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Abstract Many basaltic and andesitic polygenetic vol-
canoes have cyclic eruptive activity that alternates be-
tween a phase dominated by flank eruptions and a
phase dominated by eruptions from a central vent. This
paper proposes the use of time-series diagrams of erup-
tion sites on each polygenetic volcano and intrusion
distances of dikes to evaluate volcano growth, to quali-
tatively reconstruct the stress history within the volca-
no, and to predict the next eruption site. In these dia-
grams the position of an eruption site is represented by
the distance from the center of the volcano and the
clockwise azimuth from north. Time-series diagrams of
Mauna Loa, Kilauea, Kliuchevskoi, Etna, Sakurajima,
Fuji, Izu-Oshima, and Hekla volcanoes indicate that fis-
sure eruption sites of these volcanoes migrated toward
the center of the volcano linearly, radially, or spirally
with damped oscillation, occasionally forming a hierar-
chy in convergence-related features. At Krafla, termi-
nations of dikes also migrated toward the center of the
volcano with time. Eruption sites of Piton de la Four-
naise did not converge but oscillated around the center.
After the convergence of eruption sites with time, the
central eruption phase is started. The intrusion se-
quence of dikes is modeled, applying crack interaction
theory. Variation in convergence patterns is governed
by the regional stress and the magma supply. Under the
condition that a balance between regional extension
and magma supply is maintained, the central vent con-
vergence time during the flank eruption phase is 1–10
years, whereas the flank vent recurrence time during
the central eruption phase is greater than 100 years ow-
ing to an inferred decrease in magma supply. Under the
condition that magma supply prevails over regional ex-
tension, the central vent convergence time increases,

whereas the flank vent recurrence time decreases owing
to inferred stress relaxation. Earthquakes of M66 near
a volcano during the flank eruption phase extend the
central vent convergence time. Earthquakes during the
central eruption phase promote recurrence of flank
eruptions. Asymmetric distribution of eruption sites
around the flanks of a volcano can be caused by local
stress sources such as an adjacent volcano.
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Introduction

Many basaltic and andesitic polygenetic volcanoes exhi-
bit cyclic activity consisting of flank eruptions and cen-
tral eruptions. A polygenetic volcano may bring its
magma plumbing system under a form of “self-con-
trol,” i.e., a dike intrusion induces local compressive
stress that impedes subsequent nearby intrusion prior
to stress relaxation (Takada 1994a). Extension of this
idea suggests that dikes may be intruded at progressive-
ly decreasing distances from the center of the volcano
under conditions of constant magma supply and region-
al stress. If so, migration patterns of fissure eruptions or
dike intrusion sites may provide a window into the
stress history of a volcano under the self-imposed con-
trol of its own magma plumbing system. Lipman
(1980a, b) and Khrenov et al. (1991) reported the uprift
migration of eruptive fissure sites within the southwest
rift zone of Mauna Loa, Hawaii, and at Kliuchevskoi,
Kamchatka, respectively. However, the longer–term
general pattern of vent migration remains unknown.
Considerable data have nevertheless been recorded on
the locations and ages of fissure eruptions at volcanoes
throughout the world. Compiling these data and mak-
ing derivative time-series diagrams of eruption sites (in-
trusion distances of dikes) can be an important means
of evaluating volcano growth, of qualitatively inferring
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Fig. 1a Parameters representing the position of an eruption site.
The flank of a volcano is divided into two regions, e.g., the north-
ern flank and the southern one. b Two types of time-series dia-
gram for eruption sites, representing the distance of eruption sites
from the center (r–t diagram) and the clockwise azimuth from the
north (u–t diagram), respectively. c Schematic cyclic activity con-
sisting of flank eruption and central eruption phases

the stress history within the volcano, and of predicting
the next eruption site.

This paper proposes the use of time-series diagrams
for fissure eruption sites, to infer a general migration
pattern of eruption sites for selected volcanoes in the
world and to evaluate the growth pattern of each volca-
no. A new model of the intrusion sequence of dikes be-
neath a polygenetic volcano is advanced, based on
crack interaction theory (Takada 1994a, b). Factors
governing variations of the migration patterns of erup-
tion sites are discussed using the output-stress diagram
of Takada (1994c).

Time-series diagram of eruption sites

The position of an eruption site of a polygenetic volca-
no is represented by polar co-ordinates as shown in
Fig. 1a. For evaluation, two types of time-series dia-
grams of eruption sites are needed (Fig. 1b). One is a
diagram showing the distance from the center (the sum-
mit, the central vent, or the caldera) to the farthest
eruption site of one continuous eruptive episode (r–t
diagram). In order to express the asymmetric distribu-
tion of eruptive fissure swarms such as rift zones, the
flank of the volcano is divided into two regions, e.g.,
the northern flank and the southern flank. The subdivi-
sions of the flank depend on the overall eruptive fissure
pattern of the volcano. If the eruptive episode is also
accompanied with flank eruptions on the opposite flank
and a central eruption, the farthest eruption site on
each flank and a central eruption site are plotted simul-
taneously on the diagram. The second diagram re-
quired is one showing the clockwise azimuth from a
north reference direction (u-t diagram).

Some fissure eruptions on the flank of a volcano
may result from the fact that portions of a dike reach
the surface along the path of down-rift dike intrusion.
Thus, a time-series diagram of intrusion distance of
dikes can be useful to evaluate the growth of a polygen-
etic volcano. The intrusion distance of a dike is defined
as the horizontal distance from the center of a polygen-
etic volcano to the termination of a dike. The intrusion
distance is inferred from dike-induced normal faulting
(e.g., Koide and Bhattacharji 1975; Rubin and Pollard
1988) and/or from the down-rift propagation of seismic
activity (e.g., Brandsdottir and Einarsson 1979). Such
geophysical records of recent intrusive events are avail-
able only for Kilauea Volcano (Hawaii) and Krafla
Volcano (Iceland). For lack of intrusive data on the
other volcanoes considered, this paper mainly reports
migration patterns of historically reported eruptive
sites, for which time-series diagrams can readily be con-
structed.

Convergence patterns of eruption sites

Many polygenetic volcanoes have cyclic eruptive activi-
ty that alternates between a phase dominated by flank

eruptions (flank eruption phase) and a phase domi-
nated by eruptions from a central vent (central erup-
tion phase; Fig. 1c). Flank eruptions may be accompa-
nied by central eruptions. For example, if central erup-
tions without flank eruptions represent more than 70%
of the total eruptions during a period, the period is de-
fined as the central eruption phase. Many intermittent
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Table 1 Parameters used in evaluating volcano growth

Volcano Horizontal di-
mension (km)

Duration re-
corded (years)

Central vent
convergence
time (years)

Flank vent re-
currence time
(years)

Migration rate
(km/years)

(1) Mauna Loa, Hawaii
SWRZ (18th century-1994) 45 F 200 F 100 ? 0.5

(2) Kilauea, Hawaii
ERZ (18th century-1994) 60 F 200 ~ 50 ? ?

(3) Kliuchevskoi, Kamchatka
(1697–1994) 22 262 62 ` 243 0.4

(4) Etna, Sicily
(15th century BC-1994) 20 F 3500 F1000 F 100 0.02

(5) Sakurajima, Japan
(764–1914)
(1914–1994)

5
5

1150
80

1015
42

` 135
` 35

0.005
0.1

(6) Fuji, Japan
(5000 years BP) 15 F 5000 F1000 F1000 0.02

(7) Izu-Oshima, Japan
(5th century-1994) 10 1500 F 500 F 500 0.02

(8) Hekla, Iceland
(1554–1845)
(1913–1994)

7
19

290
81

290
` 81

F 100
?

0.02
0.2

(9) Krafla, Iceland
(1724–1994) 65 270 10 246 6.5

(10) Piton de la
Fournaise, Réunion
(1708–1994) 15 286 e 0 P

(11) Eldgjá –
Lakagigar, Icelanda

(934–1994)
35 F 1000 F 1 849 P

(12) Veidivötn, Icelanda

(F150–1994) 40 F 2000 F 1? 665 P
(13) Great Rift, Idahoa

(15000 years BP) 85 F15000 F 1? F2000 P

a Monogenetic volcanoes. In the case of monogenetic volcanoes,
the convergence time and the recurrence time are defined as the
average duration of one eruption, and the average eruption inter-
val in the monogenetic volcano field, respectively
References: (1) and (2) Lipman (1980a, b), Macdonald et al.
(1983), Holcomb (1987), Peterson and Moore (1987), Lockwood
and Lipman (1987), and Lockwood et al. (1987); (3) Khrenov et
al. (1991), Ozerov et al. (1994), Simkin and Siebert (1994); (4)
Chester et al. (1985), Romano (1991), Simkin and Siebert (1994);

(5) Kobayashi and Ishihara (1988), Kobayashi (1988); (6) Tsuya
(1968), Miyaji (1988), Uesugi (1993); (7) Nakamura (1964), Isshiki
(1984), Sakaguchi et al. (1988); (8) Thorarinsson (1967), Thorar-
insson and Sigvaldason (1972), Gronvold et al. (1983), Gud-
mondsson et al. (1992); (9) Tryggvason (1984); (10) Ludden
(1977), Stieltjes et al. (1986), Lénat and Bachélery (1988), Lénat
et al. (1989), Stieltjes and Moutou (1989), Simkin and Siebert
(1994); (11) Thordarson and Self (1993); (12) Larsen (1984); (13)
Kuntz et al. (1986)

eruptions or continuous eruptions within a year are
counted as one eruption. In other words, the flux of
magma supply toward a central vent is much larger
than that toward the flank of a volcano during the cen-
tral eruption phase. Volcanoes which do not clearly ex-
hibit cyclic eruptive activity are discussed at the end of
the paper.

Fundamental parameters on r–t diagrams are the
central vent convergence time, the flank vent recur-
rence time, and the migration rate of eruption sites to-
ward the center, and are listed in Table 1. The migra-
tion rate is defined as the distance of the farthest down-
rift eruptive fissure from the volcano’s center divided
by the central vent convergence time. Figure 2 shows a
schematic summary of cyclic patterns from ten volca-
noes during the past 2000 years, each of which are sub-
sequently reported in detail in Figs. 3–11. The period
evaluated depends, of course, on the historical records
from each volcano. The flank eruption phase continues
for periods of 10–1000 years (central vent convergence

time); the central eruption phase continues for periods
of 100–1000 years (flank vent recurrence time) (Figs. 1b,
2; Table 1). During the flank eruption phase, eruption
sites migrate toward the center of the volcano (uprift
migrations of fissure eruption sites). After the conver-
gence of eruption sites, the central eruption phase
starts. During this phase, continuous eruptions (the for-
mation of a lava lake or a long-lived vent; e.g., Kilauea
and Sakurajima volcanoes) or intermittent eruptions
(e.g., Kliuchevskoi, Fuji, and Izu-Oshima volcanoes)
occur. Fissure eruption sites on Piton de la Fournaise
Volcano, however, did not converge but oscillated
mainly inside the horseshoe-shaped caldera.

Some volcanoes show very complicated convergence
patterns. A hierarchy in convergence-related features
may be detectable in r–t diagrams as shown in Fig. 1b.
Fissure eruption sites may converge with damped oscil-
lation. This paper tries to define them temporarily as
the first-order and/or the second-order convergences,
respectively. Volcanoes developing parallel eruptive
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Fig. 2 Cyclic activity of volcanoes with convergence of eruption
sites during the period evaluated. For Krafla Volcano, intrusion
distance is used. The period evaluated depends on historical re-
cords of each volcano. Striped polygon represents space (distance
from center of the volcano)–time distribution of eruption sites
schematically. During the period and on the flank with a question
mark, adequate data on site and age of eruption are not availa-
ble

fissures show that activity alternates between rift zones
a few times during a first-order convergence (u-t dia-
gram in Fig. 1b). Fissure eruption sites of some volca-
noes converge asymmetrically on the two flank regions
(asymmetric convergence; Figs. 1b, 2). Near or just aft-
er the convergence, some fissure eruption sites diverge
with a long-distance intrusion that is very rapid (diver-
gence of eruption sites). Then, fissure eruption sites be-
gin to converge again abruptly, during one or a few
eruptive events (abrupt convergence patterns within
150 years in the diagrams of Sakurajima and Izu-Oshi-
ma volcanoes in Fig. 2).

The u-t diagrams of volcanoes developing radial
eruptive fissures (dikes) indicate that their azimuths ro-
tate occasionally with the convergence (Fig. 1b). In this
case the azimuthal reference angle of an eruption site
increases or decreases systematically with time in the
diagrams.

Evaluation of volcano growth

Mauna Loa and Kilauea

Mauna Loa and Kilauea volcanoes, located on the is-
land of Hawaii, are large basaltic shield volcanoes,
whose radiating rift zones are arranged subparallel
(Fig. 3a).

Eruption sites along the southwest rift zone of Mau-
na Loa have migrated toward the summit caldera since
1868 (Fig. 3b; Lipman 1980a, b). The convergence pat-
terns along the southwest rift zone and northeast rift
zone of Mauna Loa are asymmetric. Rift zone activity
was shifting between two rift zones: The northeast rift
zone was active during the periods of 1852, 1855,
1880–1881, 1899, 1935, and 1942; the southwest rift
zone was active during the periods of 1868, 1887, 1907,
1919, 1926, and 1950 (Peterson and Moore 1987; Lock-
wood and Lipman 1987). In 1975 and 1984, fissure
eruptions occurred in or around the summit caldera
(Lockwood et al. 1987), which are regarded as those
near the convergence point. The central vent conver-
gence time of Mauna Loa along the southwest rift zone
is around 100c years, if the last flank eruption phase
started in 1868. The 1500- to 2000-years cycle reported
by Lockwood (1995), which is far longer than the cen-
tral vent convergence time, may include repetitions of
the shorter cycle proposed in this paper.

The convergence system of Kilauea is more compli-
cated than that of Mauna Loa, owing to the existence of
many intrusion episodes as well as to the formation of a
long-lived vent along the rift zone. Eruption sites along
the east rift zone of Kilauea (Macdonald et al. 1983;
Holcomb 1987) may have crudely migrated toward
Mauna Ulu during the period 1955 to 1969, and toward
Pu’u O’o during the period 1977–1983 (Fig. 3c). Assum-
ing that such migrations mean vague convergences, the
central vent convergence time may be less than 50
years. Before the 1955 eruption, central eruptions have
been dominant for more than 150 years since the 1790
caldera formation; flank eruptions also occurred more
than 30 km from the summit caldera in 1823, 1840, and
1884(?) (Macdonald et al. 1983; Peterson and Moore
1987). At least the first half of the twentieth century
may be the central eruption phase (Fig. 3c).

Kliuchevskoi (Klyuchevskoy)

Kliuchevskoi Volcano is the most active basaltic volca-
no on the Kamchatka peninsula. During the period
1697–1931 since discovery of the volcano, central erup-
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Fig. 3 a Locality map of Mauna Loa and Kilauea volcanoes, and
b, c their r–t diagrams. Horizontal axis of the time-series dia-
grampyears. At Mauna Loa positive values of distance from cen-
ter represent sites along or around the northeast rift zone
(NERZ); negative values represent sites along the southwest rift
zone (SWRZ). The 1943 and 1859 eruptions on the north flank,
far from the rift zones, are omitted. At Kilauea, positive values of
distance from center represent sites along the east rift zone
(ERZ); negative values represent sites along the southwest rift
zone (SWRZ). Bar the farthest eruption site of each episode;
thick stippled line trend of convergence as an interpretation; thick
horizontal bar continuous eruption; M Mauna Ulu; P Pu’u O’o.
Vertical dotted line from top to bottompM66 earthquake adja-
cent to the volcanoes; vertical dotted line part of the waypoccur-
rence of M66 earthquake along or near the rift zones. Data com-
piled from Lipman (1980a, b), Macdonald et al. (1983), Holcomb
(1987), Peterson and Moore (1987), Lockwood and Lipman
(1987), Lockwood et al. (1987), Wyss and Koyanagi (1992), and
Dvorak (1994)

tions had been dominant, making up 90% of the 39 re-
corded eruptions (Khrenov et al. 1991; Simkin and Sie-
bert 1994). Convergence of eruption sites commenced
during the flank fissure eruption of 1932. Eruption sites
migrated toward the summit with oscillation and rota-
tion (Fig. 4b, c). Khrenov et al. (1991) reported that
flank eruption sites migrated toward the summit with
time. Almost all flank eruptions occurred on the north-
eastern and the southeastern flanks (in the range of

0–1807; Fig. 4c). Volcanic activity during the period of
1932–1993 contains 47% flank eruptions and 53% cen-
tral eruptions without flank eruptions (Simkin and Sie-
bert 1994). A large summit eruption occurred in 1994
(Ozerov et al. 1994). Presently, the volcano appears to
be at the beginning of a central eruption phase. If the
period of 1697–1931 is regarded as the central eruption
phase, the flank vent recurrence time of Kliuchevskoi is
more than 234 years (Table 1).

Etna

Etna Volcano, located on the island of Sicily, develop-
ed radial eruptive fissures that feature two prominent
rift zones. Historical accounts of Etna’s volcanism have
been recorded since 1500 B. C. (Fig. 5a, b; Chester et al.
1985). The older the period of an eruption, of course,
the larger the possibility that the events may not have
been accurately recorded. However, eruptive events far
from Etna’s summit were recorded more frequently
than those near the summit. There are enough events
available for the construction of approximate time-se-
ries diagrams using historical records from the Roman
age.

Volcanic activity during the period 1200–1990 con-
tains 44% flank eruptions and 56% central eruptions
without flank eruptions (Simkin and Siebert 1994). Fig-
ure 5b shows a hierarchy in convergence-related fea-
tures during the period. Central vent convergence time
of the first-order is 1000–1300 years; that of the second-
order is 50–200 years. According to Chester et al.
(1985), central eruptions were dominant during the pe-
riod of 1169–1284(?), 1447–1536, and 1723–1755. Vol-
canic activity at Etna was either non-existent or was not
recorded during the period 350–140 B. C. No informa-
tion is available during the period 253–812 A. D. Erup-
tion sites converged asymmetrically; sites on the north-
ern flank are restricted to within 10 km from the sum-
mit (see dashed line in Fig. 5a and b), whereas those on
the southern flank reach out 21 km. Eruptive fissure
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Fig. 4 a Locality map of Kliuchevskoi Volcano and b, c its r–t
and u-t diagrams. Positive values of distance from center are on
the northeastern flank; negative values are on the southwestern
flank. Dashed line the trend of rotation or oscillation; stippled re-
gion azimuths of adjacent volcanoes. Other explanations are the
same as in Fig. 3. Data compiled from Khrenov et al. (1991), Oze-
rov et al. (1994), and Simkin and Siebert (1994)

patterns tend to become more radial near the conver-
gence point. Azimuths of fissure trends do not concen-
trate but spread around the periods of 1600–1650,
1800–1850, and 1900–1990 (Fig. 5c). Eruptive activity
representative of the first-order convergence that be-
gan in 1381 has approached to within 5 km of the sum-
mit.

Sakurajima

Sakurajima Volcano, Kyushu, Japan, composed mainly
of andesite, is located on the southern side of Aira cal-
dera, which formed 22000 years ago (Kobayashi 1988).
The volcano is composed of two overlapping cones: Ki-
tadake, the older, and Minamidake, the younger (Ko-
bayashi 1988). Sakurajima Volcano developed radial
eruptive fissures. With a decrease in the interval of fis-
sure eruptions, the migration rate increases (Fig. 6a;
Table 1). Weak central eruptions during the seven-
teenth to eighteenth centuries may be evidence for ac-
tivity near the second-order convergence point. The
1779 eruption occurred near the volcano’s center. In
the great 1914 eruption, the eruption sites rapidly div-
erged toward the east and west. Following the 1914 ac-
tivity, fissure eruption sites converged at least until
1955 (Fig. 6b). Central eruptions have been continuing
since 1955. The flank vent recurrence time estimated
from the period after the 1779 eruption is 135 years
(Table 1). However, it is difficult to estimate how long
the central eruption phase will continue.

Azimuths of eruptive fissures rotated counterclock-
wise (see dashed lines in Fig. 6c). During the 1779 erup-
tion, the eruption site on the northern flank did not ro-
tate regularly (counterclockwise from 35 to 307; short
dashed line in Fig. 6c). During the 1914 eruption, the
two eruption sites rotated through large angles, skip-
ping the region of Kitadake (counterclockwise from 30
to 2857 and from 195 to 1057; short and long dashed
lines in Fig. 6c, respectively).

Fuji

Fuji Volcano, central Japan, is a large basaltic strato-
cone. Fuji developed sets of subparallel to radial erup-
tive fissures. The flank eruption phase and the central
eruption phase have reciprocally cycled three times
over a period of 11000 years (Miyaji 1988). According
to tephrochronological studies with 14C dating (e.g.,
Miyaji 1988; Uesugi 1993), the central eruption phase
occurred during the periods of 8000–4500 years BP and
3000–2000 years BP. During the central eruption phase,
a few flank eruptions occurred. Available data after
5000 years BP are plotted in Fig. 7b. Eruptions of the
last flank eruption phase are dated more exactly than
the others. During the first-order convergence of this
phase, the second-order convergence may have been
repeated a few times. Near the convergence point
around 800–1000 A. D., eruptive fissures tended to be-
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Fig. 5 a, b, d The r–t and u–t diagrams of Etna Volcano, and c its
locality map. Positive values of distance from center are on the
northern flank; negative values are on the southern flank. Thick
stippled line trend of interpreted first-order convergence; thin
stippled line trend of interpreted second-order convergence. Hori-
zontal dashed line represents the northern limit of fissure erup-
tion sites. Stippled region in d period during which radial fissure
eruptions are dominant. Vertical dotted lines large earthquakes
beneath Sicily. Other explanations are the same as in Fig. 3. Data
compiled from Chester et al. (1985), Romano (1991), Westaway
(1992), and Simkin and Siebert (1994)

come radial (Fig. 7c). The central eruption phase
started again around 1000 A. D. Since then, only the
1707 eruption has occurred as far as 4 km from the
summit.

Izu-Oshima

Izu-Oshima Volcano, located just east of the Izu penin-
sula, Japan, is a basaltic volcano that developed parallel

eruptive fissures. Historical eruptions were reported by
Nakamura (1964) and Isshiki (1984). Around the fifth
to seventh centuries, two calderas collapsed. On the
southeastern flank, eruptive fissure sites began to mi-
grate toward the center during the ninth century
(Fig. 8b). The 1338 eruption occurred near the center.
After the convergence on the southeastern flank, the
eruptive fissure in 1421 diverged southeastward very
rapidly. If an eruption inside the caldera is defined as a
central eruption, the period of 1552–1974 is equivalent
to a central eruption phase. The flank vent recurrence
time is estimated to be approximately 500 years (Ta-
ble 1). Furthermore, volcanic activity has been confined
to Miharayama crater (a long-lived vent) from the 1777
eruption up to the 1986 eruption. The 1986 eruption
was accompanied by eruptive fissures outside the cal-
dera (e.g., Sakaguchi et al. 1988). Thus, the central
eruption phase may have ended. Eruptive fissures de-
veloped on the northwestern and southeastern flanks
during historic eruptions are asymmetric in distribution
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Fig. 6 The r–t and u–t diagrams of a–c Sakurajima Volcano, and
d its locality map. Positive values of distance from center are on
the northern flank; negative values are on the southern flank.
Long and short dashed lines in c trends of counterclockwise rota-
tion. Stippled region in c azimuth of Kitadake. Other explanations
are the same as Fig. 3. Data compiled from Kobayashi (1988) and
Kobayashi and Ishihara (1988)

(Fig. 8b). Eruption sites on the northern flank were re-
stricted to within 3 km of the center.

Hekla

Hekla Volcano is located on the western margin of the
Eastern Volcanic zone, Iceland (Fig. 9a; Einarsson
1991; Gudmundsson et al. 1992). Near the volcano, the
Eastern Volcanic zone connects with the South Iceland
Seismic zone (SISZ). Volcanic activity has been re-
corded since the twelfth century (Thorarinsson 1967;
Thorarinsson and Sigvaldason 1972). Fissure eruptions
occurred in the region around Hekla Volcano, which
was described as the “Hekla region” by Thorarinsson
and Sigvaldason (1972), as well as on the flank of the

volcano. All the fissures, including the Hekla region,
are plotted in Fig. 9b and c. Eruption sites migrated to-
ward the summit during the periods of 1554–1845 on
the southwestern flank, and 1913–1991 on the northeas-
tern flank. Fissure eruptions have occurred near the
summit during the past 10 years. Eruption sites have
closely approached the convergence point. Eruptive fis-
sures tend to be radial near the convergence point
(Fig. 9c).

Krafla

Krafla is located in the portion of Northern Volcanic
zone, Iceland, that has developed en-echelon-arranged
rift zones (Fig. 10a; Einarsson 1991). The 1975–1984
episode started after a repose interval of 246 years
since the 1724–1729 episode (Tryggvason 1984). During
the former episode, eruption sites were restricted to the
region inside the Krafla caldera on the southern flank
and within 11 km of the caldera center on the northern
flank (Fig. 10b). However, terminations of dike intru-
sions migrated with some oscillations toward the cal-
dera center. The region of intrusion was estimated
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Fig. 7 a Locality map of Fuji Volcano and b, c its r–t and u–t
diagrams. Positive values of distance from center are on the
northwestern flank; negative values are on the southeastern flank.
Rectangle surrounded with dotted lines represents positions where
a major part of eruptions occurred. Other explanations are the
same as in Fig. 3. Data compiled from Tsuya (1968), Miyaji
(1988), and Uesugi (1993)

based on crustal deformation studies (Tryggvason
1984). Seismic evidence also supports dike intrusions
(Bransdottir and Einarsson 1979). Second-order con-
vergences have also been detected. The convergence

pattern is asymmetric. The rift zone on the northern
flank extends farther from the caldera than that on the
southern flank. The volcano presently appears to have
entered into a central eruption phase. The flank vent
recurrence time is estimated to be approximately 250
years (Table 1).

Piton de la Fournaise

Piton de la Fournaise is a basaltic shield volcano on
Réunion Island in the Indian Ocean. It developed ra-
dial eruptive fissures within three rift zones (Fig. 11a;
Ludden 1977; Lénat and Bachélery 1988; Lénat 1989.
Eruption sites did not converge toward Dolomieu crat-
er (1.2 km in diameter) or Bory crater (300 m in diam-
eter) but oscillated inside the horseshoe-shaped caldera
within approximately 5 km of the summit (Fig. 11b).
Nine flank eruptions have occurred outside the caldera
during the past 300 years (Stieltjes and Moutou 1989).
Only fissure eruptions within the caldera occurred dur-
ing the period 1842–1976. The central vent convergence
time of Piton de la Fournaise is regarded as infinite,
and the flank vent recurrence time, zero. The volcanic
activity of the northwest rift zone is less frequent than
those of the other rift zones. Figure 11c indicates that
no eruptions occurred from sites with azimuths in the
270–3607 range.

Model of intrusion sequence

A simple, idealized model is proposed to understand
the uprift migration of eruption sites for a volcano with
a throughgoing, well-developed rift zone. Time-series
diagrams (Figs. 3–11) indicate that dikes are intruded
into the upper crust including the volcanic edifice in
systematic fashion as shown in Fig. 12a and b.

The direction of intrusion is governed by the local
stress field, caused in part by previous dikes, and the
regional stress field, based on the crack interaction the-
ory proposed by Takada (1994a, b). In the idealized
model, the stress field around a dike was estimated in
Fig. 2 of Takada (1994a), and the stress relaxation with
time around a dike was shown in Fig. 8. If the first dike
is intruded beneath the left flank, the compressive
stress around the first dike causes the second dike to
intrude into the right flank. The third dike is emplaced
within the left flank, because the compressive stress
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Fig. 8 a Locality map of Izu-Oshima Volcano and b its r–t dia-
gram. Stippled region in a the foreshock area of the 1978 earth-
quake. Positive values of the distance from center are on the
northwestern flank; negative are on the southeastern flank. Hori-
zontal dashed line represents the northwestern limit of fissure
eruption sites. Vertical dotted line large earthquake adjacent to
the volcano. Other explanations are the same as in Fig. 3. Data
compiled from Nakamura (1964), Tsumura et al. (1978), Isshiki
(1984), and Sakaguchi et al. (1988)

Fig. 9 a Locality map of Hekla Volcano and b, c its r–t and u–t
diagrams. EVZ East Volcanic zone; SISZ South Iceland Seismic
zone; solid triangle the center of a central volcano. Positive values
of distance from center are on the northeastern flank; negative
values are on the southwestern flank. Vertical dotted line M66
earthquake adjacent to the volcanoes. Other explanations are the
same as in Fig. 3. Data compiled from Thorarinsson (1967), Tho-
rarinsson and Sigvaldason (1972), Gronvold et al. (1983), Einars-
son (1986), and Gudmundsson et al. (1992)

from the first dike is more relaxed than that from the
second dike. The intrusion, however, does not extend
as far as the first dike, and it stops closer to the summit,
because all the compressive stress is not relaxed. Even
if a multiple dike occurs, the model is valid. The stress
field produced by the second dike is superimposed on
that from the first dike, unlike the case of a composite
dike. The mechanical interaction of two cracks is pre-
served after the formation of a multiple dike. The
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Fig. 10 a Locality map of Krafla Volcano and b its r–t diagram.
Stippled region fissure swarms including volcanoes. Positive val-
ues of distance from center of Krafla caldera are on the northern
flank; negative values are on the southern flank. Asterisk the
northern termination of an eruptive fissure; open diamond the
southern termination of an eruptive fissure. Other explanations
are the same as in Fig. 3. Data compiled from Tryggvason
(1984)

Fig. 11 a Locality map of Piton de la Fournaise Volcano and b, c
its r–t and u–t diagrams. Positive value of distance from center are
on the northern flank; negative values are on the southern flank.
BD Bory and Dolomieu craters. Other explanations are the same
as in Fig. 3. Data compiled from Ludden (1977), Lénat and Ba-
chélery (1988), Lénat (1989), Stieltjes and Moutou (1989), and
Simkin and Siebert (1994)

fourth dike is emplaced within the right flank near the
summit.

Due to the developing accumulation of dikes, the in-
trusion of the fifth dike is restricted to the area beneath
the summit region, and a central eruption may be fa-
vored. If a long-lived vent through a weak zone, such as
a central conduit, is formed, as suggested by thermal
control (Bruce and Huppert 1990), central eruptions
will tend to continue. Alternatively, near or during the
central eruption phase, magma supply rates of some
volcanoes at high levels may decrease, as suggested by
the crustal deformation results of Ewart et al. (1990,
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Fig. 12a–c Model of the intrusion sequence beneath a polygenet-
ic volcano with cyclic activity. a A schematic subvolcanic structure
with parallel dikes; b the intrusion sequence; c the time-series di-
agram of eruption sites (distance from center) of the volcano

1991). It may be interpreted that magma intrusion is
suppressed to a deeper level to form the sixth dike, be-
cause of the accumulation of dike-induced stress in the
volcanic edifice. Following dike emplacement, the vol-
cano may become quiescent. If a central conduit is not
closed, some intermittent eruptions may also occur.
The local compressive stress increases with the accumu-
lation of dikes during the central vent convergence time
so that the upper crust, including the volcanic edifice,
undergoes stress relaxation with brittle failure during
the central eruption phase. Regional extension can also
assist the relaxation process, as discussed below. After
stress relaxation, the flank eruption phase recurs.

An ideal r–t diagram is shown in Fig. 12c on the as-
sumption that the distance to the farthest fissure erup-
tion site is proportional to the lateral extent of dike in-
trusion. Relating the fissure eruption sites to the intru-
sion distance is, however, somewhat problematic. We

cannot know directly the orientation and dimensions of
a dike intrusion in the shallow crust that includes the
volcanic edifice. Intrusion records of Kilauea Volcano
suggest that the distance between the center and the
farthest down-rift eruptive fissure site is approximately
related to the intrusion distance of the associated mag-
ma (Klein et al. 1987). Thus, the migration pattern of
fissure eruption sites represents approximately that of
dike intrusions including intrusion episodes (Kilauea
type). On the other hand, eruption sites on Krafla Vol-
cano were restricted within 11 km of the caldera center,
unlike intrusion distances inferred from crustal defor-
mation (Tryggvason 1984). In this case the migration
pattern of fissure eruption sites does not represent that
of dike intrusions (Krafla type; Fig. 10b). The intrusion
sequence is applicable to both the Kilauea and Krafla
types, but the migration pattern of eruption sites does
not hold for the Krafla type.

There are some qualifications in applying the ideal-
ized model to a real case. In reality, the volcanoes that
this paper treats have complicated magma plumbing
systems. For example, the high-level magma plumbing
system of Kilauea Volcano is comprised of a subcaldera
magma reservoir, bilateral magma paths within the east
rift zone, lateral dikes from the summit region, and a
deep ultrabasic magma reservoir (Ryan et al. 1981;
Ryan 1988). The convergence center of Krafla volcano
shifted from the caldera center (Fig. 10b). Such a shift
is, however, not a serious problem for this model, be-
cause a shift 10 km long is smaller than the northern
extension 65 km long.

According to the model of intrusion sequence, inter-
mittent central eruptions during the flank eruption
phase are interpreted as a leak of magma through a
central conduit. Some far-off flank eruptions during the
central eruption phase are observed at Kilauea and Fuji
volcanoes (Figs. 3c, 7b). If they originated from the
sixth dike in Fig. 12a, they may avoid intruding into the
more compressive flank near the summit by taking a
roundabout way from below.

The intrusion sequence can apply to a dissected vol-
cano with a dike swarm. The distribution-density of
dikes decreases away from both sides of the volcano
center (Walker 1987; Takada 1988). According to the
intrusion sequence proposed in this paper, the dike
number density decreases away from both sides of the
center. The supposed, horizontal cross section of the
left flank of Fig. 12a will reveal both the first and the
third dikes around the center, and only the first dike
away from the center. Additional dikes emplaced far
from the center indicates a divergence of eruption sites.
The number of distant dikes indicates the number of
cycles of the flank eruption phase, if all the intrusions
are associated with flank eruptions.
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Fig. 13a, b Central vent convergence times and flank vent recur-
rence times plotted on the output-stress diagram defined by Ta-
kada (1994c). Data from Table 1, Khrenov et al. (1991; Kliuchevs-
koi Volcano), and Takada (1994c; the other volcanoes). Numerals
represent central vent convergence times and flank vent recur-
rence times, respectively. EL Eldgjá-Lakagigar; ET Etna; FJ Fuji;
GR Great rift; HK Hekla; KI Kilauea; KL Kliuchevskoi; KR Kra-
fla; ML Mauna Loa; OS  Izu-Oshima; PF Piton de la Fournaise; V
Veidivötn

Boundary conditions governing the variation in cyclic

activity

Regional stress and magma supply

The central vent convergence times and the flank vent
recurrence times of the volcanoes in Table 1 are plotted
on an “output-stress diagram” (Fig. 13) as proposed by
Takada (1994c). Since the long-term volume ratio of

Fig. 14 Variation in the time-series diagram of eruption sites
(distance from center) on the output-stress diagram depending on
regional stress and magma supply. Near a rift trend, magma supp-
ly is suppressed during the central eruption phase. Far from a rift
trend, the relaxation by faulting causes variation in the time-series
diagrams. 1 The case without relaxation by faulting (the central
vent convergence time (tc)~the flank vent recurrence time (tr); 2
the case without relaxation by faulting (tcFtr); 3 the case with
relaxation by faulting (tcFtr); 4 the case showing a hierarchy
structure with relaxation by faulting during the central eruption
phase or near the second-order convergence points (tc›tr); 5 the
case with relaxation by faulting during the flank eruption phase
(short tc and tr); 6 the case showing a hierarchy structure with
relaxation by faulting during the central eruption phase or near
the second-order convergence points (short tc and tr); 7 the case
showing an oscillation pattern of eruption sites with frequent seis-
micity of small magnitude

magma output to input is estimated to be 0.1–0.3, using
the ophiolite section or the seismic section of the
oceanic crust, or the crustal deformation of an active
volcano, the output-stress diagram can be inverted into
the input-stress diagram with relative positions of vol-
canoes kept (Takada 1994c). The vertical axis is the
crustal deformation (extension) rate; the horizontal
axis is the average magma output rate, which may re-
flect the relative values of average magma supply. On a
rift trend, a balance between the crustal deformation
rate and the magma output rate is maintained.

For volcanoes plotted on or near a rift trend, the
central vent convergence time is around 1–10 years,
whereas the flank vent recurrence time is more than
100 years (Fig. 13; case 1 of Fig. 14). The condition that
the regional differential stress is large favors the devel-
opment of parallel dikes (Takada 1994a, b). Successive
intrusions of parallel dikes cause a rapid increase in
dike-induced stress in a direction parallel to the mini-
mum principal regional compressive stress, so that they
may shorten the central vent convergence time. More-
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over, the central vent convergence time and the flank
vent recurrence time of a monogenetic volcano field, as
defined in Table 1, have tendencies similar to those of a
polygenetic volcano (Fig. 13a). The average eruption
interval of a monogenetic volcano field on a rift zone
(e.g., Eldgjá-Lakagigar and Veidivötn, Iceland; Great
rift, Idaho) is generally long (more than 500 years), but
the average eruption volume is large.

For volcanoes plotted in the region far from a rift
trend, the central vent convergence time increases, ex-
cept for Hawaiian volcanoes, while the flank vent re-
currence time decreases to less than 100 years. The con-
dition that the regional differential stress is small favors
the development of subparallel or radial dikes (Takada
1994a, b). Radial dikes emplaced in various directions
slow down the increase in the dike-induced stress and
delay the convergence of eruption sites. Moreover, the
stress relaxation decreases stress concentration during
the central vent convergence time, and shortens the
flank vent recurrence time, as discussed below. Since
Hawaiian volcanoes develop highly anisotropic rift
zones, their convergence times may become of the or-
der of 100 years.

Relaxation process

Regional spreading gradually releases the dike-induced
compressive stress of those volcanoes near or on a rift
trend. In the region near Krafla Volcano during the pe-
riod of 1983–1985, the largest magnitude earthquake
was MF5 (Jacoby et al. 1989). Rift zones in Iceland de-
velop numerous subparallel faults or open fissures
(Forslund and Gudmundsson 1992), but a single large
active fault has not been reported (Einarsson 1986).
The dike-induced compressive stress may be released
by the stress diffusion on the divergent plate boundary
(Heki et al. 1993).

Exceptional rifts with large faults have, however,
been reported; for example, East African rift (e.g.,
Dawson 1992) and Rio Grande rift (e.g., Chapin and
Cather 1994). A rift valley bounded by normal faults
develops in the following two cases: One case is when
magma supply is not enough to compensate volumetri-
cally for the regional crustal extension. For example, a
rift valley is observed on the mid-ocean ridge at low
spreading rates (Macdonald 1982). The low frequency
of lateral dike intrusions along the spreading axis can-
not totally cancel the sign of the stress induced by the
regional extension. The other case is when magma as-
cent beneath a rift concentrates on a specific center
such as a polygenetic volcano without lateral dikes.

Stress relaxation processes, which are defined as oc-
curring within the contexts of both brittle and ductile
behavior, play an important role in the growth of volca-
noes plotted in the region far from a rift trend. More-
over, they may cause variation in the time-series dia-
grams. For example, in Hawaii, movements of normal
faults parallel to rift zones relax the dike-induced, com-

pressive stress accumulated at depth up to 5 km (e.g.,
Nakamura 1980; Dieterich 1988; Rubin 1990; Borgia et
al. 1992; Borgia 1994; Takada 1994c). Movements of
low-angle faults (décollement faults) at the base of the
volcano relax the internal boundary loads applied by
the compaction process within the 5- to 10-km-deep ul-
trabasic magma reservoir (Ryan 1988). However, the
accumulation of dike-induced stress may trigger dé-
collement faulting. But when is the compressive stress
relaxed? The timing of brittle stress relaxation affects
the pattern of the time-series diagram for eruption
sites. Brittle stress relaxation during the flank eruption
phase extends the central vent convergence time. Re-
laxation during the central eruption phase shortens the
flank vent recurrence time.

Earthquakes that change the convergence pattern of
eruption sites may need to disrupt an area almost equi-
valent to the cross section of a volcano or a sheeted-
dike complex, i.e., of the order of 100–1000 km2. Dis-
rupted areas for Mp6 and Mp7 earthquakes are esti-
mated approximately to be 130 km2 and 1300 km2, re-
spectively (e.g., Utsu 1987). Thus, large earthquakes of
magnitude (M66) should be identified with a conver-
gence pattern.

The seismicity on the island of Hawaii was reported
by Klein et al. (1987), Wyss and Koyanagi (1992), and
Dvorak (1994). The major earthquakes were produced
by décollement faults (e.g., Thurber and Gripp 1988;
Arnadottir et al. 1991; Gillard et al. 1992; Wyss et al.
1992; Beisser et al. 1994). At Mauna Loa Volcano,
earthquakes of M66 along or near the southwest rift
zone (1868, Mp7, 7.9; 1887, Mp6.5; 1919, Mp6.1) and
40 km west or northwest of the volcano (1929, Mp6.5;
1950, Mp6.4; 1951, Mp6.9) occurred during the flank
eruption phase. Moreover, large earthquakes also took
place in Mauna Loa’s southeast flank near or at the be-
ginning of the central eruption phase (1962, Mp6.1;
1983, Mp6.6; Fig. 3b). At Kilauea Volcano, earth-
quakes of M66 occurred in the south flank just before
the flank eruption phase or during the activity of a
long-lived vent at a convergent point (1954, Mp6.5;
1975, Mp7.2; 1989, Mp6.1) (Fig. 3b). Thus, the timing
of brittle stress relaxation may govern the difference in
the convergence pattern between Mauna Loa (case 5 in
Fig. 14) and Kilauea (case 6 in Fig. 14).

At Piton de la Fournaise Volcano, the general ex-
tensional deformation eastward (Lenat et al. 1989) acts
along horseshoe-shaped faults (Fig. 11a; Duffield et al.
1982) during the flank eruption phase. The central vent
convergence time of the volcano becomes infinite (case
7 in Fig. 14).

For volcanoes plotted at intermediate positions be-
tween the above two types, tectonic faulting may take
part during stress relaxation (cases 3 and 4 in Fig. 14),
while the volcano is spreading laterally through horse-
shoe-shaped faults or décollement-type faults (e.g.,
Figs. 5d, 11a; Borgia et al. 1992). It is difficult to classify
historical earthquakes into tectonic earthquakes and
those caused by the process of volcano edifice spread-
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ing. In the region that includes Etna Volcano, large
earthquakes occurred approximately 40 km south of
the volcano in 1169 (MF7) during the central eruption
phase, and approximately 30 km southeast of the volca-
no in 1693 (MF7) and approximately 70 km northeast
of the volcano in 1908 (Mp7) at the second-order con-
vergence point (Fig. 5a and b; Chester et al. 1985; West-
away 1992). At Izu-Oshima Volcano, the 1978 earth-
quake (Mp7) occurred during the central eruption
phase, which resulted from tectonic strike-slip faulting
west of the volcano (Fig. 8b; Tsumura et al. 1978). The
foreshock area was within 10 km of the center of the
volcano (Fig. 8a). At Hekla Volcano the volcanic activ-
ity near the convergence point or during the central
eruption phase was affected by four earthquakes that
occurred within 30 km west of the center of the volcano
along SISZ (1732, Mp6–6.5, 20 km from the center;
1829, Mp6–6.5, 15–20 km; 1896, Mp7, 25 km; 1912,
Mp7, 10 km; Fig. 9a and b; Einarsson 1986).

Adjacent local stress field

The asymmetric convergence of eruption sites (Figs. 1,
3–10) depends on circumference structures or the stress
fields of adjacent volcanoes. Mauna Loa and Kilauea
volcanoes are growing close to each other. Rift zones of
the volcanoes extend asymmetrically (Figs. 3). The con-
vergence point of Kilauea shifted downrift from Mauna
Ulu to Pu’u O’o. Such asymmetric patterns of eruption
sites, and the inverse correlations in volcanic activity
(Stearns and Macdonald 1946; Moore 1971; Klein
1982), may have resulted from magma-induced me-
chanical interactions between volcanoes (Takada
1994d). At Kliuchevskoi Volcano, the asymmetric dis-
tribution of eruption sites suggests that the volcano is
affected mechanically by the adjacent volcanoes within
10 km of the volcano (Kamen, Bezymianny, and volca-
noes from west to northwest of the volcano; Fig. 4a). At
Sakurajima Volcano the asymmetric pattern of erup-
tion sites and the irregular rotation of eruption sites
may have resulted from the unrelaxed stress of the old-
er volcano, Kitadake, 2 km north of the Minamidake
cone (Figs. 6a–d). At Krafla Volcano dike intrusions
beneath the southern flank may have been interacting
mechanically with northerly intrusions from Askja Vol-
cano (Fig. 10a; Ryan 1990). The stress diffusion model
of Heki et al. (1993) indicates that the eruption interval
of approximately 100 years is enough to relax the stress
for mechanical interaction. However, the geometric
evidence that two rift zones of these volcanoes are al-
most overlapping supports mechanical interaction.

Evolution of a volcano with complexity

Time-series diagrams of eruption sites can provide in-
formation on the near-future conditions and on the
evolution of a volcano during periods of 10–1000 years

if one assumes both a constant supply rate of magma
and constant regional stress. The foregoing sections dis-
cussed the intrusion sequence and the variation of the
convergence pattern of eruption sites mainly by crack
interaction through accumulated, dike-induced stress
and its relaxation, i.e., by self-control of the magma
plumbing system at constant boundary conditions.

However, some time-series diagrams show very
complicated migration patterns of eruption sites. For
example, eruption sites at Piton de la Fournaise do not
converge but oscillate or fluctuate. Some volcanoes ex-
hibit an apparent hierarchy of convergence. The
boundary conditions may fluctuate. The magma plumb-
ing system may respond well to a change in boundary
conditions. An abrupt divergence of eruption sites near
the convergence point (Figs. 6a, 8b) may be caused by
magma supply of large volume or an abrupt change in
the regional stress field (case 3 in Fig. 14). It is difficult
to obtain the relevant data indicating the changes in the
previous boundary conditions that correspond with a
complicated time-series diagram.

This paper has conveniently defined the flank erup-
tion phase and the central eruption phase by the fre-
quency of flank eruptions or central eruptions without
flank eruptions. However, we cannot easily distinguish
the central eruption phase from the flank eruption
phase at some volcanoes. Partitioning of magma within
a volcano may be useful to clarify the alternation be-
tween the two phases. The period that a large propor-
tion of supplied magma moved beneath the flank of a
volcano, e.g., 1968–1984 at Mauna Loa (Peterson and
Moore 1987), 1932–1993 at Kluichevskoi (Khrenov et
al. 1991; Ozerov et al. 1994), and 1200–1994 at Etna
(Chester et al. 1985; Simkin and Siebert 1994), may be
equivalent to the flank eruption phase proposed in this
paper. The period that a large proportion of supplied
magma erupted through a central conduit, e.g., the pe-
riod since 1955 at Sakurajima (Kobayashi 1988), and
3000–2000 years BP at Fuji (Miyaji 1988), may be equi-
valent to the central eruption phase proposed in this
paper. Thus, a distinctive episode of summit activity
that marks the termination of flank vent convergence
may be the first central eruption with a large eruption
volume of magma or a continuous eruption at a con-
stant high eruption rate after the convergence. Volume
partitioning of magma will have to be discussed with
migration patterns of eruption sites.

With regard to the evolution of polygenetic volca-
noes, several problems must be addressed. During the
cyclic activity of a polygenetic volcano, the collapse of
the volcano, such as by caldera formation or by failure
of an unstable flank, may occur. In particular, the com-
pressive stress increases with accumulation of dike in-
trusions within the volcano during the flank eruption
phase, whereas the slope of the flank increases with
volcano growth during the central eruption phase.
These instabilities should be accounted for. Next, dur-
ing the period of volcano growth, the accumulation of
dike intrusions may cause a shift in the main magma
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path or vent, such as the shift of a long-lived vent at
Kilauea. Since a polygenetic volcano is evolving me-
chanically, thermally, and chemically, the cycle of a
constant interval may not be expected in the long-term.
This paper discusses only the mechanical evolution of
the volcano. The thermal evolution will also have to be
considered and integrated with the mechanical model
in order to construct the most plausible model for vol-
cano evolution.

Conclusions

Fissure eruption sites of some volcanoes migrated to-
ward the center (the summit, the caldera, or the central
vent; Mauna Loa, Kilauea, Kliuchevskoi, Etna, Sakura-
jima, Fuji, Izu-Oshima, and Hekla volcanoes). Only ter-
minations of dikes migrated toward the center at Krafla
Volcano. There is variation in the convergence pattern
of eruption sites: a hierarchy of first-order and second-
order convergences, asymmetric convergence and the
abrupt divergence of eruption sites. After the conver-
gence of eruption sites, the central eruption phase is at-
tained. Eruption sites of Piton de la Fournaise Volcano
did not converge but oscillated around the center.

Based on the time-series diagram of eruption sites or
intrusion distances, an ideal intrusion sequence, as
shown in Fig. 13, is proposed at a constant magma
supply under constant regional stress.

Variations in the time-series diagram are governed
by regional stress and magma supply. Under the condi-
tion that the balance of the regional extension and the
magma supply is maintained (near or on a rift trend as
defined by Takada 1994c), the central vent convergence
time during the flank eruption phase becomes 1–10
years, whereas the flank vent recurrence time during
the central eruption phase extends to more than 100
years due to a decrease in magma supply. Under the
condition that the magma supply prevails over the re-
gional extension (far from a rift trend), the central vent
convergence time lengthens, whereas the flank vent re-
currence time shortens owing to stress relaxation due to
faulting. The stress relaxation process plays an impor-
tant role in the variation and hierarchy of convergence
patterns observed. Asymmetric convergence is caused
by an adjacent, local stress field such as volcano–volca-
no interaction.
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