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An Overview of the Dynamics of the
Volcanic Paroxysmal Explosive
Activity, and Related Seismicity, at
Andesitic and Dacitic Volcanoes
(1960-2010)

Vyacheslav M. Zobin *

Centro Universitario de Estudios Vulcanolégicos, Univeidad de Colima, Colima, Mexico

Understanding volcanic paroxysmal explosive activity redres the knowledge of many
associated processes. An overview of the dynamics of paroxgmal explosive eruptions
(PEESs) at andesitic and dacitic volcanoes occurring betwael1960 and 2010 is presented
here. This overview is based mainly on a description of the preruptive and eruptive
events, as well as on the related seismic measurements. Theetected eruptions are
grouped according to their Volcanic Explosivity Index (VEIA rst group includes three
eruptions of VEI 5-6 (Mount St. Helens, 1980; El Chich6n, 198 Pinatubo, 1991)
and a second group includes three eruptions of VEI 3 (Usu vadmo, 1977; Soufriere
Hills Volcano (SHV), 1996, and Volcan de Colima, 2005). TheEEs of the rst group
have similarity in their developments that allows to propasa 5-stage scheme of their
dynamics process. Between these stages are: long (more thari20 years) period of
quiescence (stage 1), preliminary volcano-tectonic (VT)aghquake swarm (stage 2),
period of phreatic explosions (stage 3) and then, PEE appeance (stage 4). It was shown
also that the PEEs of this group during their Plinian stageriggered” the earthquake
sequences beneath the volcanic structures with the maximurmagnitude of earthquakes
proportional to the volume of ejecta of PEEs (stage 5). Thrediscussed PEEs of the
second group with lower VEI developed in more individual skys, not keeping within any
general scheme. Among these, one PEE (SHV) may be considered partly following in
development to the PEEs of the rst group, having stages 1, 3and 4. The PEEs of Usu
volcano and of Volcan de Colima had no preliminary long-terrstages of quiescence.
The PEE at Usu volcano came just at the end of the preceding shib swarm of VT
earthquakes. At Volcan de Colima, no preceding swarm of VT awirred. This absence
of any regularity in development of lower VEI eruptions magfer, among other reasons,
to different conditions of opening of the magmatic conduit dring these eruptions.

Keywords: volcano seismology, eruption dynamics, magma ascent
andesitic and dacitic
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INTRODUCTION paroxysmal explosive events of andesitic and dacitic type
recorded during the period of study (Mount St. Helens, 1980;
Understanding volcanic paroxysmal explosive activity reeglir £| Chichén, 1982; and Pinatubo, 1991). The forth event that
the knowledge of many associated processes. Paroxysmagturred during this period, the VEI 5 1963 Agung eruption,
volcanic eruption is dened in “Geological dictionary” had no detailed observations for discussion. Three evehts o
(Paengoltz, 1978 as “particularly violent eruption of the the second group (VEI 3) are selected from the long list of
volcano, which is the most dangerous and tense stage of thiguptions as the only having the detailed observations and
eruptive cycle, at which the whole cavity of the crater is op&ne seismic monitoring comparable with the information obtathe
An overview on the dynamics of six paroxysmal explosiveor the three events of the rst group (Usu, 1977; SoufrieliéisH
eruptions (PEEs) at andesitic and dacitic volcanoes, oB®IT volcano, 1996; and Volcan de Colima, 2005).
between 1960 and 2010, is presented here. The selected ﬂﬂthiO The case descriptions are represented by two groups of
are grouped according to their Volcanic Explosivity Index (VE information. The Research Topic of this Special Issue is
Newhall and Self, 1932 concerned with the Exploring Volcanic Paroxysmal Explosive
The paroxysmal explosive eruption (PEE) of the rst groupActivity from Magma Source to Ground and Atmosphere.
with VEI 5-6 (height of plume more than 25 km; volume of ejectaaccording to this de nition of the topic, “from magma source t
10°-10** m3) can signi cantly destroy the volcano and a ect the ground and atmosphere the rst group of information incled
atmosphere, and the environment in the overall. For example, afe geological, visual, and satellite observations.
aresult of the paroxysmal 27 AUgUSt 1883 eXplOSiOﬂ of Krakatau For a |Ong time’ inc]uding the period of our reviewed
VO|Can0, the northern two-thirds of the Krakatau |S|and,imﬂnis eruptionS, the On|y tool that allowed reconstructing in dé&tdhe
situated between Java and Sumatra Islafigufe 1), collapsed  dynamics of eruptions was seismic monitoring of the volcanoes
beneath the sea, generating series of devasting pyroctasc  So we discuss the seismic information within the second
which traveled for the runout distances up to 40km acrosgroup of information. We use the catalogs of seismic events
the Sunda Strait, and immense tsunamis that ravaged adjacecorded during the eruptive cycles of selected volcanagsher
coastlines. The explosions and tsunamis killed 36,417 psysofyith the descriptions of these events to reconstruct the main
devastating 165 villages. The ash cloud rose 60km above th@ges in the development of their paroxysmal eruptive activity
volcano. Millions of tons of dust were hurled into the atmOSFéTe Earthquake location Cata|ogs are not an exact representatio
and stratosphere around the world, for many years producingf the true earthquake locations. The most important source
exotic colors in the sky, halos around the sun and moon, angf systematic errors in earthquake locations is the inheren
a spectacular array of anomalous sunsets and sunrises. tRcougiependence of earthquake locations on the assumed seismic
waves from this explosion had traveled around the Earth sevegelocity structure of the Earth's crust, the number of seismic
times (Vinchester, 2003http://volcano.si.edu/volcano.cfm?vn= stations and con guration of the seismic network. Within ¢hi
262000). article, we consider the accuracy of earthquake locations b
The paroxysmal explosive eruption of the second group withhe |ocal seismic networks around volcanoes as3km for
VEI 3-4 (height of plume from 3 to 25 km; volume of ejectd 10 epicenters and 2—4 km for hypocenters.
10° m3) may destroy the summit of volcano, or lava dome in  The magnitudes of earthquakes used in the article were taken
the crater, or crater sectors by Vulcanian explosions, enqac from the original catalogs.
pyroclastic current densities (PCDs) that may a ect the neare
settlements and threaten aviation. The 4-5 November 20H5PE
at Merapi volcano, Java Islangigure 1), represent an example DYNAMICS OF PAROXYSMAL EXPLOSIVE
of this type. The explosion sequence destroyed the large laggRUPTIONS OF THE FIRST GROUP (VEI
dome, and the summit crater had enlarged to a diameter of 300 -6)
400 m. Ash column that ascended to 17 km altitude was produceg

emplacing a pyroclastic ow that traveled for runout distanceln this section, three paroxysmal explosive eruptions of the rst
of about 16 km. The PCDs and related surges of 4-5 Novemb 'ffoup (VEI 5-6) at volcanoes Mount St. Helens, EI Chichon,

destroyed numerous villages over broad area of the upper SIOpg8 pinatubo, seismically monitored during eruptive adgivare
of the volcano. More than 300,000 habitants were evacuaBéd; 3j;s.,sseq. The main data about these eruptions are collétted
deaths were recorded. Residents in the towns up to 240 km awagypia 1
reported that “heavy gray ash” blanketed trees, cars, andsroa
(Surono et al., 2092
In this review article, we present the case studies of PEEs Mount St. Helens, Cascades, USA, 1980
andesitic and dacitic volcanoes that occurred during 50'gjea Mount St. Helens (MSH) is a stratovolcano of 2,950m of
from 1960 to 2010, to show the development and e ects of PERseight. It is situated within the Cascade Range in the state o
and to highlight any regularity in their dynamics during the Washington, U.S.A. The eruptive history of MSH began about
eruptive cycles. 40,000 years ago with dacitic volcanism. The products of erept
Here we selected six PEEs of andesitic and dacitic volcanoastivity during the past 2,500 years were represented mainly
with  VEI 3-6 (http://volcano.si.edu/) that occurred during by dacite-andesite-dacites. The volcano had been apparently
this period. The rst group of PEEs includes three VEI 5-6dormant since 1857\(ullineaux and Crandell, 1991
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FIGURE 1 | Index map with positions of volcanoes discussed in the artiel Open triangles, volcanoes mentioned ifintroduction; lled triangles, volcanoes discussed
in the article. MSH, Mount St. Helens volcano; VdeC, VolcanalColima; SHV, Soufriere Hills volcano. The geographical rpas taken from the site http://www.lib.
utexas.edu/maps/world.html.

TABLE 1 | List of paroxysmal explosive eruptions (PEEs) of the rst gup (VEI 5-6).

Volcano Period of Eruptive cycle Date of PEE, VEI Height of plume Volume of ejecta References
quiescence prior including PEE local time of PEE, km of PEE, m3
to PEE, years

Mount St. Helens, USA 120 16 March 18 May 18 May 51 > 202 23 1092 1,2
19802 08:32, 19802

El Chichén, México 550 1 March 3 April 3 April 19:35 5t 243 0.8 x 1093 1,34
19824 19824

Pinatubo, Philippines 506 15 March 2 15 June 6t 345 8.4-10.4 10% 1,5,6
September 19916 13:42, 19915

1, Simkin and Siebert, 1994 2, Christiansen and Peterson, 19813, Carey and Sigurdsson, 1986 4, Macias et al., 2003 5, Scott et al., 1996; 6, Newhall et al., 1996

Paroxysmal Eruption of 18 May 1980, Its Prelude and According to a series of photos taken during the rst minutes
Its Effects of the eruption {/oight, 198), the eruption began with a large-
The eruption cycle of re-awakening of Mt. St. Helens volcancscale collapse of the volcanic edi ce which was followed by a
that included the paroxysmal explosive eruption of 18 May 198@Jirected blast eruption. The northward-directed laterahdil of
began on 16 March 1980 with a preliminary swarm of volcanothe bulging north ank of the volcano erupted about 2 Rrof
tectonic earthquakes={gure 2. The rst phreatic eruption from cold and juvenile material and devastated an area of ne@y 6
its summit crater was observed on March 27, and was followelim?. These events triggered a 9-hr magmatic eruption that drove
then by a sequence of small phreatic explosive eruptions up # vertical Plinian column more than 20 km high. A new crater,
the climactic eruption on the morning of 18 Mayullineaux  with an area of 1.5 3.0 kn? and of depth of about 500 m,
and Crandell, 1981 formed in the northern ank and summit of the volcano. The
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Paci c Northwest Seismic Network (PNSN, https://pnsn.org/
pnsn-data-products/earthquake-catalogs), and their maxm
magnitudes during two stages of activity: pre-eruptive and
before the great 18 May PEE. The 1980 swarm of volcano-
tectonic shallow earthquakes began on 16 March with small
events; the rst signi cantM 4.2 event was recorded beneath
Mount St. Helens on 20 March. The number and magnitude
of earthquakes sharply increased starting 25 March with peak
number on 27 March, when the rst phreatic explosion occurred.
After the beginning of the eruption, the number of earthquake
gradually decreased during one month; then their number was
more or less stable up to 18 May. The magnitudes of volcano-
tectonic earthquakes of this period were rather high; severl A
earthquakes were in the range M between 5.0 and 5.2.
During period from 1 to 16 May, the maximum magnitudes
of earthquakes decreased, six of them were in the randé of
between 4.3 and 4.7.

The pre-eruptive 93 earthquakes, occurring before the 27
March explosions, were located within the area of about 120
km? along the NW-SE structure, including MSH in its NW part
(Figure 3A). These seismic events formed two clusters: a shallow
one, at the depth range of 0 to 5 km, and a deep one, at the depth
range from 18 to 25 km~Kigure 3B). During the active period,
from 27 March and until the PEE of 18 May, totally 627 located
earthquakes occurred around the volcanic edi ce, mainlghimi
the depth range from 0 to 10 km; the deeper pre-eruption cluster
disappeared.
FIGURE 2 | Variations in thg daily maximum magnitudgA) and the Qumbtlerlof The Iargest earthquake WitML 5.7 occurred on 18 May at
earthquakes (B) located during the March-Ma)_/ 1980 selsmo-volcan!c activit 08:32:11 4 on the background of lower-level seismic activity
at Mount St.Helens (MSH). The double and single arrows showreptive and !
seismic events. The preliminary volcano-tectonic (VT) ehrjuake swarm and a just before the great directed blast of the volcano thaiateéd
stage of phreatic explosions are indicated. Data from the Re ¢ Northwest at 08:32:21, about 10s after the earthquake-triggéright,
Seismic Network (PNSN) catalog. 198). This seismic event was located at the depth of 2.8km
beneath the NW ank of MSH Figure 3). Study of its P-
wave focal mechanismz(bin, 199) and its comparison with
the CMT solution Oziewonski et al., 1998howed that this
height of the volcano was reduced by about 400Thi(stiansen  event represented initial left-lateral strike-slip aloig tNE-SW
and Peterson, 1981 oriented fault that in a few seconds was transformed in a ralrm

The |Oca| e ects of the 18 May eruption were Observed W|th|rfau|t triggering a sector failure of volcanic edi ce.
the 600-kn? devastated area. Fifty-seven people were killed and As mentioned byChristiansen and Peterson (1981the
missing. Autopsies showed that most of the people killed in thejinian phase of paroxysmal eruption continued for about 9 h.
eruption likely died from asphyxiation after inhaling hot ash on the background of decreasing intensity of the Plinian phase
(Bernstein et al., 1986Civil infrastructures such as highways, 3 4-h sequence of 21 magnitude 4.0 and 4.5 events was recorded
railways, airports bridges, buildings, etc., immediatelytm®f  (Figure 3). The earthquake foci repeated mainly the distribution

the volcano were almost completely destroyed by the latématb of the foci recorded during the stage before the 18 May PEE.
and debris avalanch&¢huster, 1991

The 18 May eruption sent large amounts of dust and volcanic . o
ash into the atmosphere. The plume spread quickly to thdEl Chichon Volcano, México, 1982
east, bringing darkness, and reduced visibility for thetnern ~ El Chichon Volcano (1,100m a.s.l.) is located in the state of
states of the USARobock, 1982 The dust cloud produced Chiapas, southern Mexico. All the magmas, produced during
cooling of surface air temperatures during the daytime andhe past 370,000 years, are K-alkaline andesites. Befol®#&ze
warming at night. However, the amount of sulfur injectedant eruption, the volcanic structure consisted of two nested aitides
the stratosphere was low, and thus had no impact on climat&va domes inside the crater that have been repeatedly vatedi

(Robock, 19811 during the Holocenel(ayer et al., 2009The last dated Plinian
eruption occurred in 1320-1433 A.DViacias et al., 2003then
Seismic History of the Mt. St. Helens's PEE the volcano was inactive.

Figure 2 shows temporal variations in daily number of
volcano-tectonic seismic events, recorded by the regionahere and later in the article, local time for all volcanic events wad.use
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3 April and 4 April were 24 km high, with volume of 0.810° m3,

and 22 km high, with volume of 0.8 1° m3, respectively. While

of shorter duration (each lasting 2h), both these eruptions
were more powerful than the 28 March eruption. In addition
to producing voluminous ashfalls, each eruption also gendrate
pyroclastic ows and surges that swept all anks of the volcano
As a result of this sequence of great explosions, a nearly caanplet
excavation of El Chichén summit dome was performed, and the
1-km-wide crater formed in its placeC@rey and Sigurdsson,
1986; Tilling, 2009

Local e ects of this eruption were tragic. Pyroclastic ows
and surges obliterated some villages within a roughly 7 km
radius of the volcano, killing about 2,000 people, and ashfall
downwind posed socio-economic hardships for many thousands
of inhabitants of the states of Chiapas and Tabasco. The
unexpected and vigorous eruption of 28 March caused hasty,
confused evacuation of most villagers in the area. Eruptive
activity greatly diminished during the next 5 days, and then
the most powerful and lethal eruptions occurred 3-4 April—
tragically, after many evacuees were allowed by authsrite
return home (rilling, 2009.

The stratospheric cloud, created by the eruption of El
Chichén, was about 2.5km wide and reached an altitude of
25km; over 20 million tons of sulfur gases were emitted dgrin
this event. The stratospheric cloud quickly spread out, efingc
the globe in about three week's time. A maximum drop of @2
in the global temperature was measured within two months of
the eruption {/ignola, 199%. A signi cant 10% ozone decrease
was recorded in the north temperate regions of North America,
Europe, and Asia within the atmospheric layers of 8-16 and
16-24 km during four seasons after the eruptiemgell, 199%.

Seismic History of the El Chichon's PEEs
FIGURE 3 | Epicenters(A) and hypocenters (B) of earthquakes located during The eruption was preceded by a 28-day seismic swarm of

March to May_1980 at MSH. The earthquakes located before 27 Mah, when volcano-tectonic earthquakeEigures 4 5)’ which began on 1
the rst explosion occurred, are shown by circles (1); the eahquakes located

from 27 March until the 18 May PEE are shown by crosses (2); theequence March .1982..Se!sm|c activity Was.f(.)rtunously recorded m t
of the magnitude 4.0-4.5 earthquakes that occurred duringast 4 h of the 14-station seismic network of Comision Federal de Electsd;
Plinian stage is shown by diamonds (3). The location of the M5.7 earthquake installed by UNAM during 1979-1980 around the Chichoasén
of 18 May is shown with a star (4). The position of volcano MSH ishown by hydroe|ectric p|ant ( 50km south of the volcano's summit;
the 1,500m contour. Data from the PNSN catalog. Havskov et al., 1983; Jiménez et al., )9B6tally 270 events with
magnitudeMc 2 of the 1 March - 4 April swarm were located
(Figure 5).
Paroxysmal Eruptions of 3—4 April 1982, Their The swarm began with a sharp increase in the number of
Prelude and Their Effects earthquakes during the rst 6 days of activity. Two maximum

The eruption cycle of re-awakening of ElI Chichdn volcanomagnitude eventsMc 4) of the swarm were recorded on 3
that included the PEEs of 3—4 April 1982, began on 1 Marcland 6 March. Then a gradual decrease in the seismic activity
1982 with a swarm of volcano-tectonic earthquakes\skov in number and magnitudes of events was observed during the
et al., 198R Near mid-night (at 23:32) of 28 March El Chichén next 2 weeks. The activity increased again beginning from 19
exploded abruptly and vigorously; the eruption then continuedMarch. The majority ( 80%) of earthquakes, preceding the rst
until  06:00 the next morning. This powerful explosive eruptionexplosion of 28 March, occurred within an area of 1®0 kn?

fed a 20-km high eruption column and produced heavy ashfalldiaving the volcano in the center of this area, ranging within
During next 6 days (29 March3 April), the eruptive activity depths from 0 to 25 kmKigure 5B).

continued intermittently at much-reduced level, consistiof Just after the explosion of 28 March seismic activity
occasional small phreatic explosions. Then, in the evening afisappeared but 2 days prior to the PEEs of 3—4 April, the number
3 April at 19:35 and early morning of 4 April at 05:22, theof earthquakes wittMc 2 began to increase. After the rst
El Chichon's two paroxysmal eruptions (VEI 5) occurred. Theexplosion of 28 March and before and during the two PEE events
Plinian eruption columns of the explosions that occurred ahgri  of 3 and 4 April, the earthquake foci had lled a vertical N-S
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FIGURE 4 | Daily distribution of maximum magnitudegA) and the number of
earthquakes (B) associated with the 1982 eruption of EI Chichén volcano.
Double arrows show appearance of the rst explosion of 28 Marb and two
PEEs explosions of 3—4 April; single arrows show the momentsf the
magnitude 4.0 earthquakes and after-PEEs Mc 3.7 earthquakeData from the FIGURE 5 | Epicenters(A) and hypocenters (B) of the earthquakes

catalog of UNAM. associated with the 1982 eruption of El Chichén volcano. Ope circles indicate
the foci of earthquakes that occurred before the rst explosin of 28 March (1);
crosses indicate the earthquakes recorded from 1 to 4 April2); a seismic
sequence of magnitude 3.7-3.8 that occurred in 5 h after the EE during the
nal of Plinian stage is shown by lled stars (3). The position OEI Chichén
0r|ented Volume beneath the V0|Can0 at the depth Intervah’fl’o volcano is shown by the open star. Data from the catalog of UNK.

0to 8 km (Figure 5B).

The PEE of 4 April (05:35) was followed by a sequence of
ve intermediate-size K¢ 3.7-3.8) earthquakes that occurred Paroxysmal Eruption of 15 June 1991, Its Prelude and
beginning from 07:53 during 5 h on the background of decnegsi Effects
intensity of the Plinian activity of the volcand-igure 5. The  The eruption cycle of re-awakening of Pinatubo volcano, Whic
earthquake foci were distributed around and beneath thalfoc included the paroxysmal explosive eruption of 15 June 1991,
volume lled during the stage before the 3—4 April PEEs. began in March 1991Rjgure 6A). Citizens of small communities

on the lower northwest ank of Mount Pinatubo felt earthquake

. beginning from 15 March, 1991. On 2 April, 1991, during or just
Pinatubo Volcano, Luzon Island, after phreatic explosions, vigorous steam vents opened on the
Philippines, 1991 upper north slope of the volcano.
Mount Pinatubo is a composite volcano of 1,745m elevation From 2 April to late May, steam jetted to heights of 300
and is situated in the Luzon volcanic arEigure 1). Pre-1991 to 800 meters. Sometimes these jets were accompanied by ash
eruption, Mount Pinatubo represented a dacite-andesite domemissions that reached heights of 1,500 to 3,000 meters. By 9
complex and stratovolcano that was surrounded by an extensiJune, continuous ash emission and occasional small explosions
apron of pyroclastic- ow and lahar deposits from large explesiv produced ash clouds dense enough to ow slowly down the
dacitic eruptions. Large, late-stage dome, lling the crdiefore volcano's western slopes. A new lava dome began to grow in the
the 1991 eruption, was left by the penultimate Plinian eruptiorcrater from 9 June. Then a series of strong explosive eruptions
that occurred about 500 year before the recent eruptidav(hall  beganon 12 June, 1991. These culminated in the violent climact
etal., 199h Plinian eruption (VEI 6) of 15 June at 13:42 (L.T.) which caused
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FIGURE 6 | (A) Temporal variations in the daily number of earthquakes loted from 7 May to 12 June 1991 at a distance of about 5km to NW fran the volcano (1)
and beneath the Pinatubo volcano (Il). Double arrows show ertige events; single arrows show the beginning of phreatic gtosions and the moment of the PEE of
15 June. Data from the catalog prepared by USGS(B) Variations of the seismic activity (solid line) during the®activity of the PEE's explosive plume of 15 June
(dashed line). Graph of the plume was modi ed from//olfe and Hoblitt (1996) Seismic data taken from (https://earthquake.usgs.gov). &ows with magnitudes
indicate important moments of seismic activity.

the collapse of the volcano summit and laste@h. This eruption  estimated as 25km at the eastern edge and 34 km at its center

produced about 10 krh of porous, pumiceous deposits, and for the 15:40 image. The stratospheric cloud was observedsy th

formed a caldera of 2.5 km in diametes#bit et al., 1996; Wolfe TOMS satellites to encircle the Earth in about 22 daysifet al.,

and Hoblitt, 1996. 1996. After the 1991 Pinatubo eruption, the globally averaged
Local e ects of this paroxysmal eruption were signi cant. stratospheric temperature rose by aboutC2for about 2 years

Pyroclastic ows that were emplaced from the Plinian column(Robock, 2000 It was noted also that the sulfuric aerosols,

during the 15 June paroxysmal eruption traveled as much as I2leased before and during the eruption, circled the Eartlmiwit

to 16 km from the vent in all sectors, impacted directly an are8 weeks and remained in the atmosphere for 3 years, re ecting

of almost 400 krf, and profoundly altered the landscap®cptt  enough sunlight to cool the entire planet by half a degree Gglsi

et al., 1995 The successive forecasting of the eruptive eventduring that time (Vendel and Kumar, 206

and their e ects enabled Philippine civil leaders to organize

massive evacuations, including the evacuation of Clark AseB Seismic History of the Pinatubo PEE

(U.S. Air Force), which was located just east of the volcand\s it was noted, the citizens of small communities on the lowe

Those evacuations saved thousands of lives. Nonetheless, horthwest ank of Mount Pinatubo felt earthquakes beginning

climactic eruption coincided with a typhoon on June 15 thaton 15 March, 1991 but the local seismic observations began by

caused 200 to 300 deaths and extensive property damage, owthg USGS seismologists only on 7 Mdigure 6A). Therefore,

to an extraordinarily broad distribution of heavy, wet tephfiall  the earthquake swarm prior to the 2 April initial re-awakening

deposits (Volfe and Hoblitt, 199% of the volcano was not instrumentally recorded. At the same
From about 13:40 to about 22:30 on 15 June, Mount Pinatubtime, no events with magnitude 4.5 were located by the

produced the largest stratospheric S€loud ever observed by worldwide seismic survey of USGS (https://earthquake.usgs.go

modern instruments, and the major stratospheric aerosoheve in the region of the volcano during March-May.

since Krakatau exploded in 1883. The giant umbrella cloud Figures 6A 7 show the development of the seismic activity

covered an area of 300,000 krat 19:40 and was sustained beginning from 7 May, when the local network was installedi a

and growing during the whole 9 h climax, eventually reachinguntil 12 June, 1991, when the seismic network was destroyed by

>1,100km in diameter. The altitude of umbrella cloud wadarge explosions. Volcano-tectonic seismic events werededo
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within two clusters Figure 7A): at a distance of about 5 km NW
of the summit (I) and just beneath the summit (Il). The rst
cluster of seismic events developed mainly within the deptigea
from 7 to 3km while the second group of events was shallower,
forming a vertical column within the depth range from 4 km h.s.
to 1 km a.s.l. This shift of earthquake foci from cluster | toster
Il supposedly indicated the migration of seismicity to thefage
beneath the volcano along the fault shown with a dashed fine i
Figure 7A.

The events from the distant zone | dominated from 21 May tq
5 June. Then seismicity of zone Il beneath the volcano began to
increase its activity, and the intensive swarm of low magiet
(from 0O to 1; largest magnitude 1.5) events was recordedether
during 6 to 7 JuneKigure 6A). This swarm culminated in the
7 June lava dome extrusion. Just after the beginning of the laya
dome growth, the number of earthquakes sharply decreased, a
the strong 12 June explosion occurred on the background ¢
low-level seismicity for both seismic zones.

During the culminated stage of great explosions, which
occurred from June 12 to 15, the local seismic network was out
of service, and the only information about seismic activitgis
obtained from the worldwide seismic survey of USGS (https:
earthquake.usgs.gov) at the level of magnitudeg.5. This
suggests that the 9-h climactic sequence of explosions ofrs Jy
that began at 13:42 was accompanied by a swarm of earthquakes
“triggered” by the explosionFigure 6B).

During the 9-h climactic sequence of explosions, totally 25
earthquakes of magnitude range from 4.5 to 5.7 were recorde
They were located within Luzon island to the north and north-
east of the volcano (note that during Marcii4 June no seismic
events of this magnitude range were recorded there). Epgcent
of ve of these earthquakes, located within the area of thensie
Swar_ms occurring 7 MaylZ.‘Jun?’ are shown F‘Igure 7_A The FIGURE 7 | Epicenters (A) and hypocenters (B) of earthquakes located from 7
precision of the depths estimations of these events is very lo Whay to 12 June 1991 near Pinatubo volcano, Philippines. | antl mark data
and for all of them the USGS survey took the depths simply asfrom two clusters of earthquakes. Data from the catalog pregred by USGS.
10 km that means “shallower than 33 km” (https://earthquake. Diamonds show epicenters of the earthquakes recorded durig the
usgs.gov/earthquakes/eventpage/terms.php). Therefc&ys ate paroxysmal explosive sequence of 15 June (taken from httpHearthqugke.

. L. . usgs.gov). The hypocenters of the 15 June earthquakes are richown in (B)

not shown in the qIStrlbUtlon of hypocenters &fgure 73 (See text). The 1,000-m contour of the volcano's relief, zerline of sea-level

The comparative 9-h development of the eruption plume gepth, and pro le of volcanic edi ce are shown. The fault is shavn with a
and of the seismic activity is shown iRigure 6B. The rst dashed line.
earthquakes of this sequence, with magnitude5.1, occurred
at 15:39, about 2 h after the beginning of the explosion secgien
(Figure 6B). The number of events and magnitudes of the swarm . ) ) . )
reached a maximum on the background of decrease in the plunfi€Scribed with the eld observations and having continuous
height 5-6h after the beginning of the explosion. Earthquak&€1SMic monnonng. The main data about these eruptions are
with magnitudeMw 5.7 was recorded at 18:41; earthquake witfFollected irfable 2
magnitudeMw 5.6 was recorded at 19:15.

S

o

Usu Volcano, Hokkaido, Japan, 1977

Usu Volcano is located on the southern rim of the Toya Caldera

DYNAMICS OF PAROXYSMAL EXPLOSIVE Hokkaido (Figure 1). It is a truncated stratovolcano with the

ERUPTIONS OF THE SECOND GROUP (VEI  highest peak of about 700 m above sea level (a.s.l.) crowned wit

3-4) a small caldera, 1.8 km across and about 500 m deigjpie 8B).
Within the summit caldera there are two lava domes, Ko-Usd an

In this section, three PEEs of the second group (VEI 3-4Do-Usu. The historic activities commenced in 1663 with ai@lin

of volcanoes Usu, Soufriere Hills and Volcan de Colima areruption of rhyolitic pumice. Characteristic eruptions of dac

discussed. They were selected from the database of the IGlobgagma includingnuee ardentend lava dome or cryptodome

Volcanism Program (http://volcano.si.edu/) as the mostdet!  building have been repeated every 30 to 50 years. The eruptions
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TABLE 2 | List of paroxysmal explosive eruptions (PEEs) of the secorgtoup (VEI 3-4).

Volcano Period of Eruptive cycle Date of PEE, VEI Height of plume Volume of ejecta References
quiescence prior including PEE local time of PEE, km of PEE, m3
to PEE, years

Usu, Hokkaido 32t 6 August 7 August 32 121 <0.08 109 1,2,3

1977-February 1977, 09:121

19823
Soufriere Hills Volcano, 4504 18 July 1995-8 17 34 11-15° 0.003 x 1095 4,5
Montserrat October 2003* September

1996, 23:425

Volcan de Colima, 36 22 November 5 June 2005, 36 97 Not estimated 6,7
México 1997-21 June 14:206

20116

1, Katsui et al., 1978 2, Simkin and Siebert, 1994 3, Katsui et al., 1985 4, GVP, http://volcano.si.edu/volcano.cfm?vn=360050; 5,Robertson et al., 1998 6, GVP, http://volcano.si.
edu/volcano.cfm?vn=341040; 7, Savov et al., 2008

pumice eruption of hypersthene dacite occurred from the summit
after 32-h preceding earthquake swarm. Large eruptionsdaste
for a week from August 7 to 14, opening craters 1-4, each about
100 m across.

The rst explosion in this sequence was paroxysmal. An ash-
laden gray cloud rose from the southeastern base of Ko-Usu
beginning from 09:12 of 7 August without notable explosion
sounds. The eruption column grew rapidly, and at 10:30 rose up
to a maximum height of 12 km in elevation. The eruption lasted
about 2.5h and ceased at 11:40. A new crater (Crater ), about
100 m across, opened at the southeastern base of the Ko-Wsu lav
dome (Figure 8B;Katsui et al., 1978, 1985

Large volume of pumice and ash was ejected and transported
to the southeast of the volcano by the westerly wind. The
pumice and ash showers caused destruction of cultivateds eld
and forests around the volcano. The alarm was issued by the
Japan Meteorological Agency before the beginning of eruption
(Yokoyama et al., 1931and no one was killed or injured
seriously by the eruption activity, though some damage was
caused not only to cultivated lands and forests by the ejdécta
also to some buildings, underground constructions and otlgrs
the subsequent crustal movemenis(sui et al., 1973

Seismic History of the Usu PEE
The rst earthquake of the premonitory swarm of volcano-

FIGURE 8 | (A) Variations in the hourly number of volcano-tectonic tectonic earthquakes occurred at 01:09 on 6 AUQEE;IL(re 8A)-
earthquakes prior to the 7 August 1977 PEE at Usu volcana(B) Epicenters of Beginning from 03:30, the earthquakes were strong enougk to
these earthquakes. In(B), red cross indicates crater 1 opened during the 7 felt in the whole area around the Usu Volcano, up to about 8 km
August eruption; triangle indicates the seismic station SB. Figure prepared from the volcano, but no damage was caused. Rapid increase in

based on data modi ed from Yokoyama et al. (1981)

frequency of earthquakes occurred about 01:00 on 7 Augudst an
continued to the time of beginning of PEE eruptioRigure 8A,;
occurred both from the summit and the northeastern base af Us Suzuki and Kasahara, 1979; Katsui et al., 1985

Volcano (Niida et al., 1980; Yokoyama et al., 1981; Katsui et al., The earthquake swarm consisted of about 3,000 small

1989. (magnitude 1-2) volcano-tectonic earthquakes that weocated
beneath the summit crater at a depth from 0 to 2 kisigure 8B).

Paroxysmal Eruption of 7 August 1977, Its Prelude The new eruptive Crater 1 (shown as a crossFigure 8B

and Effects was situated within the epicentral zone of earthquakes. The

The eruption cycle of Usu volcano, which included themaximum magnitudeM 3.7 earthquake was observed half an
paroxysmal explosive eruption of 7 August 1977, began on lBour before the beginning of eruptionypkohama and Seino,
August 1977 after 32 years of quiescentable 2. A major 2000.
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months and gave a way to continuous eruption of juvenile
andesitic magma in the form of lava dome and lava ows that
began around 15 November 1995 and continued until the PEE of
17 September 1996 ¢ung et al., 1993

On 17 September 1996, the SHV started a 9-h period of
dome collapse. This collapse began at 11:30 and was followed
by pyroclastic ows generation involving totally 11.7 10°m?
(Dense Rock Equivalent, DRE) in which 40% of the dome
collapsed. After 2.5h of quiescence, a paroxysmal explosive
eruption occurred at 23:42. Explosive activity continued fora
50 min. A large crater-like depression 210 m deep formed in the
dome open to the east. The height of plume reached 11-15km,
the volume of ejecta was estimated as 3.20° m® (DRE).
Pumice and lithic lapilli fell widely across southern Montsérra
and houses were destroyed in the nearest vill&geerison et al.,
1999.

The image of 4-band Advanced Very High Resolution
Radiometer (AVHRR) multispectral data, provided from the

FIGURE 9 | Temporal (every minutes) variations in the 7 August 1977 \oanic NOAA polar-orbiting satellite series, shows that the cloud,
cloud height (solid lines; data fronKatsui et al., 1978 and amplitude of elongating from Montserrat about 1 h after the 17 September
volcanic tremor (dashed lines; data of station SSU, seEigure 8B) at Usu PEE, was 175km |0ng E-W and 75km wide N-S. The image,

volcano. FromSuzuki and Kasahara (1979)The Figure was reproduced with

the permission of the copyright holder Prof, Minoru Kasahat taken later in about 5 h, shows that with a distance from tharidl

the cloud quickly became very di use (http://www.geo.mtwéd
volcanoes/west.indies/soufriere/govt/images).

During the PEE, volcano-tectonic earthquakes disappeared
but volcanic tremor accompanied the total process of the votca  Seismic History of the Soufriere Hills Volcano PEE
column growth.Figure 9 shows the temporal variations in the We use the catalog of volcano-tectonic earthquakes prepared b
height of the eruption column together with the variation in (Aspinall et al., 1998; Miller et al., 1998 his catalog included
the amplitudes of tremor observed at the seismic station SSabout 600 volcano-tectonic earthquakes with magnitudemfr
(2.5 km from Crater 1). There is a good correlation betweasth 0.5 to 2.4 that were located from 28 July 1995 (10 days after
parameters. The amplitude of tremors reached maximum valugseginning of the eruption on 18 July) to the end of February 1997
when the eruption cloud reached its maximum heigBuguki ~ Gardner and White (2002yvrote that the 18 July vent opened

and Kasahara, 19Y.9 without notable accompanying seismicity.
The pre-PEE July 1995-September 1996 volcano-
Soufriére Hills Volcano, Montserrat, 1996 tectonic earthquakes occurred within three epicentral zone

Andesitic stratovolcano Soufriére Hills (SHV) with the piei of ~ (Figure 10A): beneath St. George Hill (SGH), that is situated
915m is situated in the southern part of Montserrat Island, Wesabout 5km to the NW from the volcano (1), along the structure
Indies Figure 1) and represents a Peleean lava dome complegxtending to the NE of the volcano (ll), and beneath Sou&iér
constructed largely of hornblende andesite. The SHV edi cdills volcano (I11).

consists of four andesite lava domes and a fan of associatedAs noted before, the eruption developed into two main stages:
pyroclastic ow deposits. Its summit crater was likely formed phreatic and magmatic, separated by a long (about 1 year) stage
4,000 years ago. Castle Peak Dome, a small andesitic lavg doaf the construction of lava dome and emplacement of assatiate
partially lled the crater about 450 years agodung et al., 1998 lava ows. We describe here the variations in seismic agtivit

http://volcano.si.edu/volcano.cfm?vn=360050). associated with the stage of phreatic explosions that rea¢bed i
peak on 21 August 1995 and the stage of occurrence of magmatic

Paroxysmal Eruption of 17 September 1996, Its PEE that occurred on 17 September 1996.

Prelude and Effects Increase in seismic activity before the phreatic explosion of

The eruption cycle of Soufriere Hills volcano (SHV), which21 August began with a 2-day swarm of earthquakes along the
included the paroxysmal explosive eruption of 17 SeptembedE extent of the SHV (Zone II) from 5 to 6 August, then a
1996, began with phreatic explosion on 18 July 1995 afterew two-day swarm was recorded beneath SGH (Zone 1) that
450 years of dormancy without any preliminary seismiccontinued from 12 to 13 AugustHigures 10A, 11A,G. These
activity beneath the volcano (http://volcano.si.edu/aslo.cfm?  seismic events occurred at the depth range from 6 to 3km b.s.l.
vn=360050). Several steam vents formed a NNW line across tBeginning from 20 August the seismic foci migrated upward to
Castle Peak Dome. Phreatic explosions with associated steéime surface lling the volume Ill beneath the volcano. Duri@g
and ash columns rose to 3km in height. The largest explosiodays, 20 and 21 August, about 140 earthquakes with magritude
occurred on 21 August. These explosions continued for foubetween 0.5and 0.4 were recorded. The seismic events recorded
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beneath the volcano clustered within a vertical column shap
volume extending from 3 km b.s.l. to the summit of the volcano

The explosion occurred at 08:03 of 21 August (B. Voight,
personal communication, 2002) during the maximum level of
seismic activity within zone Il beneath the volcano. Justrahe
explosion, the number of seismic events sharply decreased.

The magmatic PEE of this SHV's eruptive cycle occurred
1 year later, on 17 September 1996. The seismic activity that
preceded this paroxysmal explosion from 10 August is shown in
Figures 10B 11B,D. The zones | and Il, that were active before
the 21 August 1995 phreatic explosion, now were calm. The
earthquake foci were clustered mainly beneath the SHV (#bne
forming a vertical column rising from the depth of 3km b.sd. t
the summit of the volcano.

The swarm of earthquakes had no clear beginning
(Figure 10B; it occurred on the background of continuous
seismic activity due to the process of partial collapsing of the
dome that began in July 1996. Nevertheless, we can mark the
gradual increase in earthquake numbers beginning from 29
August; therefore, the swarm continued for about 23-24 days
The earthquakes were of low magnitudes between 0 and 1.9; the
largest event with magnitude 1.9 occurred on 17 September jat
10:01, just before the 9-h crater collapse preceding the Pl T
explosion occurred during the apparent decrease in number 0fFIGURE 10 | variations in daily earthquake numbers before the 21 August

seismic events. After the PEE event, the number of earthegiak 1995 phreatic explosion(A) and before the magmatic PEE of 17 September
sharply decreased. 1996 (B) at Soufriére Hills volcano. I, Il, and Ill are the earthquake sequees
that occurred beneath St. George Hill (SGH) (1); within the N&xtent of the
volcano (I1), and beneath the volcano (Ill). (A), the moment of phreatic

Volcan de COlima; MéXi(:O’ 2005 explosion of 21 August is shown by double arrow. Ir(B), the largest
Andesitic stratovolcano Volcan de Colima (height of 3,860sn preliminary earthquake is shown by single arrow; the momenif PEE of 17
the most active in Mexicomgure 1)_ Eruptions of Volcan de September is shown by double arrow. Data from the catalog of MO.
Colima during the last 480 years involved a wide spectrum of

eruption styles, including small phreatic explosions, majock-

lava emissions, and large explosive events including Rlisizb- & crater 260 m across and 30 m deep was lefZobin et al.,
Plinian and Vulcanian eruptionsiretén Gonzalez et al., 2002 2010. A photo, taken on 16 June from the southern side of the
The 1997-2011 cycle, discussed below, was preceded 3 y&@isano Zobin et al., 201)) shows the erosion channel at the
earlier by a short episode on 13-21 July 1994 culminated in tHeummit, which was formed by pyroclastic ows related to the
phreatic explosion of 21 July. The explosion destroyed the 199@cent explosions. Many smallimpact craters formed on the 0o
crater dome and produced avalanches and ash fall. It forme@f the crater.

a shallow crater approximately 140 m in diameter and 50m in The explosion, which occurred on 5 June 2005 at 14:20,

[

depth Jiménez et al., 1995 was the largest in this sequence and may be considered as the
paroxysmal event of the 2004—2005 episode as well as the total

Paroxysmal Eruption of 5 June 2005, Its Prelude and 1997-2011 cycle. This PEE blasted an ash plume which reached

Effects 9km a.s.l. and had a length of 222 km. The time duration of

The eruption cycle of Volcan de Colima, which included thethe PEE, considering the time of explosion column growth and
2004-2005 episode with paroxysmal explosive eruption of development, was not estimated but it continued during less
June 2005, began on 22 November 1997 with 1-year sequeriban half of hour. The eruption column collapse was followed
of volcano-tectonic earthquake swarms. Beginning from 2®y emplacement of pyroclastic density currents with runout of
November 1998, sequence of four endogenous episodes %fl km and volume of 2.3 10° m3. Fall of ash was observed in
lava dome construction and three episodes of lava domdbe nearestvillages. The local airport canceled all ightsfday.
destructed by Vulcanian explosions, was recorded. The moéifter the explosion of 5 June, evacuation was carried out of the
intense Vulcanian explosions (VEI 3) were recorded duringvillage of Juan Barragan located nearest to the volcandi(

the 2004-2005 episode of lava dome construction-destmuctioet al., 201ghttp://volcano.si.edu/volcano.cfm?vn=341040).

The extrusions of andesitic magma, which occurred during

September-November 2004, had formed a new lava dome llin§eismic History of the Volcan de Colima PEE

the active crater. The March 2005 explosions destroyed tBé 20The 1998-2013 sequence of the lava dome constructions-
lava dome. The repetitive building of new small-size domes walestructions was preceded by a swarm of volcano-tectonic
then observed during the April to July, 2005 explosive activityearthquakes only before the rst 1998-1999 episode. The third
each of them was destroyed by the following explosions. lyinal episode of the cycle that developed during September 2004 to
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FIGURE 11 | Distribution of epicenters and hypocenters of earthquakegtriangles) located at Soufriére Hills volcano before thel2August 1995 phreatic explosion
(A,C) and before the magmatic PEE of 17 September 1996B,D). I, Il, and Il are the earthquake sequences that occurred beneatBt. George Hill (SGH) (1); within the
NE extent of the volcano (Il), and beneath the volcano (l11). Thewsre marks SGH, the star marks Soufriére Hills volcano (SH\Zero-line of sea-level depth is shown.
Data from the catalog of MVO.

December 2005 (http://volcano.si.edu/volcano.cfm?viif30)
was not preceded by any volcano-tectonic seismicity. Asnit cd
be seen irFigures 12 13, the seismic activity before and during
the episode was produced by numerous rockfalls, pyroclastic
ows, and small explosions. Their daily number sharply inced
during the lava dome extrusion occurring from the end of
September 2004 to the beginning of November 2004 and stayed
at a level of 200—-300 rockfall events and 50—60 small expkasio
Before the beginning of and during the sequence of the March
April 2005 large explosions, the number of the seismic signals
of rockfalls and small explosions was at low level, between|1
to 5 daily events. The number of the seismic events of both
types began to increase until 10-20 daily earthquakes in the
middle of May. The beginning of June, before the 5 June PEE
was characterized by a sharp decrease of small explosions but
also increase in the number of rockfallBigure 1. Another FIGURE 12 | The number of daily earthquakes ascribed to rockfalls and
type of the seismic activity before the PEE was represented byyroclastic ows (solid line) and to small explosions (dasfline) at Volcan de
microearthquakes that Sharp|y increased in their numberwibo Colima during September 2004-July 2005. The September-Namber 2004
12h before the PEEF(gure 133_ These microearthquakes, period of thg lava dome construction and the period of the Mash—July 2005

. . large explosions are labeled. Arrow shows the moment of the Sune PEE.
Clearly seen on the seismogram recorded at a distance ofrl.6 | Modi ed from (GVP, http://volcano.si.edu/volcano.cfm?vn=8341040).
from the crater Figure 13A), were identi ed as micro-explosions
and micro-rockfalls Zobin et al., 201))

5-6) that occurred at the volcanoes of Mount St. Helens, El
DISCUSSION Chichon, and Pinatubo. The following main stages of their

. . . . .dynamics m formul :
Now let us discuss the dynamics of paroxysmal exploswe@ctlwdy amics may be formulated

of andesitic and dacitic volcanoes presented in this arti8le 1. Stage of quiescence. It may continue from 120 years (M8H) ti
rst, we consider the dynamics of PEEs of the rst group (VEI  500-550 years (Pinatubo, El Chichén).
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column with collapse of the edi ce summit (ElI Chichén and
Pinatubo).

5. Stage of co-PEE seismo-reaction. Swarms of earthquakes
appeared during decreasing intensity of the Plinian activity
of PEEs. At MSH, a sequence of 21 magnitude 4.0—4.5 events
was recorded during 4 h; at EI Chichon, a 5-h sequence of ve
intermediate-sizeNIc 3.7-3.8) earthquakes was recorded; at
Pinatubo, a sequence of 25 earthquakes of magnitude range
from 4.5 t0 5.7 was recorded during 7 h.

Let us discuss the nature and signi cance of these stages in
development of eruption process. The stage of re-awakening,
represented by the swarms of volcano-tectonic (VT) earthgsa
may indicate the input of new magma in the system of
magma reservoirs beneath the volcano. This process coess ar
signi cantly exceeding the area of volcanic structures aadurs
within the depths between 10 and 25 km and the surface.

When magma reaches the volcanic edice, the volcanic
conduit lling begins. The foci of VT earthquakes cluster witla
vertical volume just beneath the crater indicating magneeas
The process of volatile exsolution from the melt as well as gas
expansion during the stage of phreatic explosions promotessstres
accumulation within the volcanic structure for initiatioof the
PEE.

During the PEEs, a great volume of volcanic rocks ejects,
liberating space in the interiors beneath the volcano. Itsesu
collapse of the upper magmatic system and, as a consequence,
the swarms of “triggered” earthquakes whose magnitude may

FIGURE 13 | Twenty-four-hours seismogram of 5 June 2005, recorded by a . .
! Y ; y reach up to 5.7. The observations, obtained at our three REEs

short-period seismic station at a distance of 1.6 km from thecrater of Volcan

de Colima, showing the microearthquake seismicity beforehie 5 June PEE, the rst group (SeeTable 1and text), show that the maximum
(A), and variations in cumulative number of microearthquakesuting 3 to 5 magnitude of “triggered” earthquakdglmax, has a tendency of
June before the 5 June PEEB). Arrows in (A,B) indicate the moment of PEE. |og_||near dependence on the volume of ejectadunng PEEs
Insert in(B) shows the photo of the 5 June explosion taken byTelevisa(http:// (Figure 14)_

noticieros.televisa.com). Data from catalog of Colima Vochno Observatory.

The appearance of these “triggered” seismic events during the
PEEs indicates the partial emptying of the magma reservoirs,
possibly also associated with the reactivation of regiomabtrec
S};uctures. The areas of activation of post-eruption seisgnicit

I

2. Stage of re-awakening. This stage is characterized

appearance of swarms of volcano-tectonic earthquakes R{IOW locating these magma reservoirsin, 201J. .
the surroundings of the volcano and beneath the volcano In the case of MSH, the 50 km long regional structure within
indicating the arrival of a new portion of magma. It may Cascade Range was activated to the north and to the south of

continue from 11 days (MSH) till 28 days (EI Chichén). the volcano, in addition to outward dipping fault zones merging
3. Stage of phreatic explosions. This stage re ects the riflow the volcanogcandone and Malone, 1935 he depths of

of magma. The foci of volcano-tectonic earthquakes fornfarthquakes reached 20kiweaver etal., 1991in the case of El

a vertical column beneath the volcano suggesting th&hichon, the earthquake fopl !Ied the depth interval from @ t

progressive rise of magma. Decoupling between this magnf KM beneath the volcanai(nénez et al., 19%9n the case of

and the faster rising pressurized gases may be the causefor finatubo, the zone beneath the volcano spread to the wesinwith

observed phreatic eruptions. This stage was observed befdf@/canic edi ce and occupied all beneath-volcano spacegliin

the PEE at MSH during 54 days; at Pinatubo, during 51 day&/P t0 the depths of 25km, about 20km deeper than before the

At EI Chichén volcano, the stage of phreatic activity begar3r5 June explosion. The seismicity also showed a clustering along

after the 28 March large explosion, and the foci of volcano®utward dipping fault zones merging just below the volcanic

tectonic earthquakes formed a vertical column beneath thedi ce (Morietal., 199%.

volcano during the period of 4 days, just until the PEE of 3 The dynamics of three selected PEEs of the second group

April. The stage may culminate with the largest earthquake§VE!l 3), Usu volcano, SHV and Volcan de Colima, was out

of the swarm preceding the PEE, as it was recorded just befogé the above-mentioned scheme. The dynamics of the PEE

the directed blast at MSH (M 5.7). development at SHV was the only that partly kept within the
4. Stage of PEE. The PEEs may occur as a directed blast (MSHpin phases of the PEEs of the rst group. At rst, it was re-

if associated with a sector collapse, or as a vertical eruptiavakening volcano having stage 1 of quiescence during 466 ye
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were preceded by a stage of quiescence that continued from 120
years (MSH) until 500-550 years (Pinatubo, EI Chichon). This
indicates the similar plugged conditions of their conduitelaas
aresult, the similar 5-stage development of eruptions. Antbieg
PEEs of the second group, only SHV, having a stage of quiescenc
that continued for about 370 years, may be considered as a
plugged conduit volcano. As we see, the build-up of its eruptio
was characterized by at least three of ve stages noted fr th
PEEs of the rst group. The two other PEEs, at Usu and Volcén
de Colima, were supposedly developed in the conditions of open
or semiplugged conduit, as suggested by their recent pre-PEE
activity.

Therefore, this study con rms that eruptions with higher VEI
are more likely to be related to a plugged magmatic conduit,
whereas eruptions with lower VEI are usually more associated to
open conduit conditions.

CONCLUSIONS

Review of the dynamics of PEEs development at andesitic and
FIGURE 14 | Dependence of the maximum magnitude of the “triggered” VT dacitic volcanoes durlng 1960-2010 was made for t,Wo groups
earthquakes on the volume of ejecta erupted during the PEEsfdhe rst group of PEEs, of VEI 5-6 and VEI 3-4. The rst group included
(VEI 5-6). three eruptions of VEI 5-6 and the second group included
three eruptions of VEI 3. The PEEs of the rst group have
similarity in their development: long (more than 120 years)
period of quiescence, preliminary VT swarm, period of phreatic
before the 1995-1996 cycle of eruption. The stage 2 was absent explosions and then, PEE appearance. It was shown that the PEEs
preliminary volcano-tectonic activity was recorded. At $&®me  during their Plinian stage “triggered” the earthquake wityi

time, as was noted byspinall et al. (199§the spatial separation peneath the volcanic structures with the maximum magnitoéle

of some of the hypocenters into two clusters, one under SGH angarthquakes proportional to the volume of ejecta of PEEs. For
another under the SHV, recorded during a phreatic stage éstaghese PEEs of the rst group, a 5-stage scheme of development
3 for SHV) was reminiscent of pre-eruption activity (Stage 2)process is proposed. The three discussed PEEs of the second
recorded in 1991 at Pinatubo volcano (comp&igures 7 11).  group developed in more individual styles, probably resgitin
Stage 5 was absent; probably due to low ejecta volume (tve@thrfrom the dierent conditions of opening or plugging of the
orders of volume less than ejected during the PEEs of the I‘Sﬁ']agmatic systems. Therefore, this study con rms that erpsi
group; sedables 12), no “triggered” earthquakes were recordedwith higher VEI are more likely to be related to a plugged

during the 50-min plume development. magmatic conduit, whereas eruptions with lower VEI are usually
The appearance of PEEs at Usu volcano and Volcan de Colimigore associated to open conduit conditions.

was out of the proposed stage schemes. The preliminary VT
swarm at Usu volcano was short, and lasted only for 32h. NAUTHOR CONTRIBUTIONS
phreatic explosion stage was observed before the PEE. Pyobabl
due to low ejecta volume, no “triggered” earthquakes wer&@he author con rms being the sole contributor of this work @én
recorded during the 2-h plume development, only volcanicapproved it for publication.
tremor accompanied the PEE (Seigure 9).
The PEE appearance at Volcan de Colima was developed A& KNOWLEDGMENTS
standard lava dome construction-destruction. No prelimiar
VT swarm was recorded, only seismic signals associated wilthe comments of V. Acocella, A. Bonaccorso, S. Calvari, and
rockfalls and small explosions suggested such a process EEhe Rwo reviewers helped to improve the manuscript. N. Stalboun
simply “cleaned” the crater, removing the lava dome, withany  helped to improve our English grammar. The catalogs of voleano
destruction of the crater. tectonic earthquakes were provided by Z. Jiménez (El Chichon
This absence of any regularity in the development of lowevolcano), J. Mori (Pinatubo volcano), and W. Aspinall (Soufie
VEI eruptions of the second group may refer, among otheHills Volcano) and taken from the WEBSsite https://pnsn.org/
reasons, to dierent conditions of opening of the magmaticpnsn-data-products/earthquake-catalogs (Mount St. Helens)
conduit during these eruptions. All three PEEs of the rstgp  and https://earthquake.usgs.gov (Pinatubo volcano).
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