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Individual volcanoes can produce both effusive and explosive eruptions. A transition between these two eruption
styles dramatically changes the hazards and can occur either between distinct eruption events or within one
eruption episode. The causes of these transitions are difficult to determine due to the number of system param-
eters that can influence whether or not magma fragments in a runaway process. We apply a numerical model of
magma ascent in a volcanic conduit to isolate and test the effects of key parameters related to magma rheology
and system geometry. We find that for a given volcanic system, parameters that control magma viscosity, such as
initial water mass fraction, initial crystal volume fraction, and temperature, have the greatest influence on
whether or not magma fragments during ascent and erupts explosively. We also define a ‘critical condition’ for
the full set of initial parameters under which a transition in eruption style, from effusive to explosive or the re-
verse, is more likely to occur. Under these conditions, small heterogeneities in the water or crystal content of
the magma, or small perturbations to the conduit pressure gradient due to magma chamber overpressure or
dome growth or collapse, can disrupt the magmatic conditions and cause a transition in eruption style. The
2010 VEI 4 eruption of Merapi Volcano included both effusive and explosive phases and was larger by an order
of magnitude than its eruptions during the previous century. We constrain our model for the Merapi system
using published literature values and show that between the previous eruption in 2006 and the 2010 eruption,
the shallow magmatic system at Merapi reached critical conditions due to the ascent from depth of a large, hotter,
more volatile-rich magma. Under these critical conditions and according to our model results, small changes in
the volatile content of the magma, small dome collapses, subtle changes in degassing rate, or the addition of
CO, to the magma through decarbonation of the bedrock, are all feasible mechanisms for triggering rapid transi-
tions between effusive and explosive activity during the 2010 eruption period.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Volcanic eruptions, whether effusive or explosive, have significant
impacts on their surroundings. While explosive eruptions are more vio-
lent and their hazards more far-reaching, effusive eruptions can persist
for decades and pose a continuous long-lived hazard (Simkin, 1993;
Wolpert et al., 2016). Transitions between eruptive styles can com-
pound hazards, as deviations from a “typical” eruption at a volcano
can catch the local population unprepared for a larger or longer-
lasting event. Persistently active volcanoes are especially hazardous in
this sense, as long stretches of “typical” or background activity can cre-
ate a dangerous false sense of security. Numerical modeling is a useful
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technique to test the conditions leading to eruptions of varying size
(Mastin, 2002). Constraining a model to simulate the conditions of an
active or potentially active system can help understand the range of
possible behaviors and the potential for transitions in eruptive style
(Wilson et al., 1980). Here, we apply a numerical model of magma as-
cent in a volcanic conduit to show the effect of chamber pressure and
different magmatic and geometric properties on eruption style and
then apply the model to explain the variations in explosive and effusive
activity during the 2010 eruption of Merapi Volcano.

1.1. Transitions between explosive and effusive activity

An explosive eruption is initiated by fragmentation of the magma.
Fragmentation is a runaway process of brittle failure of the remaining
melt phase of the magma mixture which can occur when the volume
fraction of the exsolved volatile phase is sufficiently large (Sparks,
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1978; Woods and Koyaguchi, 1994), the strain rate in the rapidly as-
cending magma is sufficiently high (Papale, 1999; Gonnermann and
Manga, 2003), or bubble overpressure exceeds a critical value (Zhang,
1999). These conditions lead to a dramatic transition, from a state in
which a liquid-solid magma phase (the carrier or continuous phase)
contains and transports exsolved volatiles, to a gas-driven mixture in
which the expanding gas carries particles of melt and crystals.

Previous works have discussed controls on eruption style (i.e.
whether or not the magma fragments) in terms of increasing pressure
in a magmatic system and the ability of that system to dissipate the
pressure through degassing (Woods and Koyaguchi, 1994; Ruprecht
and Bachmann, 2010; Kozono and Koyaguchi, 2012). As additional pres-
sure in the system drives an increase in ascent rate, proportionally less
gas is able to escape the system in an open-system manner and the
magma density decreases. The lower density causes the magma to rise
faster and potentially 1) reach the maximum bubble volume fraction
as volatiles exsolve during ascent and cannot escape the system; 2) ex-
ceed the critical strain rate value due to rapid ascent; and/or 3) reach
the surface with an overpressured bubble phase; all conditions resulting
in fragmentation causing an explosive eruption (Woods and Koyaguchi,
1994; Papale, 1999; Zhang, 1999; Melnik and Sparks, 2002). Woods and
Koyaguchi (1994) suggest that overpressure in the conduit system can
be generated if supply rate from depth is greater than the mass flow
rate at the vent, and transitions between effusive and explosive erup-
tions occur to relieve this overpressure.

Transitions in eruption style can also be affected by near-surface
processes. Lateral degassing through the conduit walls promotes effu-
sive eruptions by removing gas from the magma and preventing the
critical bubble volume fraction from being reached (Jaupart and
Allégre, 1991). Variations in the permeability of the conduit wall rock,
which controls the rate of lateral degassing, can thus lead to different
types of eruptions (Woods and Koyaguchi, 1994; Diller et al., 2006;
Clarke et al., 2007; Kozono and Koyaguchi, 2012; Degruyter et al.,
2012). Lava domes can also have significant impact (Woods and
Koyaguchi, 1994; Melnik and Sparks, 1999). Dome growth can suppress
fragmentation by increasing the pressure at the vent, which reduces the
pressure gradient driving ascent. Conversely, dome collapse can relieve
confining pressure and trigger explosive eruptions (Woods and
Koyaguchi, 1994; Melnik and Sparks, 1999). Melnik and Sparks (1999)
also model how small changes in dome height can significantly vary
the mass flow rate and show that the effects can be similar for minor
variations in magma chamber overpressure and magma volatile
content.

Magma viscosity strongly affects the potential for magma fragmen-
tation. Kozono and Koyaguchi (2012) describe a feedback mechanism
whereby higher flow rates result in less crystallization during ascent

and thus lower viscosities which promote further increases in flow
rate. However, Ruprecht and Bachmann (2010) show that pre-
eruptive heating of a silicic magma chamber by mixing with a recharge
batch of magma can promote effusive eruptions by lowering viscosity
and allowing more efficient gas loss from a permeable system.

Many of the factors described here cause nonlinear changes (Melnik
and Sparks, 1999; Kozono and Koyaguchi, 2012; Degruyter et al., 2012),
such that small changes in certain variables can result in large changes
in mass flow rate and potentially in effusive-explosive transitions.

1.2. Recent Merapi activity

Merapi Volcano is located in central Java (Fig. 1) and for millennia
has been one of Indonesia's deadliest and most active volcanoes
(Newhall et al., 2000; Voight et al., 2000). During the 20th and early
21st centuries Merapi was consistently active, with a nearly continuous
effusive eruption constructing a series of lava domes at the vent (Voight
et al.,, 2000). Effusive activity was characterized by long periods of very
slow extrusion rate (< 0.1 m®s™!) interrupted every few years by short
episodes of elevated extrusion rates (1-4 m> s~ ') lasting weeks to
months (Siswowidjoyo et al., 1995). The periods of elevated extrusion
rate were accompanied by dome collapse-generated block-and-ash
flows, which caused a majority of the casualties and damage associated
with the eruptions. This pattern of activity was so persistent for over
100 years that it became known as “Merapi-type” activity and eruptions
at other volcanoes are described using this term (Voight et al., 2000).
The most recent “Merapi-type” eruption at Merapi occurred in May-
July 2006 (Ratdomopurbo et al., 2013).

The 2010 eruption at Merapi broke the recent pattern in dramatic
fashion. On October 26, 2010, following a period of intense precursory
signals, an explosive eruption destroyed the 2006 lava dome and gener-
ated an ash plume that reached 12 km altitude (Surono et al., 2012). Fol-
lowing this explosion, rapid lava extrusion in excess of 25 m> s~ ! built a
new lava dome (Pallister et al., 2013). After this period of rapid lava ex-
trusion, the climactic explosion occurred on 4-5 November and was
classified as VEI 4 (Volcano Explosivity Index; Newhall and Self, 1982)
with an eruption plume reaching an altitude of 17 km (Pallister et al.,
2013). Based on plume heights and the models of Wilson and Walker
(1987) and Mastin et al. (2009), we estimate mass flow rates during
the explosive phases of the eruption to have been on the order of 10°-
107 kg s~ '. During the waning phase of the eruption a new dome was
emplaced at a rate of 35 m® s~! (Pallister et al., 2013). Extrusion rates
during the 2010 eruption were an order of magnitude greater than ex-
trusion rates during the 2006 and previous 20th century effusive erup-
tions (Ratdomopurbo et al., 2013; Hammer et al., 2000). Column-
collapse pyroclastic density currents (PDCs) reached up to 16 km from
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Fig. 1. Location of Merapi Volcano. Merapi (triangle) is located in central Java, 30 km north of the city of Yogyakarta. Inset: Location of the main map (box) within the Indonesia archipelago.
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the vent during the November 4-5 explosion, compared to 7 km for the
largest dome-collapse PDCs from the 2006 eruption (Charbonnier and
Gertisser, 2008; Charbonnier et al., 2013). As a result of the significant
increase in eruption intensity in 2010, 367 people were killed by pyro-
clastic flows and surges - the deadliest eruption at Merapi since 1931
(Voight et al., 2000; Surono et al., 2012). The previous VEI 4 eruption
at Merapi occurred in 1872, and eruptions of this size were more com-
mon in the two millennia prior to that year compared to the past
150 years (Voight et al., 2000; Newhall et al., 2000; Gertisser et al.,
2012).

Surono etal. (2012), Costa et al. (2013), and Preece et al. (2016) sug-
gest the exceptional size of the 2010 eruption was caused by the rapid
ascent of an unusually large and volatile-rich batch of magma from
depth, although the exact mechanisms suggested by the groups vary
in detail. This magma had similar composition to the 2006 magma
(Costaetal., 2013), but the size and ascent rate overwhelmed the capac-
ity of the shallow, crystal-rich storage system at Merapi that had slowed
previous rising magma batches, allowing them to degas and erupt effu-
sively (Costa et al., 2013). Costa et al. (2013) also discuss the potential
impact of crustal carbonate assimilation on the 2010 eruption, as this
process likely played an important role during the 2006 Merapi erup-
tion (Troll et al., 2012; Carr et al., 2018). For 2010, the addition of CO,
via decarbonation likely contributed to the exceptionally high ascent
rates and explosivity, though the importance of this contribution rela-
tive to other factors is unclear (Costa et al.,, 2013). Surono et al. (2012)
attribute the explosivity of the 2010 eruption to the separation of a
gas phase from the magma that ascended rapidly to the surface, while
they attribute the alternation between effusive and explosive eruption
phases to variable volatile content in the magma. Preece et al. (2016) at-
tribute the effusive-explosive transitions to variations between open-
and closed-system degassing that occurred as a result of degassing
and crystallization feedback mechanisms in the shallow conduit.

2. Methods

We use a numerical model for magma ascent in a vertical conduit
based on the theory of thermodynamically compatible systems
(Romenski et al., 2010; de' Michieli Vitturi et al., 2011; La Spina et al.,
2015; La Spina et al., 2017). The model is 1D, two-phase, multicompo-
nent, and steady-state, as in Carr et al. (2018), and includes the key pro-
cesses that control magma ascent dynamics, such as degassing and
crystallization and associated rheological changes, magma fragmenta-
tion, and viscous interaction with conduit walls. Here, we assume iso-
thermal conditions, a reasonable assumption for a long-lived, well-
insulated plumbing system (La Spina et al., 2017). The model is an ex-
tension of that for basaltic systems by La Spina et al. (2015), such that
we add lateral degassing, assume only one crystal phase, and use a ba-
saltic andesite bulk composition with a rhyolitic melt phase (based on
whole rock and glass composition measurements by Hammer et al.,
2000 and Innocenti et al., 2013).

As magma rises, exsolution of volatiles and crystallization change
the density and viscosity of the melt (Hess and Dingwell, 1996). The
evolving viscosity of the magma mixture is represented by a function
with three components (eq. 5, Carr et al., 2018): 1) the bubble-free,
crystal-free liquid (melt) viscosity, which is a function of the tempera-
ture and dissolved water content (eq. 7, Hess and Dingwell, 1996);
2) anincrease in magma viscosity due to the presence of crystals, calcu-
lated using a non-dimensional factor (eq. 9, Costa, 2005); and 3) a
change in magma viscosity due to the presence of bubbles, accounted
for by another non-dimensional factor (eq. 7, Llewellin and Manga,
2005). Lateral degassing occurs when conduit overpressure is greater
than lithostatic pressure and exsolved gas volume fraction reaches a
threshold value of 60%, deemed sufficient to allow permeable connec-
tivity (Eichelberger et al., 1986). We use the rate of lateral degassing
as defined by Jaupart and Allégre (1991) and a value for wall rock per-
meability of 4.8 x 10~ m? as in Diller et al. (2006) and Clarke et al.

(2007). For a full description of the model and its governing equations,
the reader is referred to Carr et al. (2018).

We use a critical bubble volume fraction to define the fragmentation
threshold. At this critical value the bubble volume fraction is too large
for the melt phase to remain connected and magma fragmentation oc-
curs. Previous works have applied a strain-rate (Papale, 1999) or
bubble-overpressure (Zhang, 1999) fragmentation criteria. Comparison
of the effects of different fragmentation criteria on the results of numer-
ical conduit models showed that the temporal evolution of
fragmentation- whether steady or pulsating- depended on the criteria
used (Melnik and Sparks, 2002). However, properties at the initiation
of fragmentation and resulting vent velocity and mass flow rate- the
quantities we are most interested in for this study- have been shown
to be similar to first order for different fragmentation criteria in multiple
conduit models (Melnik and Sparks, 2002). This result can be explained:
because of steep spatial gradients for all the variables immediately
below the fragmentation level, where bubble volume fraction is high,
ascent rates and strain-rates tend to also be high (Melnik and Sparks,
2002; Degruyter et al., 2012; La Spina et al., 2019). And thus, one critical
value will be reached nearly simultaneously with the others. Because of
this correlation among all criteria, we conclude that a critical bubble vol-
ume fraction is a reasonable fragmentation criterion for our applications
discussed below. Following previous works (Woods and Koyaguchi,
1994; Kozono and Koyaguchi, 2012; Degruyter et al., 2012), we use a
value of 0.8, above which the magma will fragment. We also tested
values in the range of 0.7-0.8 and find that the trends in our results,
as discussed later, are unchanged, although, as expected, explosive
eruption is more likely to occur with a criterion of 0.7 (see Supplemental
Figs. S1 and S2).

Below the fragmentation level, the liquid phase (a mixture of melt,
crystals and dissolved volatiles) represents the continuous phase
while the exsolved gas is the dispersed phase, and the drag force be-
tween the two phases is defined to retrieve the permeable outgassing
Forchheimer's law (Degruyter et al., 2012). Above the fragmentation
level, the exsolved gas constitutes the continuous phase while magma
fragments constitute the dispersed phase, and the drag force between
the two phases is modeled as in Degruyter et al. (2012) and La Spina
etal. (2015).

We investigate the effects of different parameters on mass flow rate
and magma fragmentation using the Dakota toolbox (Adams et al.,
2014). Dakota is an open-source software developed at Sandia National
Laboratories providing a flexible and extendable interface between
analysis codes (in our case the conduit model) and iterative systems
analysis methods. For our variable sensitivity analyses we conduct two
types of runs. First, we hold all but one parameter constant to isolate in-
dividual effects. Second, we use sets of three free parameters and run
the model for combinations of values for those three variables to inves-
tigate the relationship among parameters in a dynamic system. Dakota
allows these sets of model runs to be conducted iteratively without
manual manipulation of input values, dramatically streamlining the
process. In total, the output of over 1500 model runs are included here.

We choose a set of model input values representative of previous re-
search on multiple volcanic systems (standard values) to define two
standard runs (one effusive and one explosive) to use during our vari-
able sensitivity analysis (Table 1). We use a conduit length of 5000 m,
conduit radius of 15 m, and temperature of 850 °C as in Melnik and
Sparks (1999), Kozono and Koyaguchi (2012), and de' Michieli Vitturi
et al. (2013). The pressure at the conduit inlet (magma chamber) is
130 MPa, which assumes lithostatic pressure with a country rock den-
sity of 2650 kg m~33. The pressure at the conduit outlet (vent) is
~3.6 MPa, based on a 150 m tall dome (Calder et al., 2002; Nakada
et al, 1999; Ratdomopurbo et al, 2013) with a density of
2400 kg m—> (Komorowski et al., 2013). Initial water mass fraction is
0.04 (Degruyter et al,, 2012; Costa et al., 2013) and initial crystal volume
fraction is 0.44 (effusive) and 0.22 (explosive) (Melnik and Sparks,
1999; Hammer et al., 2000; Degruyter et al., 2012).
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crystal volume fraction in the case of Fig. 4a) leads to higher ascent rates
and a more rapid increase of the bubble volume fraction (compare top
left panel in Fig. 2a & b), causing the fragmentation threshold volume
fraction of 0.8 to be reached during ascent. The pressure gradient be-
tween the conduit inlet at depth and the vent also controls the ascent
rate such that runs with the same initial magma viscosity can be effusive
with a 75 m dome at the vent (which reduces the pressure gradient and
slows ascent) and explosive if vent pressure is atmospheric (compare
red and blue lines, Fig. 4b). However, viscosity is the primary control-
for the runs with the highest initial viscosity (dotted lines, Fig. 4b), the
viscosity controls the ascent rate such that ascent conditions are identi-
cal for no dome and a 75 m dome.

We also look at the relationships between multiple varying parame-
ters and their relative effect on mass flow rate and fragmentation. For
these sets of runs we focus on initial water mass fraction and initial crys-
tal volume fraction over ranges of 0.03-0.05 and 0.3-0.5, respectively,
and three different ‘third’ parameters - temperature (850 and 950 °C),
dome height (0, 75, and 150 m), and magma chamber overpressure at
the conduit inlet (0, 5, and 10 MPa). In the surface plots presented in
Fig. 5, each surface represents a fixed value of the third parameter.
The bottom surfaces are least likely to be explosive, while the top sur-
faces are most likely to be explosive. The influence of the third parame-
ter on the mass flow rate, relative to the initial water mass fraction and
initial crystal volume fraction, is shown by the spacing between surfaces
such that temperature has a relatively large effect on mass flow rate
(Fig. 5a, wide spacing) while overpressure does not (Fig. 5b, tight spac-
ing). Initial water mass fraction, initial crystal volume fraction, and tem-
perature all control the viscosity of the melt, so the combined effect of
all three parameters, as they move towards values that decrease viscos-
ity (from bottom right to top left in Fig. 5a), is a rapid increase in mass
flow rate (2-3 orders of magnitude, Fig. 5a). The equivalent plots for a
fragmentation threshold of 0.7 exsolved gas volume fraction are
shown in Supplementary Fig. S1.

Varying dome height introduces a step-like pattern to the eruption
rate (Fig. 5¢). This steep change in eruption rate occurs due to a transi-
tion in eruption style (effusive-explosive). In this case, compared to
changing temperature (Fig. 5a) or magma chamber overpressure
(Fig. 5b), a transition to explosive eruptions (fragmentation) has a

much more pronounced effect on mass flow rate (Fig. 5¢). Varying initial
water mass fraction and initial crystal volume fraction has a relatively
minor effect. For runs with no dome (upper surface, Fig. 5¢), fragmenta-
tion occurs for all but the most viscous initial parameters (lower right,
Fig. 5¢; initial crystal volume fraction 0.48-0.5 and initial water mass
fraction 0.03-0.036). As dome height increases (middle and bottom sur-
faces, Fig. 5¢), the initial parameters resulting in fragmentation move to-
wards the upper left in Fig. 5¢ (decreasing initial crystal volume fraction,
increasing initial water mass fraction), representing less viscous
magmas. This trend shows how larger domes (i.e. greater pressures at
the vent) are required to suppress fragmentation as magma viscosity
decreases (i.e. magma with lower crystal fractions and more volatiles).

The effusive-explosive regime diagrams in Fig. 6 highlight the critical
conditions where fragmentation occurs over the standard range
(Table 1; Fig. 2). In each of these panels the effusive regime is located
in the lower right and the explosive regime is in the upper left. The
black dots in the plot represent pairs of values for initial crystal volume
fraction (x-axis) and initial water mass fraction (y-axis) for which mul-
tiple simulations have been performed by varying the third investigated
parameter. The lines in each diagram are the fragmentation thresholds
for the labeled value of the third parameter. At a temperature of
850 °C, for example, most runs in Fig. 6a are effusive, whereas for
950 °C, most runs are explosive. The space between fragmentation
threshold lines represents the ‘strength’ of the third parameter in con-
trolling fragmentation conditions, with greater spacing indicating
greater effect. The equivalent plots for a fragmentation threshold of
0.7 exsolved gas volume fraction are in Supplementary Material.

In Fig. 6, we highlight fragmentation thresholds where small
changes in initial parameter values, or unsteady processes or heteroge-
neities during ascent not captured by this model, can result in a transi-
tion in eruption style. For example, along the fragmentation threshold
line for a magma temperature of 950 °C (Fig. 6a), a change of either
0.02 initial crystal volume fraction (between 0.46 and 0.44) or 0.002 ini-
tial water mass fraction (between 0.036 and 0.038) will result in a tran-
sition between effusive and explosive regimes (arrows, Fig. 6a). For a
temperature of 850 °C, the critical values shift, for example, to
0.32-0.34 initial crystal volume fraction and 0.04-0.042 initial water
mass fraction, showing the significance of temperature on
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Fig. 5. Effects of multiple parameters on mass flow rate. Sets of three different parameters are compared to show the effect on mass flow rate of initial water mass fraction, initial crystal
volume fraction, and (a) temperature, (b) magma chamber overpressure, and (c) dome height. Each surface represents the mass flow rate for each value of the third parameter. Each
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mass flow rate of changing the third parameter value, where more space between surfaces represents a greater effect. The greatest variations in mass flow rate occur when the
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fragmentation and a slower, steady rate of change for non-critical conditions. For the range represented here, the effect of overpressure (b) is minimal compared to the effects of water

and crystal content.

fragmentation (Fig. 6a). We reiterate, for the range of initial water and
crystal contents explored here, the explosive regime dominates at
950 °C, whereas the effusive regime dominates at 850 °C.

Fig. 6b again shows the relatively minor effect of magma chamber
overpressure on fragmentation compared to other parameters, al-
though increasing overpressure gently moves the system towards ex-
plosive activity. Under the right conditions (0.34 initial crystal volume
fraction and 0.044 initial water mass fraction, shown as a star in
Fig. 6b), an increase in overpressure of just a few MPa results in explo-
sive eruption. However, for other conditions (0.34 initial crystal volume
fraction and 0.04 initial water mass fraction, shown as a diamond in
Fig. 6b) an increase from 0 to 10 MPa chamber overpressure will not
cause fragmentation, while a decrease in initial crystal volume fraction
of just 0.04 from the same position (from 0.34 to 0.3) will result in an
explosive eruption, even for 0 MPa overpressure (thick arrow, Fig. 6b).

We acknowledge that the specific interpretations of transitions in
eruption style are heavily influenced by model simplifications and cho-
sen constants, especially the fragmentation model and threshold. We
also recognize that natural systems are dynamic and contain heteroge-
neities at many scales and thus are not restricted to the same absolute

distinctions as a numerical model. However, our model results allow
an exploration of the effusive-explosive transition in order to highlight
the relative role of different parameters in controlling eruptive regime;
the suite of runs presented here suggest that for some conditions
(called, “critical conditions’), small changes in key parameters can
abruptly shift eruption style, whereas for other conditions (away from
fragmentation thresholds), even large changes in those same parame-
ters will not change eruption style or eruption rate in a significant way.

3.2. Application to Merapi 2010

For the Merapi-specific case we fix the conduit length to 2000 m
(Ratdomopurbo and Poupinet, 2000), and country rock density to
2600 kg m—> (for a carbonate bedrock). We then vary the initial water
mass fraction over a range of 0.04-0.06 (Costa et al., 2013), the initial
crystal volume fraction over a range of 0.3-0.5 (Hammer et al., 2000),
the temperature over a range of 950 °C - 1000 °C (Costa et al., 2013),
the dome height over a range of 0-130 m (Pallister et al., 2013), the
magma chamber overpressure over a range of 0-10 MPa (Carr et al.,
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crystal volume fraction, and temperature; b) initial water mass fraction, initial crystal volume fraction, and magma chamber overpressure; c) initial water mass fraction, initial crystal
volume fraction, and dome height. The black dots represent parameter values used in the model runs. For example, each black dot in (a) represents two runs: one for each of the two
temperatures, with values of initial crystal volume fraction and initial water mass fraction corresponding to the plotted location. Effusive conditions are towards the lower right and
explosive conditions are towards the upper left. The fragmentation threshold is a solid line labeled by the value of the third parameter. A red line represents the fragmentation
threshold for the ‘standard’ value of the third parameter and is thus in the same location in each of (a), (b), and (c). For the labeled third parameter value, effusive conditions will
occur for water and crystal content values below the curve, and explosive conditions will occur for water and crystal content values above the curve. The arrows (a) show how small
changes in initial crystal volume fraction or initial water mass fraction can result in crossing the fragmentation threshold line for a temperature of 950 °C. A larger separation of the
fragmentation lines indicates a greater effect on fragmentation by the third parameter. (For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

2018), and the lateral permeability exponent between —12 and —14 overpressures generated in the 2 km-deep magma storage zone due

(Jaupart and Allégre, 1991). to volatile oversaturation.
As in Carr et al. (2018), we account for the potential effect of We select the runs that best describe the observed activity at Merapi
bedrock-derived C02 by Varying the Solublllty coefficient o, in the equa- (RurlS 1-9, Table 1) from this set of parameters and use these results to

assess the processes responsible for the documented 2010 eruptive ac-
tivity, paying particular attention to rapid changes in eruption rate or
style.

yUsing parameter values from previous studies on Merapi (Table 1),
the conduit model accurately reproduces the mass and volume flow
rates observed during both explosive and effusive phases of the 2010
eruption (Runs 1-9, Table 1). Run 1 (Table 1) represents the 26 October
explosive initiation of the eruption. For an initial water mass fraction of

tion for the equilibrium dissolved volatile fraction, x§' =0 \/p/p
(Sparks, 1978), where 0 = 4.11 x 10~ % is the H,0 solubility coefficient,
p is pressure [Pa], and p is a reference pressure, equal to 1 Pa (to make
the equation dimensionally consistent). We apply the model of Papale
et al. (2006) using Merapi magma compositions from Hammer et al.
(2000) and Innocenti et al. (2013) to determine the relationship be-
tween the solubility coefficient and ppm of added CO,. We run the sol-
ubility model for pressures from 0 MPa to 100 Mpa and vary the CO, 0.04 (Costa et al. (2013), initial crystal volume fraction of 0.44, and tem-

content. We best fit the trend in the form of xi' = o \/p/p (Sparks, perature of 970 °C, the magma fragments and erupts explosively with a
1978) for o values over a range of 3.11 x 107° to 4.11 x 107°. We 3 flow rate of 1.4 x 10° kg s~!, despite the initial confining pressure
then use the corresponding changes in the exsolved volatile phase of the 50 m dome remaining from the 2006 eruption (Ratdomopurbo
along with the model of Blake (1984) to calculate a range of possible et al,, 2013). The exceptionally high extrusion rates immediately
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following the 26 October explosive phase rapidly built a new lava dome
at a documented volume flow rate of approximately 25 m> s~ ! (Pallister
et al., 2013). We model these conditions (Run 2, Table 1), achieving an
extrusion rate of 28 m> s~! by using a dome height of 130 m and the
same initial water mass fraction, initial crystal volume fraction, and
temperature as Run 1. Note that Runs 2-9 (Table 1) employ a conduit
wall rock permeability of 4.8 x 1072, an increase from the value of
4.8 x 107 used in Run 1 and for the 2006 effusive eruption
(Table 1). We suggest the possibility that fracturing of the conduit
walls during the initial explosive phase on 26 October 2010 caused an
increase in conduit wall-rock permeability.

Following the approach adopted in the previous section, we explore
the effects of parameters on eruption style by varying individual values
from a standard (effusive) condition, here represented by Run 2
(Table 1). This comparison suggests that the Merapi system was near
critical conditions during the 2010 eruption, where small perturbations
of the system due to heterogeneous or changing parameter values or
unsteady processes could result in fragmentation and a transition
from an effusive to explosive eruption, and back again. For example,
an explosive phase is initiated in the model under conditions otherwise
identical to Run 2 by increasing the initial water mass fraction by just
0.001, from 0.040 to 0.041 (Run 3, Table 1). Similarly, a decrease in
dome height of only 10 m, from 130 m to 120 m, a decrease in the
wall-rock permeability, from 4.8 x 107! to 4.8 x 10~ !4, or an increase
in magma chamber overpressure, from 0 to 3 MPa, also result in an ex-
plosive eruption (Runs 4-6, Table 1) and mass flow rates of
1.6-2.1 x 10° kg s~ 1. A decrease in the water solubility coefficient o to
3,61 x 107, corresponding to the addition of ~4000 ppm CO, (Papale
et al., 2006), causes overpressure to build in the storage region as the
bubble volume fraction increases. As overpressure increases from 0 to
5 MPa, extrusion rate increases from 20.7 to 34.0 m® s~ . An explosive
eruption occurs when overpressure reaches 6 MPa (Run 7, Table 1). Fol-
lowing the model of Blake (1984), overpressures of 0-10 MPa can be ex-
pected to occur due to the addition of 4000 ppm CO, to <1 vol% of the
magma in the storage region at a depth of 2 km.

These small variations in initial parameters in the conduit model
demonstrate the high-sensitivity of the effusive-explosive transition to
the parameter conditions of Runs 2-7 (Table 1), where different erup-
tion styles and mass flow rates are possible for very small changes in ini-
tial conditions. These model results suggest that the conditions in the
Merapi system may have been near critical conditions in 2010 and
that small parameter changes may have feasibly led to abrupt changes
in eruption style, similar to those observed and documented.

Runs 3-7 (Table 1) demonstrate that several kinds of changes may
have triggered the 4-5 November climactic explosive phase of the erup-
tion, which we model explicitly in Runs 8 & 9 (Table 1). Assuming no
dome conditions (a reasonable assumption because the initiation of
the explosive phase destroyed the lava dome), maximum modeled
mass flow rates are 3.5-5.3 x 10° kg s~! for the range of volatile con-
tents measured in samples from the eruption by Costa et al. (2013)
(Runs 8 & 9, Table 1). The modeled mass flow rates were
1.4-5.3 x 10% kg s~ ! for the three largest explosive phases (Runs 1, 8,
&9, Table 1) and are within the range of 10°-107 kg s~ that are ex-
pected to produce eruption plumes between 12 and 17 km in height
(Wilson and Walker, 1987; Mastin et al., 2009; Pallister et al.,, 2013).

4. Discussion

The broad range of model results for multiple parameters presented
here allows us to comment on two types of effusive-explosive transi-
tions: those that occur between distinct eruption events, and those
that occur within a single eruption episode. Furthermore, we are able
to apply these concepts to explain effusive-explosive transitions at
Merapi volcano, both between the 2006 and 2010 eruptions and during
the 2010 eruption.

4.1. Transitions between distinct eruptions

Parameters affecting magma viscosity have the greatest influence on
whether or not an eruption is effusive or explosive, and consequently,
exert the greatest influence on the resulting mass flow rate (Fig. 3). A
transition in eruption style can occur if the viscosity of the magma
changes between eruptions (Fig. 4). This can be achieved without
changing the composition of the magma, but instead by altering the
water mass fraction, crystal volume fraction, and/or temperature of
the magma entering the conduit through mixing with new magma of
the same composition ascending into the system. The new magma
may be hotter, higher in volatile content, and lower in crystal content
compared to a magma residing in a shallow storage system (Ruprecht
and Bachmann, 2010). If this newly mixed magma does not stall during
ascent, its lower viscosity will favor explosive eruption compared to the
pre-existing magma in the shallow storage system.

Conversely, if magma entering or remaining in a shallow storage re-
gion following an explosive eruption has time to cool, degas, and/or
crystallize prior to rising towards the vent, it will favor effusive eruption
largely due to its higher viscosity and relatively degassed state. This is
likely the case for dome-forming eruptions that follow in the months
to years after large explosive eruptions, such as at Mount St. Helens in
Washington, USA (Fink et al, 1990) and Santiaguito Volcano in
Guatemala (Anderson et al., 1995).

4.2. Transitions during eruption episodes

For rapid transitions between explosive and effusive activity to occur
within a single eruption episode, the volcanic system must be at critical
conditions, where small perturbations of the system can cause the rising
magma to cross the fragmentation threshold (Fig. 6). This concept has
been described previously for scenarios involving small variations in
magma chamber overpressure (Woods and Koyaguchi, 1994), viscosity
(Kozono and Koyaguchi, 2012), and dome height (Melnik and Sparks,
1999; Woods and Koyaguchi, 1994), as well as short periods of perme-
able gas loss (Kozono and Koyaguchi, 2012; Degruyter et al., 2012).
When at critical conditions (Fig. 6), small variations in initial water
mass fraction or initial crystal volume fraction can cause eruption style
to change. The variations may be sufficiently small to be attributed to
natural small- to medium-scale heterogeneities in a magma chamber.
If values of initial water mass fraction and initial crystal volume fraction
remain constant, critical values of temperature, dome height, and
magma chamber overpressure also exist, such that sudden changes in
eruption style may occur with small changes in these parameters
(Figs. 3,5 &6).

Explosive eruptions lacking an effusive phase and sustained effusive
eruptions are likely examples of systems in which the magma is not
near critical conditions. Because small variations in parameters will
not change the eruption type, the eruption style is stable and will con-
tinue until reservoir pressure decreases and the supply of magma di-
minishes - rapidly over hours to days for explosive eruptions or slowly
over months or years for effusive eruptions. The 2014 eruption of
Kelud, which did not produce any effusive activity before or after the
February 14 explosion (Global Volcanism Program, 2014), may be an
example of eruption of a finite, homogeneous batch of magma that
was sitting in a ‘stable explosive state’. Analogously, the 1990-1995
eruption of Unzen Volcano (Japan) (Nakada et al., 1999) may be an ex-
ample of the eruption of magma sitting in a ‘stable effusive state’.

4.3. Transitions at Merapi in 2010

Our model results are consistent with observations of the 2010
Merapi eruption (Surono et al., 2012; Costa et al., 2013; Pallister et al.,
2013; Preece et al., 2016). The volume flow rate of 28.1 m> s™! that
we calculate in Run 2 (Table 1) is within the range of 25-35 m> s~ ! de-
scribed by Pallister et al. (2013). The maximum mass flow rate of
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5.3 x 10°kg s~! (Run 9, Table 1) is within the range of 10°-107 kg s~
expected for an eruption generating a 17 km high plume, similar to that
generated on 4-5 November 2010 (Wilson and Walker, 1987; Mastin
et al., 2009; Pallister et al., 2013). From the 2006 eruption to the 2010
eruption, our model results suggest that there may have been increase
in water mass fraction from 0.025 to 0.04, a decrease in crystal volume
fraction from 0.5 to 0.44, and a temperature increase from 950 to
970 °C (Table 1) in the shallow storage region at 2 km depth. These
changes can be explained by a rising batch of magma in 2010 that
mixed with a cooler, more crystalline, degassed magma remaining
from the 2006 eruption (Table 1), and then, due to the volume and as-
cent rate of the rising magma batch, erupted without having time to
cool, crystalize, and/or degas (Fig. 7a). Rapid ascent of the magma cre-
ated conditions more favorable for explosive eruptions and high extru-
sion rates during effusive activity. This explanation for the cause of the
more violent 2010 eruption is consistent with several previous studies
that used different lines of inquiry. For example, the conclusions of
Surono et al. (2012), based on monitoring and petrologic observations,
suggest a similar cause for the change in eruption style. From petrologic
analysis, Preece et al. (2016) conclude that the cause of the transition
from effusive eruption in 2006 to explosive eruption in 2010 was driven
by an increase in magma flux from depth and subsequent higher ascent
rates. Costa et al. (2013) explain that while the magma prior to the 2006
eruption had time to crystallize and degas in a shallow storage region,
leading to an effusive eruption (and the model input parameters in
Table 1 and Carr et al., 2018), the volume of magma entering the system
in 2010 overwhelmed the shallow storage region, which limited the
degassing and crystallization that could occur, and resulted in an explo-
sive eruption.

We propose an additional idea here: the rising batch of new magma
led to critical conditions in the Merapi shallow storage system in 2010,
resulting in rapid fluctuations in eruption style with alternating effusive
- explosive behavior (Fig. 7b & c). Small variations in either initial water
mass fraction or dome height result in a transition from effusive to ex-
plosive eruption (Runs 2-4, Table 1; Fig. 7b & c¢)- variations that can rea-
sonably be explained by eruption from a heterogeneous magma
chamber (Fig. 7b), as suggested by Surono et al. (2012). Preece et al.
(2016) attribute the effusive-explosive transitions to closed-system
degassing conditions that developed during dome extrusion and
allowed pressure to build in the shallow conduit (Fig. 7b & c). We
show that for this to be a feasible explanation, a decrease in the wall-
rock permeability of two orders of magnitude is required, from
48x 1072 t0 4.8 x 1074,

Given the frequency of block and ash flows during this and other
Merapi eruptions, dome collapse is also a reasonable explanation for
the initiation of explosive activity (Run 4, Table 1; Fig. 7c). However,

a) Initial Explosion (Oct 26)

Higher system permeability
promotes degassing and
extrusion

Influx of new magma overwhelms
shallow storage system, leading
to explosive eruption

b) Critial Conditions: Effusive

Rapid dome extrusion
(>25 m?s?)

we note that no descriptions of the eruption mention dome collapses
preceding the explosive phases in 2010, and in the case of the October
26 explosion, sources specifically mention the lack of any dome instabil-
ity or collapses prior to this event (Surono et al., 2012; Pallister et al.,
2013).

A storage zone overpressure increase of 3 MPa can also trigger an ex-
plosive eruption (Run 5, Table 1; Fig. 7c). However, regional deforma-
tion at Merapi prior to the 2010 eruption was not observed by InSAR
(Chaussard and Amelung, 2012; Saepuloh et al., 2013), and only one
electronic distance measurement (EDM) baseline showed significant
change (Saepuloh et al., 2013). We conclude that any overpressure
that developed was localized, did not cause ground deformation at spa-
tial or temporal scales observable by InSAR, and that the other mecha-
nisms described here [heterogeneous water content, variable shallow
conduit degassing, addition of CO,] are more likely triggers of the tran-
sitions in eruption style relative to overpressure caused by increased
magma flux affecting the entire shallow storage region.

The addition of CO, to the magma through decarbonation of the car-
bonate bedrock can affect eruptive style by reducing the solubility of
water in the magma, causing exsolution of volatiles and increasing bub-
ble volume fraction and overpressure in the shallow storage zone.
Deegan et al. (2010), Troll et al. (2012), and Carr et al. (2018) show
that activity at Merapi in 2006 was likely affected by this process, and
Costa et al. (2013) suggest that decarbonation is likely to have been in-
creased in 2010 due to the increased temperature and volume of the
magma in the shallow storage zone. Our results agree, and indicate
that given the critical conditions likely to have existed during the
2010 eruption, the addition of approximately 4000 ppm CO, to <1 vol
% of magma in the shallow storage zone is needed to trigger an explo-
sive eruption. We also emphasize here that the overpressure that devel-
oped as a result of decarbonation was likely to have been short-lived
and to have occurred over a small volume, in contrast to overpressure
that would develop due to greater magma flux into the storage region.
We offer this as an explanation for why no significant regional ground
deformation was observed by InSAR during the eruption (Chaussard
and Amelung, 2012; Saepuloh et al., 2013) and only one ground-based
EDM baseline recorded significant change (Saepuloh et al., 2013). Over-
pressure associated with decarbonation may have affected only a small
portion of the shallow storage zone, focusing deformation over a small
area and not generating sufficient deformation to be detected by InSAR.

Our steady-state numerical model is unable to fully capture the tran-
sition from explosive back to effusive activity. All model runs where the
dome height was set to 0 m- representing the explosion destroying the
dome- remain explosive. We thus attribute the explosive to effusive
transition to unsteady shallow conduit processes, most likely related
to either separation of the gas and melt phases of the magma via

c¢) Critial Conditions: Explosive
including Nov 4-5 climatic phase

Mass flow rates
up to 107 kg s

Collapse of the growing dome
Lower system permeability, can trigger explosive phases
limits degassing and
promotes explosive
activity

Decarbonation
of bedrock ~€7
[ | Jadds CO,

Fig. 7. Eruptive conditions at Merapi in 2010. The 2010 eruption began (a) when new magma entered and overwhelmed the shallow Merapi storage system, leading to an explosive
eruption. The influx of new magma also moved the system into critical conditions, where small changes in certain parameters [volatile content, dome height, magma chamber
overpressure, wall-rock permeability, and H,O solubility due to addition of CO, from the carbonate bedrock] could cause rapid transitions between effusive (b) and explosive (c) activity.
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permeable pathways and enhanced open-system degassing, as sug-
gested by Preece et al. (2016), or an increasing conduit diameter, as de-
scribed by Aravenna et al. (2017). Enhanced open-system degassing
may be favored during the waning stages of explosive phases due to de-
pletion of overpressure as high mass eruption rates empty the shallow
storage region.

5. Conclusions

We use a numerical model of magma ascent in a volcanic conduit to
investigate effusive-explosive eruption transitions in silicic volcanic sys-
tems. In general, the parameters controlling the viscosity of the magma
- initial water mass fraction, initial crystal volume fraction, and temper-
ature - exert the greatest control on the mass flow rate and whether or
not an explosive eruption occurs, with low viscosities favoring high as-
cent rates and therefore explosive eruption. We also compare multiple
parameters against one another and identify critical conditions for dif-
ferent sets of parameters under which small perturbations within the
system may cause a change in eruption style. Initial water mass fraction
and initial crystal volume fraction are key parameters in defining condi-
tions necessary for a system to be in a critical condition.

Our results support the suggestion that the transition at Merapi Vol-
cano from effusive eruption in 2006 to explosive eruption in 2010 was
caused by the fast ascent of a volatile-rich batch of magma that was
too large to be accommodated in the shallow storage system (Costa
etal, 2013) (Fig. 7a). We add that the new batch of magma may have
pushed the Merapi system into critical conditions, leading to multiple
transitions over a short period during the 2010 eruption (Fig. 7b & c).
These results and the idea of critical conditions at Merapi are consistent
with mechanisms for effusive-explosive transitions suggested in previ-
ous work, such as heterogeneities in water mass fraction (Surono
et al., 2012) and variable degassing conditions in the shallow conduit
(Preece et al.,, 2016). We also demonstrate that the addition of CO, to
the magma from decarbonation of bedrock- a process that has been pre-
viously identified at Merapi- can significantly affect water solubility and
thus the bubble volume fraction, and we offer this as an additional fea-
sible mechanism for transition between effusive and explosive activity
during the 2010 eruption.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2019.106767.
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