cone reflecting its critical angle of repose. Within a few
kilometers of the crater, small rockfalls on the dome are heard almost
continuously, even during non-eruptive times. Significant rock ava-
lanches are reported regularly by KVERT (KVERT, 2005–2010) and, at
times, can be traced to specific changes in dome morphology (Carter
and Ramsey, 2009). The gradual onset and decay of some of the erup-
tions in Fig. 4 suggest a strong component of dome collapse.

4.2.2. Co-eruptive deformation from VLP seismicity
Most observations of VLP ground motions at periods>20 s are

bursts lasting no more than a couple of minutes and often accompa-
ny explosive activity. Representative examples include Popocatepetl
(Arciniega-Ceballos et al., 1999), Stromboli (Chouet et al., 2003) and
Redoubt (Haney et al., 2013). For volcanoes that have sustained
eruption phases, VLP events can persist as a tremor-like signal. Examples
of sustained VLP “tremor” include Okmok (Haney, 2010) and Stromboli
(De Lauro et al., 2005). These tremor events are typically dominated by
energy at the short end of the VLP spectrum (b10 s), however.
In the current study, so-called very long period seismicity is ob-
served during events 7 and 8 only. The presence of oscillatory VLP sig-
nals is an indicator that the edifice had significant co-eruptive cycles
of inflation or deflation and recovery. While the absence of VLP sig-
nals might be attributable to a number of factors, including source
orientation and background noise, events 7 and 8 stand out as unique.
Both eruptions produced long period displacements lasting a few mi-
nutes and exhibiting periods as long as 120 s. Considerable displace-
ments are seen on all three components. The number of available data
channels (and differing station coverage) is poorly suited to the most
common approaches to VLP source inversion (Dawson et al., 2011).
Three observations are significant here, however. The first is that just
two of the eight events produced any distinct VLP signal. The first six
eruptions show no evidence of the deflation cycles generally assumed
to source co-eruptive VLP signals. This could be because very little
mass was actually evacuated from within the volcano, as in the case
for a dome collapse. Or it could be because magma and/or volatiles
were evacuated at such a slow rate that it did not register within the
sensitivity band of the seismic stations. Given the general explosivity
of the eruptions, the latter explanation seems unlikely. It is more plau-
sible that the first six eruptions did not tap a deep-seated reservoir
and were instead sourced from very high in the edifice.

The second observation is that VLP signals are seen on stations
8 km from the vent (Fig. 9B). Even at this distance, there is significant
vertical motion. A shallow source located high in the edifice or in the
dome would not generate this type of deformation. If we assume the
co-eruptive source had a strong isotropic component (e.g., Waite
et al., 2008; Dawson et al., 2011) then the rectilinearity of the particle
motions can be used to back project to a very approximate Mogi source
region (Mogi, 1958). The dominance of vertical groundmotion could in-
dicate a larger vertical component in the source moment, or a single
force term not accounted for. Fig. 9C demonstrates the approach. The
approximate source location is shallower than the magma inferred
from seismicity by Thelen et al. (2010a). However the shallow depth
and offset to the east of the summit is in broad agreement with the
zone of earthquake activity illustrated by Thelen et al. (2010a).

The third notable observation is that the particle motions are differ-
ent for each explosion indicating that the source mechanisms were not
the same. Data are insufficient to model whether the general types of
mechanisms might be the same (e.g., sub-horizontal sill deflation, con-
duit single force, etc.). However, they do demonstrate that the explosion
source in May 2010 was not simply a reactivation of the same source
from December 2009.

Eruption 7 is notable because of its two distinct VLP signals separated
by 5 min. The different particle motions indicate different source me-
chanics. The first is associated with the initial explosive eruption unmis-
takable in the higher frequency data (Fig. 4). The second VLP signal is not
distinct in the high frequency explosion record. This could be because the
explosion that accompanied it is muffled by the coda of the first explo-
sion. A more likely scenario is that the second VLP was not associated
with a distinct magmatic explosion. It could instead be the result of a
gas-rich exhalation or perhaps a local response as the ash column col-
lapsed and the surge deposits rushed across the flanks of the volcano.
The exact nature of this second VLP is not clear, but is worth keeping in
mind when examining similar eruptions elsewhere.

4.3. December 2006 dome collapse

The eruption of December 24, 2006 was the first eruption at
Bezymianny to be digitally recorded closer than 15 km. It was also the
first broadband record at Bezymianny. The emergent envelope of this
first eruption was a surprise because tall ash columns and rapid in-
creases in seismicity typically suggested explosive onsets for recent
eruptions. The eruption onset at 09:17 UTC was determined visually
(KVERT, 2005–2010). Fig. 11B demonstrates that the ground motion
was much stronger 45 min later. This is unlike the other eruptions in
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Fig. 11. Details of the December 2006 eruption (event 1). Panel A: photo showing the dome collapse scarp and ensuing lava flow. Panel B: two-hour seismogram illustrating the
dome collapse sequence. See Section 4.3 for details.
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this study and uncharacteristic of explosive volcanism in general. After
30 min of eruption, the seismic amplitude increases ten-fold over a pe-
riod of 10 min before decaying over the next 15 to 30 min. The frequen-
cy content of this envelope is distributed over a wide bandwithout any
clear peaks or dominant frequenciesmaking conduit-sourced tremor an
unlikely explanation. There is no evidence of a harmonic or narrow-
band signal that would indicate a resonant source, as is typically in-
ferred for tremor sources. The cigar-shaped envelope is more typical
of gravity-driven surficial events such as avalanches, pyroclastic flows
and lahars. The exact source of this energy remained elusive until the
seismic data was reconciled with field observations. At some point dur-
ing the eruption, a new scarpwas created on the south face of the dome
(Fig. 11A). This scarp was first recognized in aerial surveillance on
December 27 (Girina, 2013). This collapse generated a pyroclastic
flow that stretched 6.5 km and was up to half a kilometer wide
(Carter et al., 2008). When reconciled with the seismic data, it appears
that this collapse began slowly half an hour after the eruption onset
and failed progressively over a few tens ofminutes. There is no evidence
of a singular instantaneous collapse. Photographs showa tongue of high
viscosity lava that was extruded into the scarp following the collapse
(Carter et al., 2008). The seismic data does not constrain the timing of
this lava flow.

It is logical to speculate whether therewas any real eruption of juve-
nile material, or whether this entire event was simply a gravity-driven
failure of the dome. The eruption exhibits neither a paroxysmal onset
nor VLP signals that might indicate an explosive trigger. Juvenile prod-
ucts are found in the eruption deposits however. In addition, the tremor,
earthquakes and multiplet activity show clear eruption precursors.
The energy release in the 36 h prior to the eruption follows the
same pattern as other eruptions (Fig. 3). Elevated earthquake activi-
ty typically precedes eruptions (Fig. 5). And the multiplet activity in-
creases somewhat before terminating at the eruption (Fig. 8).
Together these observations indicate that, though it triggered a sig-
nificant dome collapse, the eruption was ultimately the result of
fresh gas and/or magma beneath the edifice.

4.4. October 2007 continuous eruption

Unlike the other eruptions, the event of October 14–15, 2007 was
drawn out over more than 24 h. It began with a clear explosive event
at 14:27 UTC on October 14. This was a short-lived explosion, not un-
like other eruptions in the study. A potential VLP signal is observed on
one station at the time of eruption (not shown). Fig. 12A shows a time
sequence of AVHRR satellite images processed to maximize ash detec-
tion (Prata, 1989). See Webley et al. (2009) for processing and applica-
tion specifics. The initial cloud is small but with high ash concentration.
This corroborates the seismic evidence for a strong short-lived explo-
sion. Tremor in the hours surrounding this eruption follows a typical
pattern with a clear ramp-up to the eruption and decay afterwards
(Fig. 12B). Twelve hours later, however, the eruption activity resumed
with no forewarning. Seismic activity spiked on October 15 at 02:23
UTC. Seismicity remained high and irregular over the next day. The
AVHRR images show that ash emission resumed at this time and contin-
ued for at least 12 h. No VLP seismicity occurred during this second
phase. The multiplet activity in Fig. 8 (and discussed at length in
Thelen et al., 2010a) appears to ceasewith the initial explosive eruption
though tremor could bemasking these events. Together these observa-
tions point toward an initial vent clearing high-pressure eruption with
some evidence that the conduit system was involved at depths below
the dome (VLP seismicity and multiplet termination). After 12 h, the
volcano entered a period of continuous eruption. This is probably due
to the steady effusion of gas-richmagma from the reservoir. If gas exso-
lution was entrapped by viscous magmas, fragmentation in the upper
most part of the conduit could drive a sustained ash-rich eruption.
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This process would have continued until the magma ascent slowed suffi-
ciently to allow gas to vent independent from the magma. At this point,
vigorous degassing continued and the magmatic eruption transitioned
to lava extrusion. Aerial reconnaissance five days after the eruption re-
vealed a new 400 m long lava flow, confirming this transition (Carter
and Ramsey, 2009).

What is interesting about this eruption is the delay between the pre-
sumed vent-clearing explosion and the continuous eruption. The initial
explosion was probably driven by pressurized gas within vesicular
magmas trapped beneath cooled degassed magmas (Sparks, 1997).
Though the AVHRR signal demonstrates a strong ash signal associated
with this explosion, it is not known whether this was juvenile material
or existing dome rock entrained during the explosion. The quiescence
following this eruption could be explained by a plug of frozen magma
that capped the system again for 12 h. If this were the case, though, I
would expect to see the same precursory seismic energy and multiplet
activity that precedes other eruptions. These did not occur. Amore plau-
sible explanation is that the initial explosion cleared the vent allowing
magma to ascend in the conduit and possibly begin effusing. After
12 h, either cooler magma or an increased ascent rate began to prevent
gas from escaping the magma. Gas expansion within the magma col-
umn caused the magma to fragment and be ejected as a high velocity
ash-rich plume.

4.5. December 2009 and May 2010 explosive eruptions

The eruptions of December 2009 and May 2010 stand out from the
other eruptions as being significantly more explosive. These two
eruptions have the shortest durations and highest releases of seismic
energy during the 2006–2010 period (Table 1). Duration and total en-
ergy do not sufficiently describe the impulsiveness of these eruptions.
Fig. 4 (insets) demonstrates that both of these eruptions began with a
pulse of high amplitude energy lasting only seconds. Both have clear
precursory tremor in the day preceding eruption. These are also the
only two eruptions to exhibit unequivocal VLP signals (Fig. 9A). These
observations implicate a conduit system that is plugged, causing gas
and gas-rich magma to build up. Webcam observations indicate vigor-
ous steaming preceding these eruptions. Much like an espresso pot
that steams vigorouslywhile pressure builds inside, pressure in the con-
duit system can still be increasing while steaming energetically. During
a period of clear weather two days prior to the May 2010 eruption, a
vigorous steam plume can be seen extending more than 1500 m
above the summit. When the conduit is finally breached, the explosion
is instantaneous because substantial gas is already exsolved from the
magma and at high elevation in the edifice. The VLP seismicity, inferred
in Section 4.2 to be sourced a few kilometers below the summit, is
connected to this explosion. The deep VLP deformation begins a matter
of seconds after the explosion.

If these eruptions resulted from the sudden release of pent-up gas,
then a significant infrasound signal would be expected. No infrasound
was being recorded on the volcano at this time, though ground-coupled
airwaves are observed on distal seismic stations for the Dec. 2009 erup-
tion (not shown). More significant, however, are the long-distance
infrasound recordings. Infrasonic array I44RU is located 370 km to the
south–southwest near Petropavlovsk–Kamchatsky. Data from this array,
available from the Comprehensive Nuclear-Test-Ban Treaty Organization
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(CTBTO), show signals well above the noise for both of these eruptions.
December 2009 registers a pressure of 11 Pa (peak-to-peak). The May
2010 signal is 1.5 Pa (pers. comm., D. Fee). Seasonal variations in the
array sensitivity are thought to be minimal because the dominant
winds are perpendicular to the propagation path. Data from I44RU is
only available for two of the events before 2009. Only event 2 shows a de-
tectable signal with an amplitude of 0.17 Pa. The December 2009 pres-
sure pulse was large enough to be recorded 2900 km to the northeast
in Fairbanks, Alaska. Two hours and fifty minutes after the eruption,
this event registered an amplitude of 0.7 Pa on CTBTO array I53US
(pers. comm., D. Fee). While the infrasound data record is not complete
for the study period, the evidence agrees with the observation of these
two eruptions being substantially more explosive.

Seismic amplitude, infrasound amplitude and total seismic energy
mark the December 2009 eruption as five to ten times more energetic
than May 2010. The consistent pattern of eruption deposits demon-
strated for most eruptions (Girina, 2013) is broken only by the De-
cember 2009 eruption. This eruption was the only one during this
period to leave significant deposits in the 1956 blast zone east of
the dome. Several centimeters of fine-grained deposits at station
BERG, as well as displaced rocks, suggest that a pyroclastic surge
flowed over the region for this eruption only. While this could have
resulted from a different directivity of the eruption, a more likely ex-
planation is that the higher energy eruption produced an ash column
that then collapsed to create the surge.

4.6. Future eruptions at Bezymianny

Examining the conceptual model in Fig. 1, there are several possible
futures that could unfold at Bezymianny. There is currently little indica-
tion that we should expect a return to the steady effusive eruption of the
1960s. Though lava flows have accompanied several recent eruptions,
they have been extremely viscous and have shut down within days or
a few weeks. Cooler magmas and thorough degassing presumably ac-
count for the thick blocky flows. Regardless of cause, however, the high
viscosity magmas and their slow extrusion rate suggest that they are
not far off from seizing in the conduit and can only be erupted when
the vent is periodically re-established by explosions. Another possibility
is that Bezymianny could soon return to dormancy. The staccato erup-
tions of the past few decades could be the final throes of a system that
has, morphologically at least, nearly returned to its pre-1956 state.
While this must remain a possibility, there is little evidence to suggest
an imminent shutdown.

Continued intermittent explosive activity is the remaining option.
This is the future of least astonishment and is perhaps not an exciting
claim. The pattern of the past two decades has continued while this
manuscript was being prepared, however, and there are few lines of
reasoning that can argue for a drastic change in activity. Even so, the po-
tential of indefinite explosive eruptions is a future with real conse-
quences. Ash fall from current eruptions impact several communities
in the area, including Klyuchi and Kozyrevsk. Fortunately, most are
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relatively resilient to frequent ash and are beyond the reach of pyroclas-
tic flows. Bezymianny and the Klyuchevskoy group of volcanoes have
also become important tourist destinations. In the summer months,
tourist groups are regularly camped on the flanks of Bezymianny for ex-
tended periods of time. In mid-July 2008, a month before eruption 6,
groups were evacuated from Bezymianny when a sudden increase in
seismicity (Fig. 5) was accompanied by hot rock avalanches that flowed
5 km from thedomedown the same southeast chute followedby recent
pyroclastic flows (see Girina, 2013, Fig. 2). The hazards from
Bezymianny reach far beyond Kamchatka though. Ash rich eruption
clouds ascend directly into primary flight paths between Asia and
North America (Neal et al., 2009). The dominant winds carry this ash
eastward, parallel to flight paths and into U.S. airspace (e.g., Fig. 12A).
This ash can remain a threat for several days.

Because Bezymianny is remote and because North Pacific weath-
er is often uncooperative, geophysical monitoring and satellite-
based monitoring are unusually important. Several of the eruptions
discussed in this paper occurred without any direct observation.
The first photographs of some of these events were taken days after
the eruptions had ceased, when weather permitted observation
flights. The combination of high volcanic hazard and the dependence
on geophysical monitoring makes the specific patterns of precursors
and eruption behavior vital to accurate monitoring—arguably more
so than in some locations.

Continued explosive eruptions could follow several patterns. The
size of eruptions and the intervals between eruptions could diminish
or grow larger. The varied eruption styles observed in recent years
could continue, or the eruptions could become more repeatable. The
patterns of precursory activity (tremor, multiplet earthquakes, thermal
anomalies) could fade or grow stronger. Definitive answers to these
questions won't be known until the eruptions occur. Some observa-
tions, however, suggest that eruptions could becomemore intermittent
andmore explosive (Fig. 13). Lava flows over the past twodecades have
become short-lived occurrences. Throughout the 1980s, effusive erup-
tions frequently lasted months or years (Girina, 2013). The quiescence
between eruptions was often shorter than the eruptions themselves.
This type of activity has not occurred in the past decade. Though signif-
icant lava flows have been emplaced as recently as 2010, these periods
of effusion lasted just days before the conduit presumably froze again.
The eruptions presented in this paper show a modest trend toward in-
creasing explosivity. Eruptions 7 and 8 have multiple indicators that
demonstrate higher energy. This trend appears to be continuing after
2010. The possibility of increased explosivity is consistent with the lon-
ger repose time between eruptions. Longer repose periods between
eruptions allow the conduit system to cool, creating colder, dense,
crystal-rich plugs that must be overcome during the next eruption.
This fact is substantiated by the higher precursory seismic activity that
accompanies longer repose periods (Fig. 10 and Table 1).

The possibility of increasingly explosive eruptions is not immediate-
lywelcomed from amonitoring perspective. Larger explosions push ash
more quickly into the atmosphere. They also generate more dangerous
projectiles. There is potentially a positive note, however, to this specu-
lation. Evidence presented here demonstrates that the most explosive
eruptions have the strongest precursors. The high-pressure build-up
that drives explosions is also responsible for several precursors. High
seismic activity is seen prior to the most explosive eruptions (Fig. 5).
The potential of strong multiplet activity as a manifestation of gas pres-
sure is particularly intriguing (Fig. 8). While discussions about future
eruptive behavior are clearly speculative, it is promising that these
eruptions may also be the most predictable.
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