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Abstract

Basaltic pyroclastic volcanism takes place over a range of scales and styles, from weak discrete Strombolian
explosions (�102–103 kg s�1) to Plinian eruptions of moderate intensity (107–108 kg s�1). Recent well-documented
historical eruptions from Etna, Kı̄lauea and Stromboli typify this diversity. Etna is Europe’s largest and most
voluminously productive volcano with an extraordinary level and diversity of Strombolian to subplinian activity since
1990. Kı̄lauea, the reference volcano for Hawaiian fountaining, has four recent eruptions with high fountaining
(4400m) activity in 1959, 1960, 1969 (–1974) and 1983–1986 (–2008); other summit (1971, 1974, 1982) and flank
eruptions have been characterized by low fountaining activity. Stromboli is the type location for mildly explosive
Strombolian eruptions, and from 1999 to 2008 these persisted at a rate of ca. 9 per hour, briefly interrupted in 2003 and
2007 by vigorous paroxysmal eruptions. Several properties of basaltic pyroclastic deposits described here, such as bed
geometry, grain size, clast morphology and vesicularity, and crystal content are keys to understand the dynamics of the
parent eruptions.

The lack of clear correlations between eruption rate and style, as well as observed rapid fluctuations in eruptive
behavior, point to the likelihood of eruption style being moderated by differences in the fluid dynamics of magma and
gas ascent and the mechanism by which the erupting magma fragments. In all cases, the erupting magma consists of a
mixture of melt and gaseous bubbles. The depth and rate of degassing, melt rheology, bubble rise and coalescence
rates, and extent of syn-eruptive microlite growth define complex feedbacks that permit reversible shifts between
fragmentation mechanisms and in eruption style and intensity. However, many basaltic explosive eruptions end after
an irreversible shift to open-system outgassing and microlite crystallization in melt within the conduit.

Clearer understanding of the factors promoting this diversity of basaltic pyroclastic eruptions is of fundamental
importance in order to improve understanding of the range of behaviors of these volcanoes and assess hazards of
future explosive events at basaltic volcanoes. The three volcanoes used for this review are the sites of large and growing
volcano-tourism operations and there is a public need both for better knowledge of the volcanoes’ behavior and
improved forecasting of the likely course of future eruptions.
r 2008 Elsevier GmbH. All rights reserved.
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1. Introduction

This review examines ‘‘dry’’ explosive eruptions at
basaltic volcanoes, linked to degassing and outgassing
of magmatic volatiles; phreatomagmatic explosions
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involving an external source of water are not considered
here. The review is largely constructed around recent
historical activity at Etna, Kı̄lauea and Stromboli. The
last two decades have seen intense pyroclastic activity at
these ‘‘popular’’ basaltic volcanoes (Fig. 1) of Kı̄lauea,
with the ongoing Pu‘u ‘O‘o eruption since 1983 (Heliker
et al., 2003), Etna with 150 fire fountain episodes since
1990 (Branca and del Carlo, 2005) and major flank
eruptions in 2001 and 2002–2003 (Andronico et al.,
2005), and Stromboli, with paroxysms in 2003 and 2007
(Calvari et al., 2005; Ripepe et al., 2005; Rosi et al.,
2006; Andronico et al., 2007). These volcanoes are the
type localities for Strombolian, Hawaiian and basaltic
subplinian eruption styles, respectively, but each has a
rich diversity of explosive styles, with overlapping
ranges of mass discharge rates, which demonstrates the
difficulty of applying pigeon hole classifications to the
spectrum of basaltic explosive processes in nature.

These eruptions are exceptionally well constrained by
direct observations (e.g., Richter et al., 1970; Swanson
et al., 1979; Heliker et al., 2003; Landi et al., 2004;
Taddeucci et al., 2004a; Andronico et al., 2005; Calvari
et al., 2005; Behncke et al., 2006; Rosi et al., 2006) and
geophysically (Chouet et al., 1999; Bonaccorso, 2006;
Harris and Ripepe, 2007) and geochemically (Garcia
Fig. 1. Images illustrating the diversity of basaltic explosive volcanis

on 29 November 1959. Photograph Jerry Eaton. (b) Etna 20 July 200

2001 eruption fissure. In the foreground weak Strombolian exp

phreatomagmatic activity occurs from an adjacent vent to the left

phreatomagmatic explosion with subplinian dispersal at the 2500

intensity explosion of Stromboli, 23 July 2007. Photograph Tom Pf
et al., 1992; Metrich et al., 2001; Corsaro and Miraglia,
2005; Shamberger and Garcia, 2006).
2. Styles and intensities of basaltic explosive

volcanism

2.1. Classifying basaltic explosive eruptions

The most widely cited classifications for explosive
eruptions (Walker, 1973; Pyle, 1989) utilize a combina-
tion of some proxy for eruption intensity/mass discharge
rate and some measure of particle size. Walker (1973)
was the first to recognize the value of fall deposit
geometry as a proxy for eruption intensity/discharge
rate (Fig. 2). He linked deposit geometry (via D, the area
over which a deposit thins to 0.01 of its thickness
maximum) to mass discharge rate/intensity and inferred
that a spectrum of ‘‘dry’’ or ‘‘magmatic’’ pyroclastic
deposits from Hawaiian to Strombolian to subplinian to
Plinian could be distinguished in terms of a steady
increase in D and, thus, mass discharge rate. This
classification has been used widely, because it employs
simple parameters that can be derived from pyroclastic
m. (a) Kı̄lauea Iki 1959, Episode 3. High fountaining eruption

1 showing three contrasting styles of eruption from vents on the

losions from the principal vent at 2100m elevation. Weak

(west). In the background the initiation of a more powerful

m vent. Photograph Bruce Houghton. (c) Typical moderate

eiffer.
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Fig. 2. Classification of explosive eruptions after the bench-

mark Walker (1973) paper. D is a measure of thinning rate (see

text). F is a measure of the grain size of the deposit – the

percentage of material finer than 1mm at the point where the

0.1Tmax isopach crosses the dispersal axis (where Tmax is the

maximum thickness of the deposit). Note that no Hawaiian

data are presented. Fields for Strombolian, subplinian and

Plinian eruptions are defined on quantitative data, but the

Hawaiian field reflects qualitative field observations, and

would exclude all powerful historical Hawaiian eruptions.
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only eruptions or episodes from single point-source vents are

included. Hawaiian data are organized into subsets by

maximum recorded fountain height (0–100, 100–200m, etc.).

There were insufficient data points to do this for the other

eruptive styles. At Etna we have subdivided subplinian events

(after Branca and del Carlo, 2005) from events characterized

by fountaining that was more similar to the Hawaiian

eruptions at Kı̄lauea.
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deposits irrespective of whether eye-witness accounts
exist for the eruptions.

Unfortunately, mass discharge rates for well-docu-
mented examples of the classical eruption styles des-
cribed above have wide and overlapping ranges of
values (Fig. 3). This was not apparent because the
Walker (1973) and other existing classifications lack
data for Hawaiian eruptions. Walker (1973) chose to
represent Hawaiian eruptions as weaker than Strombo-
lian events (Fig. 2). However, his plot shows clearly that
his data did not include any Hawaiian eruptions nor did
he include any eruptions of Stromboli itself. Data now
available (Fig. 3) suggest that there is a total overlap in
time-averaged discharge rates between Strombolian and
Hawaiian eruptions, and that some other criteria are
needed to distinguish them and their products. For
example, our analysis of 99 eruptions or eruption
episodes at Kı̄lauea since 1955 shows a range of time-
averaged discharge rates between 4� 102 and 106 kg s�1.
Fewer data are available from Strombolian explosions,
but discharge rates as low as 10–500 kg s�1 are typical
for ‘‘normal’’ explosions at Stromboli (Chouet et al.,
1973; Ripepe et al., 1993; Allard et al., 1994) and as high
as 105–106 kg s�1 for paroxysms (Rosi et al., 2006).
Available data suggest that Strombolian explosions at
other volcanoes occupy the middle ground between
typical and paroxysmal eruptions at Stromboli. For
example, explosions at Arenal between 1987 and 2001
(Cole et al., 2005) had average discharges of approxi-
mately 10–50m3 per explosion, roughly equivalent to
103–104 kg s�1.

Observers have recognized that the fundamental
distinction between Strombolian and Hawaiian erup-
tions is not dispersal rate but steadiness of discharge
rate, with the former being impulsive short-lived discrete
events (Chouet et al., 1973; Blackburn et al., 1976;
Patrick et al., 2007) and the latter expressed as sustained
fountaining events where discharge rates are maintained
for hours to days (Richter et al., 1970; Swanson et al.,
1979; Heliker et al., 2003). This distinction between
these styles is commonly not possible by use of
parameters like D which reflect intensities averaged over
entire eruptions or eruption episodes.
2.2. Case studies

Kı̄lauea’s most recent pyroclastic history includes
three eruptions with high fountaining (4400m) activity
in 1959, 1969–1974 and 1983–2007 (Richter et al.,
1970; Swanson et al., 1979; Heliker et al., 2003). These
eruptions have also included intervals of weaker
fountaining, building highly localized spatter ramparts,
and periods of gas pistoning and persistent passive
degassing. Other eruptions (Duffield et al., 1982;
Macdonald et al., 1984) have been characterized by
only low fountaining activity (e.g., 1971, 1974, 1982).

Stromboli is the type location for mildly explosive
Strombolian eruptions (Barberi et al., 1993). Explosive
events have persisted at least since 600 AD (Rosi et al.,
2000), and from 1999 to 2003 persisted at a rate of ca. 9
per hour (Harris and Ripepe, 2007). This pattern of
activity, with alternating ash-rich and scoria-rich explo-
sions, was briefly interrupted in 2002–2003 and 2007 by
episodes of both lava effusion and vigorous paroxysmal
Strombolian eruptions.
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Etna has shown an extraordinary level of explosive
activity in the last 2 decades (Coltelli et al., 2000). The
duration of eruptions has lasted between days and weeks,
with time-averaged discharge rates between 103 and
106 kg s�1 (Andronico et al., 2007; Alparone et al., 2007).
More than 150 fountaining episodes have occurred since
1990, the strongest of which formed plumes 2–13km
high, had ejecta volumes of 104–107m3, and discharge
rates that equate to intense Strombolian to subplinian in
intensity (sensu Walker, 1973; Pyle, 1989). Other
sustained but generally lower fountains have alternated
with periods of rapid discrete explosions described by
observers as Strombolian in character. Etna’s explosivity
thus spans a middle ground, overlapping with end-
member styles of subplinian, Hawaiian and Strombolian
volcanism. Single eruptions such as those in 2001 and
2002–2003 have displayed this full range of explosivity,
with contrasting eruption styles at adjacent vents (Fig. 1),
or at a single vent on time scales of days. In addition, a
number of ash-producing events (Taddeucci et al.,
2004a, b) in 2001 and 2002 do not fit well with the
existing end-member names. A key question is to what
extent the discrete, impulsive explosions at Etna can be
equated to Strombolian explosions (as typified by
Stromboli) and to what extent the less powerful sustained
fountains are similar to Kı̄lauea’s fountaining behavior.
2.3. Typical Strombolian eruptions

The activity considered typical of Stromboli repre-
sents the mild end-member of Strombolian explosions as
Fig. 4. Examples of typical and atypical explosions at Stromboli. (

Pfeiffer. (b) Powerful, collimated type 1 explosion with+300m jet, 5

explosion. Photograph Mathew Patrick. (d) Strombolian paroxys

Franssen.
defined by Walker (1973). It consists of prolonged
sequences of impulsive short-lived explosions (Figs. 4a
and b), lasting a few seconds to tens of seconds and
ejecting ash to bombs to heights of typically less than
200m (Barberi et al., 1993). Individual explosions eject
typically between 0.01 and 10m3 of pyroclasts, equiva-
lent to average discharge rates of 1–104 kg s�1 (Chouet
et al., 1973; Ripepe et al., 1993). At Stromboli and other
volcanoes activity is often distributed over several
adjacent vents (Cole et al., 2005) that may erupt with
contrasting styles and intensities. The most detailed
study of an extended period of explosions is that by
Patrick et al. (2007) of 135 explosions at Stromboli in
June–July 2004. Eruption durations ranged from 6 to
41 s (mean 1576 s), jet heights were up to 180m, and
exit velocities were between 3 and 100m s�1 (mean
24719m s�1). During this period, explosions were
observed from vents in each of the three summit craters;
Fig. 5 summarizes data for only explosions from the NE
crater for short periods of observations on each of 2
days.

Strombolian explosion frequency at other volcanoes
can be both significantly greater and more irregular – for
example up to 93 explosions per day at Arenal in the last
20 years with volumes of �10–50m3 and with gaps of up
to 3 weeks without explosions (Cole et al., 2005) and
with greater average intensities and dispersals (Fig. 6)
only achieved at Stromboli during paroxysms.

In Strombolian eruptions, it is thought that at low
magma ascent rates, relative to bubble rise velocities and
significant dynamical interaction between bubbles re-
sults in bubble coalescence to form gas slugs. In two
a) Weak, type 1 explosion, 1 January 2006. Photograph Tom

November 2006. Photograph Marco Fulle. (c) Ash-rich, type 2

m on 5 April 2003 at 7:13 a.m. GMT. Photograph Andreas
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contrasting models (Fig. 7), slugs either form dynami-
cally during rise through the conduit (e.g., Wilson and
Head, 1981; Parfitt, 2004; Parfitt and Wilson, 1995;
Parfitt et al., 1995) or by foam collapse at the shoulder
connecting conduit and magma chamber (e.g., Verg-
niolle and Jaupart, 1986, 1990; Jaupart and Vergniolle,
1988, 1989). In both cases, slug formation can be
enhanced or facilitated at geometric asperities within the
magmatic plumbing system (James et al., 2004). Large
gas slugs rise to the surface at much faster rates than the
melt, resulting in a relatively volatile-depleted magma in
the shallow conduit (Lautze and Houghton, 2005, 2006)
and Strombolian style eruptions when the bubbles burst
at the surface (e.g., Blackburn et al., 1976; Wilson, 1980;
Vergniolle and Brandeis, 1994; Vergniolle et al., 1996;
Chouet et al., 2003; Harris and Ripepe, 2007; Patrick
et al., 2007). In Strombolian eruptions, the explosion is
simply the consequence of rupture of the over-pressured
large gas slug at the magma surface, mechanically
distinct from the inertial mechanisms by which magma
may fragment during Hawaiian eruptions (e.g., Namiki
and Manga, 2008).

Therefore, the key to the dynamics and occurrence of
the Strombolian style of behavior appears to be
degassing, the segregation and mechanical decoupling
of the exsolved gas phase, and subsequently the
dynamics of ascent of the gas as discrete, large slugs
(e.g., Wilson and Head, 1981; Parfitt, 2004; Parfitt and
Wilson, 1995). From a fluid-dynamical point of view, it
is known that small perturbations in gas–liquid flow
systems can lead to significant oscillations in flow rates
and flow regimes (e.g., Baker, 1954; Taitel et al., 1980;
Tutu, 1982, 1984; Furukawa and Fukano, 2001; Cheng
et al., 2002; Hibiki and Ishii, 2003a, b; McNeil and
Stuart, 2003, 2004; Hu and Golan, 2004; Guet and
Ooms, 2006; Guet et al., 2006; Ornebere-Iyari et al.,
2007), with strong dependencies on rheology and
relative proportions of gas to liquid phase, which may
arise as a consequence of volatile solubility, bubble
coalescence and magma-dynamic feedbacks throughout
the conduit. Such intrinsic dynamical effects that may
give rise to the previously discussed observations of
intermittent behavior, but have not been fully explored
to date.
2.4. Variations on the Strombolian theme

2.4.1. Major variations in style

At Stromboli explosions are frequently either lapilli-
rich or ash-rich, referred to as type 1 and type 2,
respectively (Chouet et al., 1999; Ripepe and Marchetti,
2002; Marchetti and Ripepe, 2005). The former are
the classical form of explosion considered typical of
Strombolian explosions, whereas the latter, while
common at Stromboli, are too rich in ash to meet the
Strombolian criteria of Walker (1973) and Pyle (1989).
Long periods at Stromboli are characterized by a
predominance of type 1 explosions from one crater,
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and type 2 explosions at an adjacent crater (Chouet
et al., 1999; Ripepe and Marchetti, 2002; Marchetti and
Ripepe, 2005). Both explosion types form an incandes-
cent jet, but type 2 explosions generate both a jet and a
weak convective plume typically extending to a few
kilometers height (Patrick et al., 2007). There is some
controversy concerning the origin of the type 2 explo-
sions, as to whether the pyroclasts represent relatively
viscous and stagnant melt or whether many are recycled
through fallback and/or collapse of the conduit walls.

2.4.2. Major variations in intensity

Every few decades (e.g., 1930, 1950, 2003, 2007)
Stromboli experiences a more powerful short-lived
explosive eruption termed a paroxysm (Barberi et al.,
1993). Weaker paroxysms were recorded in September
1996, August 1998 and August 1999 (Metrich et al.,
2005). Mass discharge rates are typically two or three
orders of magnitude higher than the ‘‘typical’’ Strom-
bolian behavior described above and may reach
discharge rates as high as 105–106 kg s�1 (Rosi et al.,
2006). They tap a deeper, hotter, crystal-poor magma
that largely bypasses the shallow storage region at
Stromboli (Metrich et al., 2005) and possibly are driven
by episodic open-system outgassing of CO2-rich gas
from depths of several kilometers (Allard, 2007).
2.5. Typical Hawaiian eruptions

Typical Hawaiian behavior is popularly pictured to be
the episodic fountaining events (Richter et al., 1970;
Swanson et al., 1979; Heliker et al., 2003) to heights of
4300m (Fig. 8) like the 1959 Kı̄lauea Iki, 1969–1974
Mauna Ulu and 1983–present Pu‘u ‘O‘o eruptions
(Table 1). Typically any one eruption will have multiple
episodes of continuous magma discharge separated by
pauses that are typically longer than the duration of the
episodes (e.g., Fig. 9). We have compiled data on
erupted volume, average mass discharge rate, and
duration for 79 eruptive episodes in 1959, 1969 and
1983–1986 (Fig. 10). For comparison we also show data
from another 20 historical eruptions from Kı̄lauea. The
highest average mass discharge rates are predictably



ARTICLE IN PRESS

Fig. 8. Images of Hawaiian explosive eruptions. (a) 450m high fountain at Kı̄lauea Iki at 7:00 a.m. on 29 November 1959 (Episode

3) with downwind drift of ejecta to the south. Photograph Jerry Eaton. (b) Mauna Ulu ‘dome’ fountain on 29 June 1970.

Photograph Don Swanson. (c) Weak spattering activity at Mauna Loa, 6 March 1984. Photograph J.D. Griggs. (d) Gas pistoning

eruption at Pu‘u ‘O‘o. Photograph Marie Edmonds.

Table 1. Summary parameters for three high fountaining eruptions of Kı̄lauea

Eruption

Kı̄lauea Iki (1983–1986) Pu‘u ‘O‘o (1959) Mauna Ulu (1969)

Number of high fountaining episodes 16 45 12

Average episode duration (h) 20a 43 18

Maximum episode duration (h) 167 384 34

Average of maximum fountain height (m) 314 256 229

Maximum fountain height recorded (m) 579 467 540

Average discharge rate (kg s�1) 7.8� 105 1.5� 105 4.7� 106

Highest average discharge rate (kg s�1) 1.7� 106 9.7� 105 1.2� 106

Duration of high fountaining phase (d) 36 1271 221

Time in high fountaining eruption (d) 13 47 10

Total duration of eruption (d) 36 9114+ 874

Volume for high fountaining episodes (m3) 1.50� 108 5.00� 108 6.50� 107

Total volume (m3) 1.50� 108 1.20� 109 1.85� 108

aFor Kı̄lauea Iki episode 1 is atypically long; the average minus episode 1 is 10 h. ‘‘Duration of high fountaining phase’’ is the total elapsed time

since the onset of the eruption, i.e., it includes the pauses between episodes. ‘‘Time in high-fountaining eruption’’ is the aggregate time spent in high

eruption across all episodes. Data from Richter et al. (1970), Swanson et al. (1979) and Heliker et al. (2003).
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associated with these three high fountaining events
(Fig. 3), but similar values are associated with some
fountaining eruptions from extended fissure sources
which rarely exceeded heights of 100–200m.

There is similarity but also significant diversity
amongst these three high fountaining eruptions. The
Kı̄lauea Iki eruption was very short-lived and char-
acterized only by intense high fountaining; in the other
two eruptions, early high fountaining was followed by
longer phases of low fountaining and/or lava effusion.
Maximum fountain heights and, more significantly,
average fountain heights and erupted volumes, were
similar for the high fountaining phases of the three
eruptions. The high fountaining portion of each erup-
tion consisted of a number of relatively short eruption
episodes separated by significantly longer pauses (e.g.,
Figs. 9 and 11). In all three eruptions, some of the
highest fountaining episodes occurred towards the end
of the high fountaining phase. The average durations of
episodes were 20, 43 and 18 h and of the pauses 1.5, 18
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and 24 days, respectively, for Kı̄lauea Iki, Mauna Ulu
and Pu‘u ‘O‘o (Richter et al., 1970; Swanson et al., 1979;
Heliker et al., 2003). There were considerable fluctua-
tions in fountain height during episodes (e.g., Figs. 9
and 11) that attest to the relative unsteadiness of
Hawaiian fountains.

There are two conceptual models for Hawaiian
eruptions (Fig. 12). Some workers (e.g., Wilson, 1980;
Wilson and Head, 1981; Parfitt, 2004; Parfitt and
Wilson, 1995; Parfitt et al., 1995; Slezin, 2003) propose
that Hawaiian eruptions are characterized by the
presence of bubbles whose buoyant rise is slow relative
to the melt phase, that is they are coupled to the melt,
resulting in a highly vesicular foam that is disrupted
when bubble overpressure exceeds the tensile strength
of the intervening melt films. A second school suggests
that foam collects and collapses at the contact between
the conduit and magma storage zone resulting in
annular two-phase flow of gas and melt up the conduit
(Vergniolle and Jaupart, 1986, 1990; Jaupart and
Vergniolle, 1988, 1989; Vergniolle and Mangan, 2000).
2.6. Variations on the Hawaiian theme

A number of historical eruptions of Kı̄lauea have
lacked high fountaining phases and have been char-
acterized by fountaining to heights often less than 100m
and often from fissure sources (Duffield et al., 1982;
Macdonald et al., 1984), building spatter ramparts and
feeding lava flows (e.g., 1971, 1974, 1982). Total mass
discharge rates from some of these eruptions rival those
of the high fountaining eruptions because of the
extended length of the fissure source, e.g., the 14 August
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1971 summit eruption had a mass discharge rate of
8� 105 kg s�1 (Duffield et al., 1982), but only achieved
fountain heights of 20–75m. Activity is often much less
sustained during periods of such low discharge than for
the high fountaining eruptions (e.g., 1959, 1969 and
1983–1986). At these times, weak fountaining alternates
with discontinuous spattering, and discrete gas pistoning
events (and intervals of persistent continuous degassing)
(Swanson et al., 1979; Goldstein and Chouet, 1994).
Discontinuous spattering events are impulsive transient
events ejecting small volumes of coarse ejecta and gas to
heights of a few meters or tens of meters (Edmonds and
Gerlach, 2007). They are identical to the weakest form
of Strombolian explosions as described from Stromboli
(Harris and Ripepe, 2007), and Villaricca (Gurioli et al.,
in press). During gas pistoning, a standing column of
lava rises slowly to fill the vent and discharge before
draining back rapidly, accompanied by spattering and
gas discharge. Edmonds and Gerlach (2007) attribute
these contrasting behaviors to contrasting styles of gas-
slug formation in the conduit, with gas pistoning
associated with deeper segregation of CO2-rich slugs,
and spattering explosions with shallow escape of over-
pressured water-rich bubbles.
2.7. Subplinian and Plinian basaltic eruptions

Etna is unique amongst active basaltic volcanoes in its
frequency of sustained subplinian eruptions; nine
occurred in the 20th century and seven since 1990
(Branca and del Carlo, 2005). This very recent history
includes two forms of activity of subplinian intensity. In
the majority of eruptions ‘‘dry’’ subplinian phases from
one or more of the summit craters occur in sequences of
paroxysmal eruptions, the majority of which do not
attain subplinian intensity (e.g., Carveni et al., 1994; La
Volpe et al., 1999; Polacci et al., 2006). Each paroxysm
begins with a period of Strombolian explosions of
increasing intensity culminating in either powerful foun-
taining or a sustained subplinian plume. Activity then
reduces abruptly to discrete Strombolian explosions.
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The 2001 and 2002–2003 flank eruptions took different
forms in which the phases characterized by sustained,
generally ash-rich plumes have generally been consid-
ered to be phreatomagmatic in origin (Taddeucci et al.,
2004a, b; Gresta et al., 2004; Andronico et al., 2005;
Scollo et al., 2007). In the subplinian eruptions between
1990 and 2000, discharge rates of between 5� 105 and
107 kg s�1 were sustained for typical time scales of
0.5–10 h. The subplinian phases typically occur during
clusters of fountaining events of lesser intensity, e.g., the
eruption of 23 December 1995 over �4.5 h, which
produced a jet to 500–600m feeding a convective plume
to 6 km height, was the sixth of ten episodes at Etna’s
Northeast crater between 9 November 1995 and 25 June
1996 (La Volpe et al., 1999).

Another well-documented basaltic subplinian erup-
tion occurred at Ruapehu volcano on 17 June 1996. Two
phases of 3.5 and 2.5 h duration had an averaged mass
discharge rate of 5� 105 kg s�1 and produced a wind-
attenuated fall deposit extending at least 300 km to the
northeast of the volcano (Bonadonna and Houghton,
2005; Bonadonna et al., 2005).

Plinian eruptions are the rarest and the least well-
studied type of basaltic activity, and potentially the most
dangerous. Four Plinian eruptions have been character-
ized in detail: the 122 BC Etna (Coltelli et al., 1998;
Houghton et al., 2004; Sable et al., 2006a), the 1886
Tarawera (Walker et al., 1984; Houghton et al., 2004;
Sable et al., 2006b, in press; Carey et al., 2007); the
�2 ka San Judas (Williams, 1983; Bice, 1985; Perez and
Freundt, 2006) and the �60 ka Fontana (Williams, 1983;
Bice, 1985; Wehrmann et al., 2006; Costantini et al., in
press) eruptions. Inferred plume heights for these
eruptions are 20–32 km (Walker et al., 1984; Coltelli
et al., 1998; Costantini et al., in press) with volumes of a
few km3. For Tarawera, the only well-documented
eruption, the mean discharge rate was 8.5� 107 kg s�1

(Walker et al., 1984). Parfitt and Wilson (1999) point out
some similarities between Hawaiian and Plinian ascent
processes, but Plinian and subplinian eruptions require
somewhat unusual conditions to account for the fact
that their mass discharge rates are three to five orders of
magnitude higher than those of Hawaiian eruptions.
Textural observations described in Section 3.4 below
favor a hypothesis that abundant microlites significantly
increased melt viscosity (Fig. 13), resulting in viscosity-
limited bubble growth and the built-up of sufficient gas
overpressure for magma fragmentation during ascent-
driven decompression (Gonnermann et al., in press).
3. Basaltic pyroclastic deposits

The properties of pyroclastic deposits have been used
to classify explosive eruptions in a quantitative fashion.
Here we review the most important of those parameters.
3.1. Geometry

Most existing classification schemes use thinning rate
with distance from source as a proxy for eruptive
intensity, i.e., mass discharge rate. If a deposit exhibits
exponential thinning then its dispersal can be character-
ized by a unique ‘‘half-distance’’ over which the deposit
thins to half of its previous thickness. More recent
studies showed that many deposits have more complex
geometries that are better fitted by several exponential
line segments, which Bonadonna et al. (1998) attribute
to contrasting settling behaviors for particles of different
diameter. New data from recent eruptions (Fig. 6)
enable us to evaluate both the relationship between mass
discharge rate and deposit geometry and the assumption
of exponential thinning. The products of well-documen-
ted historical eruptions often contain both cone-building
and sheet forming elements over the entire range of mass
discharge rates, but the proportion of mass partitioned
into the cone varies inversely with eruption intensity –
e.g., 94% for the Hawaiian fire fountains of Kı̄lauea Iki
1959 versus 1% for the 1886 Plinian eruption of
Tarawera.

All Strombolian and Hawaiian eruptions are princi-
pally cone-forming, as pointed out by Walker (1973).
Many such deposits do not follow simple exponential
thinning relationships as shown on plots of thicknes-
s–area1/2 (Fig. 6), where the data are better fitted by
power law relationships. This is perhaps predictable as a
simple exponential thinning relationship would require,
a priori, a constant release height of clasts from the jet or
fountain, something which is seldom if ever attained
in nature in cone-forming eruptions. The effect of
superimposing multiple small packages of tephra with
different release heights and often different wind
conditions and thus following different dispersal pat-
terns is to create a thinning relationship in which more
powerful explosions contribute disproportionately to
the thickness of the distal deposit.

For the medial to distal products of basaltic Plinian
falls (Fig. 6), the Etna 122 BC lapilli fall has a thinning
half-distance (bt) of 2.7 km (Coltelli et al., 1998),
Tarawera 1886 has a bt value of 4.3 km (Sable et al.,
2006b) and the Fontana Lapilli has values of 2, 5 and
6 km for unit B, C and D+E+F, respectively (Costan-
tini et al., in press). These values are mostly derived for
the medial field as there are few or no distal exposures in
every case. There is surprisingly little difference between
the subplinian and Plinian deposits described here in this
regard.
3.2. Grain size

Physical volcanology utilizes two types of grain size
data: individual measurements made on small samples
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over limited stratigraphic intervals at single sites, and
‘‘whole deposit’’ data where the grain size of the entire
clast population is estimated by assembly of many
individual analyses. The former are extremely useful in
reconstructing processes of pyroclast transport and
sedimentation and fluctuations in mass discharge rate
and wind velocity with time. Changes in maximum clast
size with distance from vent, particularly cross-wind, are
routinely used in estimates of eruption column height
and mass flux (e.g., Carey and Sparks, 1986; Wilson and
Walker, 1987; Pyle, 1989). Whole deposit grain size data
can be used to look at the efficiency and nature of
fragmentation (e.g., Parfitt and Wilson, 1999; Bona-
donna and Houghton, 2005).

A characteristic of the products of ‘‘dry’’ or ‘‘mag-
matic’’ explosivity is that individual tephra samples
show log-normal unimodal grain-size distribution and
are relatively coarse-grained and often better sorted
(Fig. 14) with respect to products of those phreatomag-
matic explosions, where magma interacts with abundant
external water (Surtseyan and phreatoplinian erup-
tions). Strombolian samples are generally the coarsest
with median diameters of typically 16–64mm whereas
Hawaiian samples plot at 2–16mm (Houghton et al.,
2000); both show moderate sorting, i.e., sorting coeffi-
cients (sj) of less than 2.0. Basaltic Plinian samples have
typical median diameters of 4–64mm and generally
moderate sorting (sjp1.5) and typically are very
uniform with time (Walker et al., 1984; Carey et al.,
2007). In comparison the median diameters of ‘‘wet’’ or
phreatomagmatic basaltic fall deposits are typically less
than 4mm and sj can be as large as 4.0 (Walker and
Croasdale, 1972; Houghton et al., 2000).
Brittle fragmentation

Bubble nucleation,
growth, coalescence

Gas, ash, pyroclasts

Outgassing

Viscous dissipation

Crystal nucleation
and growth

Jet
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exsolved volatiles

Fig. 13. Cartoon of basaltic Plinian eruption, in which high

magma viscosity is achieved as the result of microlite crystal-

lization due to effective undercooling. The high viscosity

inhibits bubble rise and promotes brittle fragmentation of the

crystal-and-bubble rich magma.
3.3. Juvenile clast morphology

The morphology and shape of juvenile (or magmatic)
particles is strongly influenced by melt viscosity and
vesicle content at explosive fragmentation (Heiken and
Wohletz, 1985; Taddeucci et al., 2004a), but there are
few quantitative studies of the shapes of Hawaiian,
Strombolian and basaltic Plinian pyroclasts. Across this
spectrum of eruption style, there is a progressive decrease
in the abundance of aerodynamically shaped fluidal
pyroclasts and an increase in the abundance of ragged
scoria or pumice (Fig. 15). This reflects the relative
viscosity of the erupted magmas, which may be as low as
a few hundred Pa s for Hawaiian eruptions, thousands of
Pa s for Strombolian eruptions and probably several
orders of magnitude higher for basaltic Plinian eruptions
(Gonnermann et al., in press). The higher vesicle number
densities of Plinian clasts (see Section 3.4) also contribute
to high degrees of surface roughness.

3.4. Vesicularity and crystallinity

Diverse vesicle and microlite populations in basaltic
pyroclasts are sensitive indications of complexity of
conduit processes in most basaltic eruptions, implying a
delicate balance between mechanical coupling and
uncoupling of the gas phase from the rising melt.

There are few quantitative vesicularity data for
basaltic pyroclastic deposits except for the pioneering
work at Kı̄lauea (Mangan et al., 1993; Cashman and
Mangan, 1994; Mangan and Cashman, 1996) and very
recent studies at Stromboli (Lautze and Houghton,
2005, 2006, 2007; Polacci et al., 2008), Etna (Sable et al.,
2006a) and Tarawera (Sable et al., in press). These data
(Fig. 16) show no significant increase in bubble number
density with eruption intensity for Hawaiian and
Strombolian eruptions with a typical range of number
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Fig. 15. Images of typical clast morphologies from (a) Hawaiian (Kı̄lauea Iki 1959, episode 1), (b) Strombolian (Stromboli 2002)

and (c) basaltic Plinian (Tarawera 1886) eruptions. Note the highly fluidal nature of the former.
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densities of �105 to 106 cm�3. An order-of-magnitude
variation amongst pyroclasts in single samples (e.g.,
Lautze and Houghton, 2006) attests to the complexity of
shallow processes of degassing and outgassing. Bubble
and microlite textures in basaltic Plinian scoria contrast
markedly with those in Strombolian and Hawaiian
ejecta. Plinian clasts from the Etna 122 BC and
Tarawera 1886 eruptions have relatively high vesicle
number densities (�106 to 108 cm�3) and exceptionally
high microlite crystallinities compared with these
Hawaiian and Strombolian ejecta, typically 60–90% of
the groundmass (Sable et al., 2006a, in press). The
microlites also supply an efficient way of increasing the
bulk viscosity of the magma to permit basaltic eruptions
of Plinian intensity (Sable et al., in press). The complex
2001 and 2002–2003 eruptions of Etna, which included
Strombolian and Hawaiian fountaining as well as
phases of subplinian intensity, show a strong tie between
explosion style and microlite content and vesicularity
(Taddeucci et al., 2004a, b; Polacci et al., 2006). The
proportion of microlite-poor and microlite-rich clasts at
Etna reflects the dominant style of fragmentation and
explosion (Taddeucci et al., 2002).

Many eruptions across the entire range of discharge
rate show a progressive increase with time in the extent
of outgassing of the melt (Taddeucci et al., 2002; Sable
et al., 2006a), leading ultimately to the termination of
explosive activity, via open-system outgassing.
4. Factors that control basaltic explosive

dynamics

In this section we will discuss several primary, but
interdependent, factors that ultimately control eruption
dynamics. They are: (1) magma supply rate and volume;
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(2) conduit geometry; (3) the abundance, style and depth
of degassing of magmatic volatiles; (4) the fluid
mechanics of magma ascent, including magma rheology;
and (5) the mechanism and timing of magma break-up
or fragmentation.
4.1. Magma supply

On time scales longer than, or equal to, eruptive
episodes, changes in eruption intensity may be the
manifestation of variations in magma supply from depth
to the ‘‘shallow’’ magmatic plumbing system (e.g.,
Denlinger, 1997; Heliker et al., 1998; Garcia et al., 2000;
Ripepe et al., 2005; Allard et al., 2006). For magma to
erupt at the surface, sufficient excess pressure of magma
within the source reservoir is required to overcome magma-
static and dynamic pressure losses. Much of this excess
pressure, or potential energy, is probably derived from
volatiles (e.g., Pyle and Pyle, 1995; Vergniolle et al., 1996;
Huppert and Woods, 2002). It is therefore likely that
magma withdrawal, during eruptions and/or eruptive
episodes, will result in pressure variations and, hence,
variations in magma supply rate from shallow storage
reservoirs to the conduit system and contrasts in eruption
style (e.g., Taddeucci et al., 2004a; Ripepe et al., 2005;
Allard et al., 2006). The ensuing dynamical coupling
between magma source and conduit has been considered
within various contexts for basaltic magmas (e.g., Verg-
niolle and Jaupart, 1986, 1989; Jaupart and Vergniolle,
1988; Vergniolle et al., 1996; Denlinger, 1997; Phillips and
Woods, 2001; Meriaux and Jaupart, 1995; Ripepe et al.,
2005; Pinel and Jaupart, 2004a, b; Woods et al., 2006).

Within the context of eruption styles, there is little
doubt that a defining characteristic of Strombolian
eruptions is the rapid and voluminous ascent of exsolved
gas relative to a very low ascent rate of the melt phase
(e.g., Wilson and Head, 1981; Braun and Ripepe, 1993;
Vergniolle and Brandeis, 1994, 1996; Buckingham and
Garces, 1996; Vergniolle et al., 1996, 2004; Ripepe and
Gordeev, 1999; Ripepe et al., 2001; Chouet et al., 2003;
Dubosclard et al., 2004; Gresta et al., 2004; Parfitt, 2004;
Parfitt and Wilson, 1995, 1999; Patrick et al., 2007;
Ripepe et al., 2005; Harris and Ripepe, 2007). In
contrast, Hawaiian, subplinian and Plinian eruptions
require a more sustained and higher rate of magma
supply to the conduit system. However, given the
apparent overlaps in discharge rate between individual
eruption styles (Fig. 3), it is not clear to what extent
other factors modulate, or maybe even control, transi-
tions in eruptive style.
4.2. Conduit geometry

In the case of fissure eruptions (e.g., Thorarinsson
et al., 1973; Self et al., 1974; Thordarson and Self, 1993;
Lockwood et al., 1987; Wilson and Head, 2001;
Acocella et al., 2006; Carey et al., 2007; Hoskuldsson
et al., 2007), the large cross-sectional area of the vent
results in comparatively high discharge rates at relatively
low magma ascent rates (Fig. 10). Conduit geometry
may also play an important role in facilitating bubble
accumulation, potentially of importance in Strombolian
style eruptions (e.g., Ripepe and Gordeev, 1999; James
et al., 2004, 2006; Menand and Phillips, 2007). However,
because of the poor constraints on conduit geometry,
little work has been done on detailed assessments of its
effect on the dynamics of basaltic eruptions in general
(e.g., Wilson, 1980; Wilson and Head, 2001; Mitchell,
2005).
4.3. Volatiles

Volatiles are important, because exsolved gases are
less dense than the melt, but more compressible. The
former imparts buoyancy, whereas the latter can be
viewed as potential buoyancy or potential energy.
Buoyancy from volatile exsolution ultimately allows
magma to erupt (e.g., Parfitt et al., 1993; Pyle and Pyle,
1995; Woods and Cardoso, 1997). There are four
processes whereby magma gains buoyancy: (1) ascent-
driven decompression lowers volatile solubility, result-
ing in volatile exsolution and bubble growth (e.g.,
Sparks, 1978; Proussevitch et al., 1993; Gonnermann
and Manga, 2007); (2) crystallization enriches the melt
fraction in volatiles, resulting in volatile exsolution (e.g.,
Carmichael et al., 1974; Tait et al., 1989); (3) ascent-
driven decompression results in volume expansion of
exsolved volatiles (e.g., Sparks, 1978; Proussevitch et al.,
1993); and (4) buoyantly ascending decoupled bubbles
may rise and/or accumulate elsewhere in the conduit
system (e.g., Wilson, 1980; Wilson and Head, 1981;
Vergniolle and Jaupart, 1986, 1990; Jaupart and
Vergniolle, 1988, 1989; Parfitt, 2004; Parfitt and Wilson,
1995; Parfitt et al., 1995; James et al., 2004; Menand and
Phillips, 2007).

Aside from the fluid dynamics of gas–liquid flows,
volatiles may affect eruptive behavior of basalt magmas
through (1) closed-system ascent of melt and bubbles
resulting in rapid decompressive bubble growth or
build-up of overpressure and ultimately magma frag-
mentation (e.g., Alidibirov and Dingwell, 1996; Zima-
nowski et al., 1997; Zhang, 1999; Spieler et al., 2004;
Gonnermann and Manga, 2007; Namiki and Manga,
2008); (2) feedbacks between volatile exsolution, decom-
pression, magma crystallization and magma rheology
(e.g., Sparks and Pinkerton, 1978; Metrich and Ruther-
ford, 1998; Metrich et al., 2001; Del Carlo and Pompilio,
2004; Simakin and Salova, 2004); (3) open-system gas
loss at depth leaving a relatively volatile-depleted
magma with decreased potential for explosivity (e.g.,
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Vergniolle et al., 1996; Roggensack et al., 1997; Clarke
et al., 2002, 2007; Melnik and Sparks, 2002; Melnik
et al., 2005); (4) open-system accumulation of volatiles
(e.g., Andronico et al., 2005; Allard et al., 2006; Burton
et al., 2007; Menand and Phillips, 2007; D’Alessandro
et al., 1997), possibly resulting in the formation of gas
slugs and Strombolian style eruptions (e.g., Jaupart and
Vergniolle, 1989; Allard et al., 1991; Burton et al., 2007;
Menand and Phillips, 2007); and (5) development of
permeable pathways allowing for open-system gas loss
and decrease in explosivity (e.g., Eichelberger et al.,
1986; Stasiuk et al., 1996; Melnik and Sparks, 2002;
Melnik et al., 2005; Ida, 2007; Namiki and Manga, 2008;
Polacci et al., 2008).

The relative importance of pre-eruptive volatile
content versus syn-eruptive loss of volatiles is a key
question to understanding the dynamics of explosive
basaltic eruptions (Roggensack et al., 1997; Del Carlo
and Pompilio, 2004). However, to what extent systema-
tic variations in pre-eruptive volatile content correlate
with eruptive behavior remains largely unexplored
within the broader context of eruption dynamics or
explosivity. The two most abundant volatiles in basalt
magmas are H2O and CO2 (e.g., Johnson et al., 1994;
Dixon and Stolper, 1995; Dixon et al., 1995, 1997;
Schmincke, 2004; Papale, 2005; Wallace, 2005). Volatile
solubility in silicate melts is primarily pressure depen-
dent, with secondary dependence on temperature and on
melt composition, including other volatile species (e.g.,
McMillan, 1994; Blank and Brooker, 1994; Dixon et al.,
1997; Newman and Lowenstern, 2002; Papale et al.,
2006). Basalt magmas show a wide range of water
contents ranging from o0.5 to 6–8wt% (e.g., Sisson
and Grove, 1993; Johnson et al., 1994; Wallace, 2005),
with non-arc basalts generally being considerably dryer
(e.g., Kı̄lauea up to 1wt%, Wallace and Anderson,
1998; Gerlach et al., 2002; Hauri, 2002) than arc
magmas (up to ca. 4wt% at Etna, e.g., Metrich et al.,
2004; Spilliaert et al., 2006a, b; Kamenetsky et al., 2007;
up to 3.4wt% at Stromboli, Metrich et al., 2005), where
water content can be highly variable. CO2 content is
more difficult to constrain, because low CO2 solubility
results in glasses and melt inclusions with lower CO2

concentrations than the parental magma. Measured
H2O and CO2 in melt inclusions in conjunction with
H2O–CO2 solubility relations suggests that arc magmas
also contained several wt% of CO2, much of which
exsolved pre-eruptively during vapor-saturated frac-
tional crystallization (e.g., Papale, 2005; Wallace, 2005;
Wade et al., 2006). Thus, magmas may already contain,
or have lost, significant amounts of volatile bubbles
prior to eruption. Overall, CO2 solubility is lower than
that of H2O so that CO2 will exsolve at greater depths
(pressures) than H2O. Consequently, relative propor-
tions of CO2 and H2O in erupted gases, or in glasses and
melt inclusions, can provide constraints on depths of
magma degassing (Burton et al., 2007; Edmonds and
Gerlach, 2007). S, Cl and F are also present in volcanic
gases at measurable quantities. Because S is less soluble
than Cl, which in turn is less soluble than F (Carroll and
Webster, 1994), these gases have also been used to
constrain degassing depth and style. Recent successful
applications have, for example, been to Etna (Metrich
et al., 2004; Allard et al., 2005; Spilliaert et al., 2006a, b),
Stromboli (Burton et al., 2007) and Kı̄lauea (Edmonds
and Gerlach, 2007).
4.4. Fluid mechanics of magma ascent

4.4.1. General considerations

Exsolving volatiles in ascending magmas form bub-
bles, which are always buoyant relative to the surround-
ing melt. Bubble rise depends primarily on size, volume
fraction and melt viscosity (e.g., Batchelor, 1967).
Bubble size and volume fraction are expected to increase
during ascent due to continued volatile exsolution,
decompression and coalescence (e.g., Sparks, 1978),
which by themselves may affect flow dynamics (e.g.,
Cheng et al., 2002). At the same time, viscosity may
increase due to the loss of dissolved volatiles, decrease in
temperature and crystallization (e.g., Gonnermann and
Manga, 2007 and references therein), which in turn will
affect bubble rise velocities.

On eruptive time scales mass discharge rate depends
on the total pressure drop between magma reservoir and
the surface. Locally within the conduit the pressure
gradient is, to first order, the sum of the contributions
due to gravity and friction (e.g., Guet and Ooms, 2006).
The gravitational part depends on the density of the
gas–liquid mixture, which is predominantly controlled
by the bubble volume fraction. The frictional pressure
gradient can, to first order, be estimated on the basis of
established single-phase flow correlations (e.g., Wilson,
1980; Wilson and Head, 1981; Koyaguchi, 2005; Guet
and Ooms, 2006). Over a wide range of flow conditions,
the frictional pressure gradient is dominant for liquid–
gas flows in vertical columns (e.g., Guet and Ooms,
2006), implying for magmatic systems that vesicularity
has a significant influence on global flow conditions.

Wilson (1980), Wilson and Head (1981), Parfitt and
Wilson (1995), Parfitt et al. (1995) and Parfitt (2004)
suggested that major transitions in explosive eruption of
basalt magmas are the consequence of the degree to
which bubbles and the melt phase are coupled, a
function of viscosity, bubble size and abundance, as
well as discharge/ascent rate. In the fluid dynamics
community, it has long been known that small
perturbations in gas–liquid flow systems can lead to
huge oscillations in flow rates and flow regimes (e.g.,
Baker, 1954; Taitel et al., 1980; Tutu, 1982, 1984;
Furukawa and Fukano, 2001; Cheng et al., 2002; Hibiki
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and Ishii, 2003a, b; McNeil and Stuart, 2003, 2004; Hu
and Golan, 2004; Guet and Ooms, 2006; Guet et al.,
2006; Ornebere-Iyari et al., 2007). The most sensitive
parameters in controlling perturbations or transitions in
flow dynamics are probably the rate and nature of gas
flux. For magmas it should be expected that rheology,
because of its large variability, can play an additional
important role. Bubble mobility scales inversely with
liquid viscosity and is likely to affect the overall fluid
dynamics of the flow. In the engineering literature, the
fluid dynamics of bubbly flows has received considerable
attention and four basic flow regimes have been
identified: bubble flow, slug flow, churn flow and
annular flow (Fig. 17). While these flow regimes occur
over a wide range of conditions, inconsistencies and
open questions remain, especially in terms of applic-
ability to basaltic eruptions, where length scales,
viscosities and pressures exceed the conditions of most
experimental investigations. Nonetheless, the general
principles of gas–liquid flows should be instructive for
the understanding of magmatic systems.
4.4.2. Strombolian style eruptions

For gas–liquid flow in vertical columns with low gas
flow rates and small bubbles relative to the conduit
diameter, bubbles are more or less randomly dispersed
and move upward through the liquid phase without
much dynamical interaction. This is called the bubble
flow regime (Fig. 17). At higher gas flow rates, bubble
number density is no longer uniformly distributed and
hydrodynamic interactions can potentially affect the
dynamics along the entire length of the conduit system.
Originally it was thought that collisions between bubbles
result in coalescence and ultimately to large bubbles of
bubble
 flow

slug
flow

churn
flow

annular
flow

Fig. 17. Flow regimes for vertically rising bubbly liquids after

Taitel et al. (1980) and Guet and Ooms (2006).
comparable size to the diameter of the conduit
(Radovcich and Moissis, 1962). These are generally
referred to as gas slugs, or Taylor bubbles, and the asso-
ciated flow regime is called cap or slug flow (Fig. 17). A
consequence of this hypothesis was that, given a
sufficiently long residence time within the conduit,
bubble flow should invariably pass to slug flow.
Subsequently, it was suggested that dispersed bubble
flow could be maintained if there is sufficient bubble
break-up due to liquid turbulence to balance bubble
coalescence (Taitel et al., 1980). More recently it was
found that the transition to slug flow occurs simulta-
neously throughout the liquid column, implying that
bubble coalescence and break-up are not the underlying
mechanisms responsible for this flow transition (Hewitt,
1990). Instead, the bubble-to-slug transition may be
associated with instabilities of void-fraction waves, or
bubble clusters, that form dynamically within the flow
(e.g., Wallis, 1969; Saiz-Jabardo and Bouré, 1989; Park
et al., 1993; Cheng et al., 1998). In some conditions,
bubble flow passes directly to churn flow (Cheng et al.,
1998), which typically occurs at higher gas flow rates
than slug flow (Fig. 17). Void-fraction time series from
laboratory experiments of slug and cap flow (e.g.,
Cantelli et al., 2006) are suggestive of Strombolian
eruptions, at least in some cases, being the consequence
of analogous fluid-dynamical regimes within the conduit
producing an intermittently high rate of gas flux. In fact,
it has been suggested that at low magma ascent rates
bubbles and melt become decoupled, resulting in open-
system degassing (e.g., Wilson and Head, 1981; Parfitt,
2004; Parfitt and Wilson, 1995; Parfitt et al., 1995).
Bubbles rise relative to the melt phase leaving a
relatively volatile-depleted magma with lowered explo-
sive potential (Taddeucci et al., 2002). Dynamical
interaction between bubbles may result in significant
bubble coalescence (e.g., Wilson and Head, 1981;
Parfitt, 2004; Parfitt and Wilson, 1995; Parfitt et al.,
1995) or bubble accumulation (e.g., Allard, 2007;
Edmonds and Gerlach, 2007) thought to be required
processes for Strombolian style eruptions.

Both processes may be enhanced or facilitated at
geometric asperities within the magmatic plumbing
system where bubbles can accumulate (e.g., James
et al., 2004).

4.4.3. Hawaiian style eruptions

Churn flow (Fig. 17) occurs at higher gas flow rates
than slug flow. Unlike slug flow, it is characterized by
neither phase being continuous, and by highly unsteady
behavior (e.g., Cantelli et al., 2006). At gas flow rates
that are at least 10 times larger than liquid flow rates,
churn flow passes to annular flow, where the gas phase
essentially occupies almost the entire conduit and is
surrounded by a relatively thin annulus of liquid along
the conduit walls. Both churn and annular flow produce
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more sustained and vigorous flow conditions than slug
flow. For churn and annular flow, the gas phase is
continuous, albeit heterogeneously and somewhat inter-
mittently, on length scales that approach the diameter of
the conduit. It has been suggested that magma flow in
the volcanic conduit during Hawaiian style eruptions is
associated with annular flow (Vergniolle and Jaupart,
1986, 1990; Jaupart and Vergniolle, 1988, 1989), where it
is assumed that annular flow is the consequence of
bubble accumulation and coalescence at the roof of a
shallow magma storage reservoir. More or less contin-
uous collapse of this ‘‘foam’’ is then thought to give rise
to a relatively continuous, high gas flux into the conduit
system, capable of sustaining Hawaiian style magma jets
for durations of hours.

In contrast, Wilson (1980), Wilson and Head (1981),
Parfitt and Wilson (1995), Parfitt et al., 1995) and Parfitt
(2004) suggest that for small bubbles and/or high
magma ascent rates bubbles are unable to move
appreciably relative to the melt phase, i.e., melt and
bubbles are coupled. Consequently, the gas phase is
dispersed throughout the magma producing a highly
vesicular magma with relatively small bubbles. At some
point the magma ‘‘disrupts’’ or ‘‘fragments’’.

4.4.4. Subplinian and Plinian basaltic eruptions

What governs the transition to subplinian or Plinian
eruptive styles remains largely unresolved. Recently it
has been suggested that subplinian activity at Shishaldin
volcano, Alaska in 1999 was the consequence of bubble
accumulation, coalescence and collapse beneath the roof
of a shallow magma reservoir (Vergniolle and Caplan-
Auerbach, 2006). This would suggest that the observed
subplinian activity is simply a more intense form of
Strombolian or Hawaiian style eruptions. The latter is
not inconsistent with results from an analysis of tephra
dispersal from the Hawaiian style 1959 Kı̄lauea Iki
eruption of Kı̄lauea volcano, Hawai’i. Here it was
concluded that Hawaiian eruptions are dynamically
indistinguishable from Plinian eruptions (Parfitt, 1998;
Parfitt and Wilson, 1999).

This, however, contradicts the general view that
Plinian style eruptions are associated with brittle magma
fragmentation (e.g., Cioni et al., 2000), as low viscosity
basalt cannot fragment in a truly brittle manner at
discharge rates typical for Hawaiian style eruptions
(e.g., Namiki and Manga, 2008). It therefore remains
unclear to what extent models derived from tephra
dispersal studies can be reconciled with constraints on
magma fragmentation processes (e.g., Zimanowski
et al., 1997; Spieler et al., 2004; Taddeucci et al.,
2004b; Namiki and Manga, 2008). Based on textural
observations of tephra from subplinian and Plinian
basaltic eruptions, it has been suggested that basaltic
subplinian and Plinian eruptions are distinct from
Hawaiian style eruptions and may be the consequence
of brittle fragmentation of microlite-rich magma (e.g.,
Taddeucci et al., 2004a, b; Sable et al., 2006a; Gonner-
mann et al., in press). This hypothesis is based on the
rheological stiffening of the microlite-rich melt phase
leading to sufficient gas overpressure for brittle magma
fragmentation during rapid, ascent-driven decompres-
sion (Gonnermann et al., in press).
4.5. Magma fragmentation

Within realistic ranges of compositional variability,
eruptive temperatures and volatile content, viscosity of
crystal- and vesicle-free basalt liquids may vary by up to
two orders of magnitude (e.g., Giordano and Dingwell,
2003; Hui and Zhang, 2007). The bulk viscosity of
bubbly magma varies significantly as the volume
fraction of bubbles increases (e.g., Lejeune et al., 1999;
Manga and Loewenberg, 2001; Llewellin et al., 2002;
Pal, 2003, 2004; Llewellin and Manga, 2005; Gonner-
mann and Manga, 2007). Moreover, the presence of
crystals or microlites, which may reach up to 90% in
some basalt magmas (e.g., Sable et al., 2006a), will
significantly increase magma viscosity (Lejeune and
Richet, 1995; Stevenson et al., 1996; Saar et al., 2001;
Pal, 2002; Deubener, 2003; Costa, 2005; Arbaret et al.,
2007; Caricchi et al., 2007; Gonnermann and Manga,
2007; Lavallee et al., 2007). It can therefore be
concluded that the rheological effects of bubbles and
crystallinity are important potential factors modulating
eruption dynamics.

Rheological stiffening of magma results in increased
dynamic pressure loss and inability of bubbles to expand
upon decompression. While the mechanism by which
the basalt magma becomes fragmented may differ
between eruption styles and in general remains some-
what controversial (e.g., Sparks et al., 1994; Parfitt,
1998; Wilson, 1999; Spieler et al., 2004; Taddeucci et al.,
2004b; Namiki and Manga, 2005, 2008), there is little
doubt that decompression rate is a key factor. Con-
ventionally, it had been assumed that fragmentation
occurs at a critical volume fraction of bubbles,
presumably due to the instability of thin bubble walls
(e.g., Verhoogen, 1951; Sparks, 1978; Wilson and Head,
1983; Parfitt and Wilson, 1995). At present, the two
commonly invoked ‘‘brittle’’ fragmentation mechanisms
are ‘‘strain-rate dependent’’ (Webb and Dingwell, 1990;
Dingwell, 1996; Papale, 1999) and ‘‘stress dependent’’
(McBirney and Murase, 1970; Alidibirov, 1994; Zhang,
1999; Spieler et al., 2004) fragmentation. Basalt magma,
if it is relatively poor in crystals and microlites, is
not expected to undergo brittle fragmentation (e.g.,
Papale, 1999), but instead may fragment via ‘‘inertial
fragmentation’’, where the expansion of gas bubbles
during decompression results in inertial stretching and
breakup of the liquid magma (e.g., Shimozuru, 1994;
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Zimanowski et al., 1997; Namiki and Manga, 2008;
Villermaux, 2007; Eggers and Villermaux, 2008). This is
consistent with the abundant presence of fluidal textures
(Fig. 15) in clasts derived from Hawaiian style eruptions
(e.g., Heiken and Wohletz, 1985). However, in the
presence of abundant microlites and/or crystals, the
effective viscosity of the melt+solids suspension is
expected to increase by orders of magnitude, relative
to the melt phase. Consequently, decompressive bubble
growth may be viscously retarded leading to sufficient
built-up of overpressure for brittle magma fragmenta-
tion. Thus, if magma source conditions are sufficient for
sustained eruptive episodes, brittle fragmentation of
microlite-rich basalt magma may result in subplinian or
Plinian eruptions (e.g., Taddeucci et al., 2004a, b; Sable
et al., 2006a; Gonnermann et al., in press).

Hawaiian, subplinian and Plinian eruptions are
characterized by sustained, high magma discharge rates,
but differing mechanisms by which magma with
micrometer- to centimeter-size bubbles fragments. In
contrast, during Strombolian eruptions it appears to be
the fluid dynamics by which single meter-size bubbles, or
perhaps clusters of large bubbles, rupture at the magma
surface that results in the break-up and ejection of melt
that surrounds these gas slugs (e.g., Blackburn et al.,
1976; Wilson, 1980).
5. Discussion and conclusions

5.1. Steadiness in basaltic explosive volcanism

A simple way to view the contrast between Hawaiian
and Plinian versus Strombolian explosivity is that the
former are ‘‘steady’’, with sustained discharge on time
scales of hours to (rarely) days (e.g., Chouet et al., 1973;
Ripepe et al., 1993; Patrick et al., 2007) as a consequence
of sufficient magma flux and more or less closed-system
degassing, whereas the latter are a sequence of discrete
impulsive events lasting typically seconds to (rarely)
minutes (Richter et al., 1970; Walker et al., 1984;
Heliker et al., 2003) involving open-system behavior and
low magma flux.

In practice even Hawaiian fountaining is character-
ized by major fluctuations in exit velocity and mass flux
(Figs. 9 and 11). Exit velocity in Hawaiian eruptions
scales approximately with the square root of fountain
height, and the data in Figs. 9 and 11 suggest height
variations of at least an order of magnitude on time
scales of minutes. Explaining this variability is an
important second order problem, perhaps the most
significant one, for models of magma and gas transport
in the shallow conduit at Kı̄lauea.

We have no direct evidence for the extent of
unsteadiness in basaltic Plinian eruptions; however, the
complex pattern of proximal sedimentation in the 1886
Tarawera eruption with at places more than 50 distinct
beds formed over a 5-h time window (Sable et al., 2006b;
Carey et al., 2007) points to both abrupt and phased,
reversible changes in mass discharge rate and exit
velocity.

Much of this diversity in basaltic explosive eruptions
relates to the ease with which bubbles nucleate and
mature in fluid basaltic melts with respect to silicic
magmas where viscous effects are much more signifi-
cant. In basaltic systems, degrees of volatile super-
saturation are generally much lower leading to lower
bubble number densities (Fig. 16), but the depth interval
of bubble nucleation is probably much wider and
bubbles decouple from the melt phase over a consider-
able depth interval (Spilliaert et al., 2006a, b; Burton
et al., 2007; Edmonds and Herd, 2007).
5.2. Conclusions

Basaltic explosive eruptions span a range of six orders
of magnitude in mass discharge rate (102 to 108 kg s�1)
and include examples of Strombolian, Hawaiian, sub-
plinian and Plinian explosivity. There is no simple
correlation between these eruptive styles and average
mass flux. Additionally, single eruptions will contain
events of two or more types and pass rapidly from
Strombolian to Hawaiian or Strombolian to subplinian
and vice versa. Long-lived Hawaiian eruptions often will
include examples of brief spattering explosions more
similar to Strombolian explosions, whereas the high
frequency of Strombolian explosions at Etna and
elsewhere defines a transition towards steady-state
behavior, perhaps equivalent to Hawaiian fountaining.

Eruptive style is most strongly influenced by magma
supply rate and degassing and the extent of coupling of
gas and melt phases prior to and during ascent.
Feedbacks between ascent rate, syn-eruptive microlite
growth, magma rheology and fragmentation, as well as
bubble growth, mobility and coalescence, define a
complex dynamical system with an inherent propensity
toward nonlinear behavior that may manifest itself
through abrupt shifts in eruption style.
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