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Tephra and lava pairs from two summit eruptions (AD 2008 and

1957) and a flank fissure eruption (� AD 1850) are compared in

terms of textures, phenocryst contents, and mineral zoning patterns

to shed light on processes responsible for the shifts in eruption style

during typical eruptive episodes at Volca¤ n Llaima (Andean

SouthernVolcanic Zone, Chile).The mineralogy and whole-rock com-

positions of tephra and lavas are similar within eruptive episodes,

suggesting a common magma reservoir for Strombolian paroxysms

and lava effusion. The zoning profiles and textures of plagioclase

record successive and discrete intrusions of volatile-rich mafic

magma accompanied by mixing of these recharge magmas with the

resident basaltic-andesitic crystal mushes that are commonly present

at shallow levels in the Llaima system. Each recharge event destabil-

izes the plagioclase in equilibrium with the resident crystal mush

melt and stabilizes relatively An-rich plagioclase, as is recorded

by the numerous resorption zones. Lavas typically have �15^20

vol. % more phenocrysts than the tephra. Differences in plagioclase

and olivine textures and zoning, combined with different phenocryst

contents, indicate that a greater volume fraction of recharge magma

is present in the explosively erupted magma than in subsequent effu-

sively erupted magma. We propose that Strombolian paroxysms at

Volca¤ n Llaima are triggered by interactions with large volume frac-

tions of recharge magma, which decrease the bulk viscosity and in-

crease the volatile contents of the erupted magmas, leading to the

conditions required for the fragmentation of basaltic-andesite. Lava

effusion ensues from reduced interactions with the recharge magma,

after it has partially degassed and crystallized, thereby impeding

rapid ascent. This process could be operating at other steady-state

basaltic volcanoes, wherein shallow reservoirs are periodically re-

filled by fresh, volatile-rich magmas.

KEY WORDS: eruption style; magma recharge; plagioclase textures;

Strombolian;Volca¤ n Llaima

I NTRODUCTION
Much progress has been made in the field of eruption fore-
casting with the development of increasingly precise geo-
physical monitoring tools (Neuberg, 2006; Sparks et al.,
2012). Records of seismic activity may be inverted to
models of magma motion and rock failure at depth be-
neath active volcanic systems (e.g. Roman et al., 2006;
Sturton & Neuberg, 2006; Hammer & Neuberg, 2009).
Three-dimensional seismic tomography has proven suc-
cessful for the location of potential reservoirs containing a
fraction of magmatic liquid, expressed as low-velocity
zones (e.g. magma reservoir beneath Rabaul, Papua New
Guinea; Finlayson et al., 2003; Bai & Greenhalgh, 2005;
beneath Mauna Loa and Kilauea, Hawaii; Okubo et al.,
1997). A centimeter-scale inflation or deflation of a volcanic
system owing to the migration of magmatic fluids can be
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recorded by InSAR (e.g. Bathke et al., 2011; Chadwick et al.,
2011), tilt-meter (e.g. Green et al., 2006), or global position-
ing system (GPS) measurements (e.g. Jentzsch et al., 2001;
Lowry et al., 2001; Geist et al., 2006). This information con-
tributes to better eruption forecasting.
However, predicting the style of an eruption remains a

challenge of fundamental importance for risk assessment.
The vast majority of active volcanoes display a range in
eruption styles, from effusive lava flow or dome growth to
the explosive output of pyroclasts by Strombolian,
Vulcanian, or Plinian eruptions (depending on magma vis-
cosity, gas content, magma volume, etc.). The interpret-
ation of geophysical signals as predictors of eruption style
will ultimately depend on a thorough understanding of
the magmatic processes that operate during periods of vol-
canic unrest, and especially of the processes that control
eruptive volume and vigor.
Many studies have addressed the mechanisms for a given

eruption style to occur and the possible origin(s) of transi-
tions in eruption style at mafic and silicic volcanic centers
(e.g. McBirney & Murase, 1970; Blackburn et al., 1976;
Jaupart & Vergniolle, 1988; Alidibirov, 1994; Woods &
Koyaguchi, 1994; Parfitt & Wilson, 1995; Woods, 1995;
Dingwell, 1996; Gonnermann & Manga, 2003, 2007;
Cashman, 2004; Houghton et al., 2004; Polacci et al., 2005;
Mason et al., 2006; Lautze & Houghton, 2007; Scandone
et al., 2007; Namiki & Manga, 2008; Pioli et al., 2009; Kent
et al., 2010; Ruprecht & Bachmann, 2010; and references
therein). However, a number of uncertainties remain and
dynamics can change significantly between volcanic cen-
ters. The key parameters controlling eruption style are
both intrinsic (magma density, viscosity, volatile-, pheno-
cryst-, and microlite-content) and extrinsic (conduit
geometryçwidth, shape, junctions, roughness) to the
erupted magma. They ultimately define the mass dis-
charge rate and the mechanism by which the erupted
magma fragments. Extrinsic parameters are specific to a
volcanic center, and require geophysical studies and/or
long-term monitoring to be accurately defined. In add-
ition, they are subject to rapid changes owing to conduit
excavation or clogging after an eruptive episode. Intrinsic
parameters, on the other hand, are more generic and simi-
larities can be observed between volcanic centers. They
are defined at depth within the reservoir, although they
may evolve at shallower levels owing to magma degassing
and crystallization during eruption. Defining the main
parameters controlling the eruption style(s) of a given vol-
cano is crucial for reliable eruption forecasting.
The application of petrology to volcanology-based ques-

tions may establish a link between surface-monitored sig-
nals and the subsurface processes that generate them
(Blundy & Cashman, 2008). Magma chamber dynamics
and recharge processes have been addressed in detail at a
number of volcanic centers through the examination of

phenocryst and microlite textures, compositions and min-
eral zoning (Streck et al., 2002, 2005; Couch et al., 2003a;
Gioncada et al., 2005; Browne et al., 2006; Humphreys
et al., 2006). Because of the slow diffusion of the Si^Al
pair, plagioclase is a particularly useful tracer of magmatic
processes. It has a strong tendency to retain in its
major-element zoning a record of associated magma com-
positions and crystallization conditions. Combining major
element variations with trace element and/or isotopic com-
positions of plagioclase has proven to be a powerful tool
for unraveling magma crystallization, assimilation, re-
charge, and mixing processes operating in magma reser-
voirs (Blundy & Shimizu, 1991; Singer et al., 1995; Brophy
et al., 1996; Kuritani, 1998; Ginibre et al., 2002; Landi et al.,
2004; Berlo et al., 2007; Gagnevin et al., 2007; Ginibre &
Worner, 2007; Ruprecht & Worner, 2007; Andrews et al.,
2008). We combine information derived from whole-rock
compositions and modal phenocryst populations with min-
eral compositions and zoning, with a particular emphasis
on plagioclase textures and compositions, to explore par-
ameters and processes that may explain the typical shifts
from Strombolian paroxysms to lava effusion at Volca¤ n
Llaima (38·78S, Chile).
This study is a petrological comparison of tephra^lava

pairs produced during the AD 2008, 1957, and �1850 erup-
tive episodes. The examination of plagioclase textures and
co-variations in Fe concentration and An content allows
the identification of texturally and compositionally distinct
zones within plagioclase cores and rims, which can be
attributed to specific processes such as crystallization in
the shallow reservoir, crystallization in a deeper reservoir,
resorption during multiple magma recharge events, and
crystallization during ascent and eruption. The outermost
zones of the phenocrysts, which reveal the latest history of
the magma before eruption, suggest that, although lavas
and tephra were produced by the same magma, they
experienced different degrees of interaction with relatively
mafic recharge magmas. Eruptive style appears to be
partly controlled by the volume fraction of recharge
magma present in an erupted body. The greater the frac-
tion of recharge magma, the more explosive is that par-
ticular phase of activity. If this is a general relationship,
the application of geophysical tools to the estimation of
the volumes of resident and recharge magma could be
useful for eruption forecasting at Volca¤ n Llaima and other
similar highly active volcanoes.

GEOLOGICAL SETT ING AND
STUDIED SAMPLES
Volca¤ n Llaima is one of the most active volcanoes in Chile,
with about one eruption every 6 years (Dzierma &
Wehrmann, 2010) and a spacing between large eruptions
of the order of 30^140 years (Naranjo & Moreno, 2005). It
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Fig. 1. Geological map of Volca¤ n Llaima modified after Naranjo & Moreno (2005) and focused on the Holocene cone. Historical lava flows are
labeled and prehistoric lava flows are undifferentiated and marked with oblique stripes. Two stars locate the summit vents; the larger one is
the main crater and the smaller one is the ‘Pichi Llaima’ vent that was active during the 1957 eruptive episode. This study focuses on the 2008,
1957, and Fissural 3 (� AD1850) eruptive events.Tephra samples were taken from two stratigraphic sections, marked by black-outlined diamonds
on the map. Lava samples were taken from the now eroded and buried January^February 2008 lava flow, the northeastern 1957 lava flow and
the southern lobe of the Fissural 3 (F3, �1850) lava flow. Sampling locations are marked with white diamonds. The inset in the lower left
corner is a simplified map of the southern part of the SouthernVolcanic Zone of the Andes. Volca¤ n Llaima is located about 700 km south of
Santiago.
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undergoes very rapid resurfacing as a result of a combin-
ation of construction and erosion, dominantly by lahars,
owing to its high eruption rate and the presence of exten-
sive ice and snow cover at elevations42500m (Fig. 1). The
youngest manifestations (� AD 1850^2008) of the latest
stage of cone-building activity at Volca¤ n Llaima are nu-
merous lava flows of basalt to basaltic-andesite associated
with Strombolian activity. Eruptive episodes commonly
last 1^3 years, including some short-term repose periods,
and alternate between Strombolian paroxysms and effu-
sion of mafic lavas (51^56wt % SiO2, 5^6wt % MgO).
The high frequency of eruptions and shifts in eruptive
style make it an ideal place to investigate the processes at
the origin of such shifts.Three relatively large eruptive epi-
sodes were selected and their tephra and lava products
were compared to constrain the potential parameter(s)
responsible for the shifts in eruption style.

The AD 2008, 1957, and �1850 eruptive
episodes
The 2008^2009 eruption is one of a few Llaima eruptions
to have been sampled in real time. On January 1st, 2008,
an ash plume rose from the central summit crater to an
altitude of 12·5 km and drifted east and ESE
(Smithsonian Institution, 2008). Emitted lava and incan-
descent material were initially confined to the crater, but
within a few hours, a Strombolian phase began. Twelve
hours of intense activity produced a thin, �1cm thick
tephra layer on the lower eastern flank. Similar explosive
(paroxysmal) events occurred subsequently in July 2008
and April 2009. Lava flows were extruded during
January^February and July 2008, and then again during
and after the earlyApril 2009 paroxysm.The 2008 activity
was trivial in volume and duration compared with the
very large ‘1957’ eruption, which also lasted 2 years. The
thin, distal (3 km east of the summit) 2008 tephra deposit
is now obscured by reworking and addition of the younger
2008 and 2009 tephra. The January^February 2008 lava
was extensively eroded by lahars and then buried by the
2009 lava and is no longer accessible. Multiple comparably
small eruptions of the late 20th century are no longer iden-
tifiable for similar reasons.
The ‘1957’ eruption lasted 2 years and started in 1955.

The general convention for protracted eruptions is to
name the eruptive episode by the year it began. However,
to be coherent with the geological map (Naranjo &
Moreno, 2005) and a previous paper on Volca¤ n Llaima
(Bouvet de Maisonneuve et al., 2012), we refer to the 1955^
1957 eruptive episode as the 1957 event. This event
produced three voluminous lava flows on the northern,
northeastern, and eastern flanks of the volcano (Fig. 1).
The northern flows were produced by the main central
summit vent, whereas the eastern flow originated from
‘Pichi Llaima’, a summit vent slightly to the south of the
main crater. Little is known about the temporal evolution

of the eruption. The �10 cm thick tephra unit linked to
this eruption is preserved on the east flank, in accord with
the prevailing wind direction. It must correspond to a vo-
luminous paroxysm, as it is about 10 times thicker than
the 2008 tephra, which has a very similar geographical
distribution and was produced by a vigorous Strombolian
eruption that lasted �12 h.
The youngest pyroclastic and lava products from the

system of lower flank fissures on Llaima were referred to
by Naranjo & Moreno (2005) as the Fissural 3 episode
(Fig. 1). This activity was inferred to have been prehistoric,
but the stratigraphic position of the tephra close to the
1957 tephra deposit, the youthful appearance of these
units, and a new 14C date encourage us to place this activ-
ity at � AD 1850. The Fissural 3 eruption occurred from
two parallel chains of cones on the northeastern flank of
the volcano. Related tephra directly underlie the 1957
tephra layer. Two locally thick tephra layers (described as
lower and upper or LF3 and UF3; �15 cm thick) have
been traced back to the two sets of cones, and must corres-
pond to a paroxysmal eruption similar in volume or
greater than the 1957 event. Voluminous lava flows are
associated with the younger set of cones, and these are cov-
ered with tephra from the same eruption.

Studied tephra and lava samples
Tephra samples were collected from the January 1st, 2008
paroxysm, the 1955^1957 tephra bed, and the upper �1850
tephra deposit (UF3) that is associated with the �1850
lava flow (F3). Mafic scoria 2^5 cm in diameter were col-
lected from two proximal stratigraphic sections located to
the NE of the volcano in the direction of prevailing winds
(Fig. 1; same samples as used by Bouvet de Maisonneuve
et al., 2012). The studied lava samples were selected from a
large sample suite (�30 samples) and correspond to the
January^February 2008 lava flow, the northeastern ‘1957’
lava flow, and the south lobe of the �1850 lava flow
(Fig. 1). The other 1955^1957 lavas are compositionally
and texturally very similar to the northeastern lava, and
olivine populations from multiple flows are closely com-
parable. Some historical Llaima eruptive products are
compositionally heterogeneous, but the 1957 products are
among the most homogeneous (Dungan et al., 2009).
All three eruptive events produced tephra and lavas of

basaltic-andesitic composition (51^55wt % SiO2, 5^6wt %
MgO). The erupted products contain large crystals of
plagioclase and olivine (Fig. 2). Small, light green pyroxenes
occur in rare swarms in the Fissural 3 lava only, and oxides
are either disseminated in the matrix or occur as very rare
inclusions in the phenocrysts. Crystals are sub-millimeter
to millimeter sized in the tephra, and the matrices are
glassy with small disseminated plagioclase microlites.
Crystals in the lavas span a range in size from microlites to
millimeter sized crystals. The matrices are holocrystalline
with olivine and plagioclase microlites. Weak preferred
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crystal orientations are locally developed, although crystals
are more frequently randomly distributed.
Olivine and plagioclase phenocrysts are generally euhe-

dral to subhedral and frequently occur as aggregates.
Although the largest olivines are rounded and some display
large embayments, the main deviation from euhedral
shapes is due to crystals aggregating with each other and
merging into one grain with a complex shape. The vast ma-
jority of plagioclase crystals contain melt inclusions,

although some melt inclusion-free phenocrysts were
observed in the lavas, but not in tephra. Melt inclusions
may be concentrated in cores, near rims, in concentric
zones, or be present throughout entire crystals. They are
often glassy and contain vapor bubbles in the tephra, but
are frequently recrystallized in lavas. The average volume
fraction of crystals greater than 40 mm in diameter was esti-
mated by point counting on scanned thin sections, and com-
puted on a vesicle-free basis to �23 vol. %, �20 vol. %,

2008 Lava
(TGL9-4)

2008 Tephra
(8LM-331Ac)

1957 Lava
(L7-26B)

1957 Tephra
(8LM-319b)

F3 Lava
(L7-23)

F3 Tephra
(8LM-338a)

Fig. 2. High-resolution thin-section scans (�1cm�1·5 cm) showing higher crystallinities and lower vesicularities for the lavas (top) than the
tephra (bottom). Phenocrysts are similar in size, and plagioclase crystals are frequently strongly resorbed. Epoxy was dyed blue in some cases
to highlight the vesicles.
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and �18 vol. % for the 2008, 1957 and UF3 tephra deposits
respectively, and �43 vol. %, �34 vol. %, and �37 vol. %
for the 2008, 1957 and Fissural 3 lava flows respectively
(Fig. 3).

ANALYT ICAL METHODS AND
TERMINOLOGY
Whole-rock major and trace element compositions of
tephra and associated lava flows were obtained by X-ray
fluorescence (XRF) at the University of Lausanne
(UNIL; Switzerland) and have been reported previously
by Bouvet de Maisonneuve et al. (2012). Olivine crystals
were analyzed by electron microprobe from three thin sec-
tions per unit for the lavas and one grain mount per unit
for the tephra (Bouvet de Maisonneuve et al., 2012).
Olivines from the tephra are biased toward larger grain
sizes owing to the fact that they were hand-picked to
make the grain mounts. Extensive overlap of the tephra
and lava data suggests that this bias did not affect the

results. Plagioclase crystals were analyzed from one thin
section per unit for the lava and tephra.
Major and minor element analyses by electron micro-

probe (JEOL 8200 electron microprobe at UNIL) were
performed on �100 olivine and 57 plagioclase crystals
from the tephra, and �100 olivine and 70 plagioclase crys-
tals from the lava. Olivines were analyzed at 40 nAwith a
focused beam. Four to six point zoning profiles were ob-
tained for the crystals from tephra and detailed traverses
(5^20 mm point spacing) were obtained for those from the
lavas. Counting time was 10/5 s (peak/background) for Si
and Al, 30/15 s for Ca, and 20/10 s for the other elements.
Plagioclase crystals were analyzed with a 5 mm diameter
beam and 10 nA current. K and Na were analyzed first.
Counting time was 10/7 s (peak/background) for Na, 10/5 s
for K, 20/10 s for Si, Ca, and Al, and 50/25 s for Sr and Fe.
A second series of analyses was conducted for a wider
range of minor elements with longer counting times: 240/
120 s for Sr, Fe, Mg, and Ti. Mineral standards were used
and the relative error on major elements is around 1% for

Fig. 3. Phenocryst contents of lavas and tephra estimated by point counting and computed on a vesicle-free basis on six thin sections per unit
(except for the 1957 tephra, which were too small to make multiple thin sections). High-resolution thin-section scans were analyzed using the
image analysis software JMicroVision (Roduit, 2002). A total of 400 points were considered per thin section, but evolution plots suggest that
the phase proportions are correctly determined after �150^200 points. The smallest identifiable crystals were at least �40 mm in diameter.
These set the threshold between phenocrysts and microlites. Plagioclase and olivine are in proportions 9:1 in both lavas and tephra. Lavas, how-
ever, contain about 15^20 vol. % more phenocrysts than in the associated tephra.
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SiO2 and MgO, 2% for FeO, and 30% for MnO in olivine,
and around 2% for SiO2 and Al2O3, 3% for CaO, and
20% for Na2O in plagioclase. Mineral chemical data are
presented as Supplementary Data (available for download-
ing at http://petrology.oxfordjournals.org/).
The term phenocryst will be used frequently hereafter.

However, it is ambiguous, as it can have a textural (i.e. a
large crystal in a finer matrix) or genetic (i.e. referring to
the pulse of magma from which it crystallized) connota-
tion. W. Hildreth was the first to propose the term ante-
cryst (presentation at Penrose Conference on ‘Longevity
and Dynamics of Rhyolitic Magma Systems’, 2001) to dis-
tinguish crystals that have grown from a common but
potentially complex magmatic system with a prolonged
history, from crystals that grew exclusively from a distinct
pulse or increment of magma in a spatial and temporal
sense. Crystals that were incorporated from the surround-
ing host-rocks during transit and emplacement are usually
termed xenocrysts. Following this definition, researchers
have attempted to fully describe and classify crystal popu-
lations as phenocrysts (or autocrysts), antecrysts, and
xenocrysts (Bacon & Lowenstern, 2005; Charlier et al.,
2005; Miller et al., 2007; and references therein). In this
study, we use the term phenocryst with a textural connota-
tion only, and arbitrarily set the limit between phenocrysts
and microlites at �40 mm based on the image resolution
of scanned thin sections. The validity of such a choice is
discussed below in the section ‘Timing and location of crys-
tallization’. In terms of origin, the Llaima phenocrysts are
dominantly antecrysts, which crystallized from earlier
pulses of magma and were then incorporated in later
pulses as discussed below. The smaller phenocrysts (down
to 40 mm) probably have much shorter and simpler
histories.

PETROGENESI S
The dynamics of magma storage, crystallization and re-
charge at Volca¤ n Llaima have been addressed by Bouvet
de Maisonneuve et al. (2012) in a combined study of
olivine-hosted melt inclusions and zoning profiles of the
host olivines from the same tephra units as studied here
(2008, 1957 and Fissural 3 eruptions). The study revealed
the presence of evolved basaltic-andesitic liquids (56 wt %
SiO2) trapped in olivine phenocrysts of variable compos-
itions, and supports a model in which magmas are stored
in a highly crystalline state (�55^60 vol. % crystals) in
shallow dike-like reservoirs. These evolved liquid compos-
itions are not observed in the whole-rock compositional
range and are inferred to represent interstitial melts pro-
duced during the formation of a crystalline mush. Low
H2O^CO2-saturation pressures (�100MPa) obtained
from volatile contents in the olivine-hosted melt inclusions
imply shallow magma storage less than �4 km below the
base of the edifice. The wide range in olivine core

compositions and the absence of correlated H2O^CO2

degassing and magma evolution trends are interpreted to
be due to magmas separately crystallizing, differentiating,
and degassing in multiple, vertically extended reservoirs.
Eruption triggering by the injection of mafic magma into
these shallow reservoirs is supported by a preponderance
of reversely zoned olivines in tephra.
The liquid line of descent represented by the com-

positional range of the entire volcano corresponds to a
tholeiitic differentiation trend, as shown by the early en-
richment in Fe and Ti (Fig. 4). It can be approximated
with the thermodynamic algorithm MELTS (Ghiorso &
Sack, 1995; Asimow & Ghiorso, 1998) considering a low
pressure of 100MPa, low volatile contents of the order of
1wt % H2O and 150 ppm CO2, and an oxygen fugacity be-
tween the nickel^nickel oxide (NNO) and quartz^fayalite^
magnetite (QFM) buffers.This is in agreement with the ob-
servations of Bouvet de Maisonneuve et al. (2012), except for
the lower H2O contents than measured in the olivine-hosted
melt inclusions (2^3wt %). The starting composition is an
olivine-hosted melt inclusion from the UF3 tephra layer (�
AD 1850), for which the major element composition is re-
ported inTable 1. A difficulty in reproducing the melt inclu-
sion trend is the tendency of the thermodynamic model to
overestimate the stability of clinopyroxene, as reported by
Gaetani et al. (1998) and Villiger et al. (2007). High TiO2

and low Al2O3 recorded by the evolved melt inclusions
could be reproduced only when crystallization of this
phase was artificially impeded. The close reproductions of
melt inclusion and whole-rock trends, mineral phases, and
mineral compositions requires a combination of equilibrium
and fractional crystallization, a variation in oxygen fugacity
from QFM to NNO, and the variable presence of pyroxene
(Table 2 and Fig. 4).The necessity for a range in parameters
(albeit limited) to explain crystallization trends at Llaima
is consistent with the general model of multiple reservoirs
that occasionally interact.
The overall successful reproduction of the compositional

variation observed at Volca¤ n Llaima considering a single
parent magma and a low pressure of 100MPa implies
that the compositional variation of whole-rocks and melts
is due to crystallization processes. It also suggests that (1)
the composition of the parent or recharge magma did not
change significantly with time, and (2) crystallization es-
sentially takes place at low pressures. The crystal contents
of the resident mush bodies can be approximated by the
maximum amount of crystallization required to reproduce
the olivine-hosted melt inclusion trend, and corresponds
to �55^60 vol. % crystals (Fig. 4). On the other hand, the
parent magma composition can be approximated by a
liquid composition (olivine-hosted melt inclusion), suggest-
ing that it is close to aphyric. This is consistent with a
mafic, low-viscosity magma travelling to shallower depths
and losing its crystals on its way owing to gravitational
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(diamonds), 1957 (squares), and Fissural 3 (triangles) eruptive events; crosses represent matrix glass compositions; gray symbols correspond to
olivine-hosted melt inclusions from the 2008 (diamonds), 1957 (squares), upper (circles) and lower (triangles) Fissural 3 tephra units described
by Bouvet de Maisonneuve et al. (2012). Continuous and dashed lines correspond to the evolution of the liquid composition as the result of iso-
baric cooling considering a constant pressure of 100MPa and the initial presence of 1wt % H2O and 150 ppm CO2 in the parent magma,
which is in general agreement with the melt inclusion data (Bouvet de Maisonneuve et al., 2012). The starting composition is an olivine-hosted
melt inclusion from the UF3 tephra layer (Table 1). A small range in oxygen fugacity and crystallization type is required to reproduce the
entire melt inclusion trend. Red lines are at NNO; brown lines are at QFM, and best reproduce the highTiO2 contents reported by the melt in-
clusions. Dashed lines were obtained when the crystallization of pyroxene was artificially impeded, and best reproduce the lowAl2O3 contents
reported by the melt inclusions. Both fractional and equilibrium crystallization were considered (dash^dot and dashed lines respectively), but
do not seem to yield much difference. Melt and whole-rock compositional trends generally overlap, but diverge forAl2O3 owing to the volumin-
ous amount of plagioclase crystallization.
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Table 2: Mineral phases crystallized by MELTS

Pl Ol Sp Cpx Opx Hbl Bt Sph H2O

QFM–FC

Comp An83–23 Fo81–60 x x x

App 0–85 4–63 49–85 20–85 76–85

@ 50 55·7 14·1 5·6 24·6 0

@ 60 57·2 13·2 6·7 23·0 0

QFM–FC–NoPx

Comp An83–56 Fo81–51 x x x

App 0–75 4–71 48–75 71–75 74–75

@ 50 70·7 24·5 4·8 0 0

@ 60 69·8 23·9 6·3 0 0

QFM–Eq–NoPx

Comp An83–57 Fo81–52 x x x x

App 0–99 4–99 53–99 81–99 70–88 81–99

@ 50 73·2 26·3 0·5 0 0 0

@ 60 72·2 26·4 1·4 0 0 0

NNO–FC

Comp An84–24 Fo83–72 x x x x

App 0–84 6–57 49–84 16–76 59–84 77–84

@ 50 53·5 10·8 8·2 26·1 1·5 0

@ 60 54·2 9·9 8·7 24·7 2·5 0

NNO–FC–NoPx

Comp An84–54 Fo83–66 x x x

App 0–75 6–69 46–75 70–75 70–75

@ 50 70·5 22·4 7·0 0 0

@ 60 69·7 22·0 8·3 0 0

NNO–Eq–NoPx

Comp An84–57 Fo83–57 x x x x x

App 0–99 6–99 48–99 75–99 95–99 99 85–99

@ 50 73·9 23·7 2·5 0 0 0 0

@ 60 72·8 23·6 3·6 0 0 0 0

FC, fractional crystallization; Eq, equilibrium crystallization; NoPx, pyroxene crystallization was artificially impeded; Comp,
composition of the phase (x marks the presence of a phase); App, appearance of the phase in terms of wt % crystal-
lization of the liquid; @ 50, wt % of the phase at 50wt % crystallization of the liquid; @ 60, wt % of the phase at 60wt
% crystallization of the liquid.

Table 1: Major element composition of the olivine-hosted melt inclusion from UF3 considered as a starting composition for

geochemical modeling with MELTS

SiO2 TiO2 Al2O3 FeO* MnO MgO CaO Na2O K2O

49·86 0·96 18·69 8·56 0·17 6·84 10·75 2·90 0·46
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settling. We infer from this that two end-member magmas
interact during a recharge event; one is the highly crystal-
line resident mush that was formed by degassing and crys-
tallization at shallow depths and the second is the parent
magma that frequently replenishes the shallow magma res-
ervoir. Low FeO and TiO2 contents in the 53^60wt %
SiO2 range that are not reproduced by the thermodynamic
model are most probably the result of such mixing (Fig. 4).
To summarize, the dynamics of magma storage, crystal-

lization and recharge at Volca¤ n Llaima consists of a bal-
ance between (1) frequent replenishment of shallow
magma reservoirs by the injection of mafic, crystal-poor
magma, (2) intense crystallization following decompres-
sion and degassing of the recharge magma, and (3) fre-
quent eruption of crystal-rich basaltic-andesitic magma.
Bearing this specific geological setting in mind, tephra
and lava samples were studied in detail to identify pro-
cesses that occur just prior to or during an eruption and
can explain the shifts in eruption style from Strombolian
explosions to lava effusion. Information on such processes
is potentially preserved in the details of the mineral tex-
tures, compositions and zoning. The following sections
aim at identifying which crystals or parts of crystals were
formed when and where, and what their implications are
in terms of eruption dynamics.

MINERAL ZONING
Olivine
Low-resolution (�50 mm point spacing) zoning traverses
across olivine crystals from the tephra record diverse core
compositions and zoning trends in each sample, as dis-
cussed by Bouvet de Maisonneuve et al. (2012). Cores
range from Fo67 to Fo84, impeding the identification of
‘equilibrium’ populations (Fig. 5). Rim compositions in the
three studied tephra units span a slightly narrower range
(Fo75^81) that is focused around Fo78^80. Zoning profiles
record non-zoned, normally zoned, and reversely zoned
olivines, but reversely zoned olivines are the most
common.
Detailed zoning profiles across olivine crystals from

lavas show the same ranges in olivine core compositions
as do those in associated tephra deposits (Fo67^84; Figs 5
and 6), but zoning profiles in lavas are often slightly more
complex, with reversely zoned shoulders adjacent to nor-
mally zoned rims (e.g. 2008 and 1957 samples). Rims are
commonly characterized by sharp decreases in Fo content
down to Fo65 or less within the outer 40 mm, especially in
samples from 1957 and Fissural 3. When present, reversely
zoned shoulders span the same compositional ranges as
do olivine rims from the corresponding tephra (Fo75^81;
Fig. 6). Olivine zoning profiles in Fissural 3 lava samples
are simpler, with few reversely zoned shoulders but a
range in both core and rim compositions.

Plagioclase textures
Plagioclase phenocrysts are texturally extremely variable
as shown on back-scattered electron (BSE) images (Fig. 7).
The vast majority of these are extensively resorbed and
patchily zoned, with or without associated melt inclusions.
The resorption zones often fill the entirety of the crystal
(Fig. 7a^c, h, i and k), but can also be concentrically dis-
tributed (the core and an outer zone frequently; Fig. 7e),
or affect only the outer part of the crystal, preserving
non-patchy, melt inclusion-free zones in the interior
(Fig. 7f). Some crystals with fewer melt inclusions show
concentric oscillatory zoning in which zones are convolute
or rounded and irregular in width (Fig. 7g and j). Rare
oscillatory-zoned crystals with faceted zones are melt
inclusion-free and were observed in the lavas only (Fig. 7l).
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Fig. 5. Core^rim zoning profiles of olivines from the lava (left) and
tephra (right) showing a similarly large range in core compositions.
Crystals in tephra are dominantly reversely zoned and rim compos-
itions focus around the same Fo contents. Crystals in lavas show
more complex zoning at the rim with reversely zoned shoulders
before a normally zoned rim. Where present, reversely zoned shoul-
ders tend to focus around the same Fo contents as the olivine rims
from the tephra. Crystals without reversely zoned shoulders are nor-
mally zoned with rim compositions that do not converge (e.g.
Fissural 3 lava).
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Texturally distinct zones can be identified in the cores
and rims of most crystals, and they have received particu-
lar attention to pinpoint general processes that affected
the whole crystal population. A schematic representation
of a fictive plagioclase phenocryst containing all of these
typical features is shown for reference in Fig. 7. Internal
parts of the crystals display three characteristic textures
that are sometimes combined within a single crystal
(Fig. 7a^f). (1) Large, An-poor (low BSE intensity; i.e.
dark) zones occur in the core (Fig. 7a) or frequently sur-
round texturally distinct central zones (Fig. 7c^f). They
are referred to as An-poor cores. (2) An-rich (bright)
zones that are extremely patchy, almost wormy, frequently
occur within the central parts of the crystals (Fig. 7b and
e), sometimes surrounding texturally distinct cores
(Fig. 7a). They are referred to as wormy An-rich cores. (3)
Rare An-rich (bright) skeletal zones that are not wormy

occur as single crystals or cores surrounded by subsequent
plagioclase overgrowth (Fig. 7c and f). These are referred
to as skeletal An-rich cores.
A minimum of one resorption zone can be observed in

all plagioclase crystals, except for the rare oscillatory-
zoned crystals with faceted zones that were observed in
the lavas only. The outermost resorption feature recorded
in a crystal received specific attention and is referred to as
the outermost resorption zone or ORZ. It ranges from a
narrow and convolute An-rich (bright) zone (Fig. 7g) to a
major patchy zone filling the whole crystal (Fig. 7h, i and
k), but it always corresponds to the resorption feature
closest to the rim. Because it is a resorption feature, it is
heterogeneous by nature, often including interwoven
melt inclusions with intricate low- and high-An patches
(Fig. 7h, i and k).
External parts of the plagioclase phenocrysts are subdi-

vided into two concentric zones; an inner rim (INR) and
an outer rim (OUT). The inner rim comprises the
non-resorbed overgrowth zone(s) surrounding the ORZ.
It is never patchy and often shows oscillatory zoning
(Fig. 7g^i and k), but can be homogeneous when narrow
(Fig. 7a). The outer rim is non-resorbed as well, resembles
associated microlites in composition (same BSE intensity),
and often displays rapid crystallization textures such as
swallow-tail prolongations of the crystal corners (Fig. 7b,
k and l). Inner and outer rims are better developed in the
lavas than in the tephra, where outer rims are narrow and
inner rims are sometimes absent.

Plagioclase compositions
Plagioclase crystals have similar major and trace element
compositions in lavas and tephra deposits. Point analyses
in plagioclase crystals delimit a large range in anorthite
content (An53^93), Sr concentration (700^1500 ppm), and
Fe concentration (3500^10 000 ppm). Whereas Sr is con-
stant within error (�320 ppm) and shows no correlation
with An content, Fe displays a slight negative correlation
with An content. Exceptionally high concentrations of Fe
occur only in plagioclase rims. Owing to the large inter-
action volume of X-rays in plagioclase and the high
atomic weight of Fe, fluorescence can easily affect the
measurement of Fe in plagioclase if an iron-rich phase is
present at a short distance below the point of analysis.
Longhi et al. (1976) and Sugawara (2000, 2001) have
observed that fluorescence effects were frequent within
10^50 mm from the rim. Detailed zoning profiles in a few
crystals with only minor resorption features show a slight
increase in Fe at the rim (�1000 ppm) with no change in
An for some traverses (Fig. 8e and i). This feature would
be characteristic of such fluorescence effects. However,
other traverses display much larger variations in Fe at the
rim that are correlated with variations in An (Fig. 8d, g,
h, j and l), which suggest that the measured Fe concentra-
tions in these traverses are meaningful. This inference is
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Fig. 6. Histograms comparing the core (left) and rim (right) com-
positions of olivines from the lavas (white) and tephra (gray). Cores
span a similarly large range in composition, suggesting common
sources. Rims of olivines from the tephra and reversely zoned shoul-
ders of olivines from the lavas span a similarly narrow range in Fo
content, whereas rims of olivines from the lavas are shifted toward a
large range of lower Fo contents. The systematic convergence of rim
compositions in the olivines from the tephra is interpreted as the as-
semblage and homogenization of multiple magma batches prior to
eruption. The same can be interpreted for the reversely zoned shoul-
ders of the olivines from the lavas; however, the assemblage and hom-
ogenization was not as thorough, considering that reversely zoned
shoulders are not systematically present.
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supported by the fact that Mg andTi, which are negligibly
affected by fluorescence, are positively correlated with Fe
and correlate similarly with An content (Fig. 8a, c and l).
We consider that the high Fe concentrations measured
at the plagioclase rims are pertinent to an understanding
of magmatic processes and are not systematically due to
fluorescence.

Relating textural zonations to
compositional variations
The texturally distinguishable core features form clusters
on Fe versus An plots (Fig. 9). An-poor cores typically
have low An (An55^65) and moderate Fe concentrations
(4500^5500 ppm), whereas wormy An-rich cores have
higher An contents (An80^85) for similar Fe concentrations.
Skeletal An-rich cores define yet another cluster with
higher An contents (An85^95) and lower Fe concentrations
(�4000 ppm) compared with wormyAn-rich cores.
The outermost resorption zones, inner rims, and outer

rims define a continuum from high An contents and
moderate Fe concentrations in ORZs (An80^85, 4500^
5500 ppm Fe) to low An contents but high Fe concentra-
tions in outer rims (An55^65, �10,000 ppm Fe; Fig. 9). The
compositions of these three zones overlap and vary from
one crystal to another in each sample. ORZs, the compos-
itions of which are similar to wormyAn-rich cores, always
have moderate Fe concentrations (4500^5500 ppm), but
can display a range in An contents from An85 almost
down to An65, depending on where the composition was
analyzed in the patchy zone. The An contents of inner
rims overlap with those of ORZs in the tephra, but are
shifted toward lower An contents in the lavas (Fig. 9). In
both lavas and tephra, the compositions of inner rims
extend to slightly higher Fe concentrations than those of
ORZs. Outer rims generally have low An contents
(�An70) but can reach extremely high Fe concentrations
(�10 000 ppm). Compositions of outer rims prolong the
decreasing An content and increasing Fe concentration
trend defined by the inner rims and some ORZs of plagio-
clase from lavas. On the other hand, the transition from
inner to outer rims in plagioclase from the tephra is less
continuous. More analyses of outer rims were obtained for
the lavas than the tephra owing to the small widths of
outer rims in the tephra samples that often prevented ana-
lysis. Rare analyses of microlites in the lavas were added
to the outer rim group because of their striking textural

and compositional resemblance, whereas no analyses of
microlites were obtained for the tephra because of their
small size.

MAGMATIC PROCESSES AND
EVENTS RECORDED BY
MINERAL PHASES
Processes recorded by plagioclase
The major element composition of plagioclase (i.e. An con-
tent) depends on a number of variables including magma
composition, pressure, temperature, and dissolved water
content (Housh & Luhr, 1991; Nelson & Montana, 1992;
Sisson & Grove, 1993; Couch et al., 2003a, 2003b). Magma
crystallization and differentiation will drive plagioclase
toward less An-rich compositions, whereas an increase in
magma temperature or water content will promote the
crystallization of more An-rich compositions. The effect of
pressure on plagioclase composition is less pronounced
than that of temperature [an increase of 52mol % An
per kbar was observed by Housh & Luhr (1991) and
Nelson & Montana (1992)]. A continuous change in the
environmental conditions will induce smooth changes in
the plagioclase composition, in the form of continuous,
euhedral, oscillatory zoning patterns. Abrupt changes in
the environmental conditions will lead to significant dis-
ruptions in crystal zoning patterns through dissolution of
the disequilibrium composition and quasi-simultaneous
re-precipitation of the new equilibrium composition
(Nakamura & Shimakita, 1998; Ginibre et al., 2002; Landi
et al., 2004; Ginibre & Worner, 2007; Ruprecht & Worner,
2007; Streck, 2008). Resultant resorption textures are
dusty or sieve-like, preserving small patches of the previous
plagioclase and melt inclusions formed by partial melting
of the crystal, associated with small patches of the newly
grown plagioclase (Tsuchiyama, 1985). The widespread oc-
currence of such intense resorption features in Llaima
plagioclase phenocrysts (patchy zoning, dense melt inclu-
sion populations) suggests that most crystals experienced
at least one, but more often multiple major changes in
their crystallization environment. The injection of a mafic
magma into a reservoir will create an abrupt change in
magma composition and an increase in temperature and
water content of the crystallizing liquid, thereby favoring
extensive plagioclase resorption.

Fig. 7 Continued
An-poor cores can be central (a, d) or surround other textures (c, e, f); wormyAn-rich cores can also be central (b, e) or surround other textures
(a), and skeletal An-rich cores are always central (c, f). The following three BSE images (g^i) are good examples of rim textures. All images
were taken from lavas because of the better developed inner and outer plagioclase rims.The lower three BSE images are examples of the general
variability of textures observed in plagioclase, with oscillatory-zoned crystals in which zones are convolute (j), intensely resorbed crystals with
rapid growth outer rims suggested by swallow-tail prolongations of the crystal corners (k), and rare oscillatory-zoned plagioclase with euhedral,
faceted zones found in the lavas only (l). The left-hand column of BSE images (a, d, g, j) is ordered to illustrate a downward decrease in the re-
sorption intensity of the outermost resorption zone.
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Trace elements in plagioclase provide additional con-
straints on the processes that cause a change in major elem-
ent composition, as their concentrations in these crystals
depend on a different set of variables. Incompatible trace
elements such as Fe, Mg, andTi can also be affected by dis-
equilibrium crystallization processes, and thereby give in-
formation on the kinetics of crystallization. Llaima
magmas, being stored at shallow depths (�4 km beneath
the base of the edifice; Bouvet de Maisonneuve et al., 2012),
define liquid lines of descent that approximate tholeiitic
differentiation trends, which is unusual in a continental
arc setting. They are characterized by increasing Fe and
Ti contents over the compositional range considered (49^
60wt % SiO2; Fig. 4). Low Fe concentrations in plagio-
clase, therefore, most probably reflect precipitation from
relatively primitive magma compositions.
More or less constant Fe concentrations in the plagioclase

cores, in the presence of An variations, can be explained
by equilibrium with the long-term composition of the crys-
tal mush, which is controlled by magma mingling and
mixing within a system of multiple reservoirs and a high
frequency of recharge events. On the other hand, extremely
high Fe concentrations are registered at the rims, in associ-
ation with low An contents (Figs 8 and 9). Fe partitioning
strongly depends on melt and plagioclase composition, tem-
perature (Sugawara, 2001), and fO2 (Longhi et al., 1976;
Sugawara, 2001; Aigner-Torres et al., 2007). Such an abrupt
increase in Fe would imply either (1) interaction with an ex-
tremely evolved magma whose composition was not re-
corded elsewhere in plagioclase, (2) a very sharp decrease
in temperature, (3) a very sharp increase in oxygen fuga-
city, or (4) fast, out-of-equilibrium crystallization. Ti and
Mg seem to behave similarly to Fe in the cores and espe-
cially in the outer rims (i.e. extremely high concentrations
at the rim compared with the core; Fig.10). Mg partitioning
depends only weakly on temperature (Longhi et al., 1976;
Aigner-Torres et al., 2007) or An content (Bindeman et al.,
1998), and Ti essentially depends on temperature
(Bindeman et al., 1998; Aigner-Torres et al., 2007). Neither
depends on melt composition or fO2. Therefore, changes in
these variables are not responsible for the correlated in-
creases in Fe, Mg, andTi at rims. A sharp decrease in tem-
perature is not what would be expected just prior to
eruption and is not what is recorded by reversely zoned
olivine crystals in tephra (Bouvet de Maisonneuve et al.,
2012), implying that a decrease in temperature can also be
ruled out as the cause of these variations. We propose that
the sharp increases in these elements are due to rapid dis-
equilibrium crystallization during eruption, from boundary
layer melts enriched in Fe, Mg, andTi. If diffusion of these
incompatible elements out of the boundary layer melt is
not rapid enough, they will be incorporated excessively by
rapidly crystallizing plagioclase (Albare' de & Bottinga,
1972). Rapid crystallization of the rims is in agreement

with the observation of swallow-tail prolongations of crystal
corners (Lofgren, 1980).
Combining textural information with major and trace

element variations in plagioclase phenocrysts allows an in-
terpretation of distinct zones of the cores and rims in
terms of specific processes and events that occur at depth
below Volca¤ n Llaima. The corresponding dynamics of
magma storage, crystallization and recharge are schemat-
ically summarized in Fig. 11.
(1) An-poor cores formed in the evolved mush present at

shallow depths below the volcanic edifice. They formed
after significant degassing, cooling and crystallization at
low pressures, hence the lowAn contents and moderate Fe
concentrations.
(2) Skeletal An-rich cores that crystallized from a parent

or recharge magma are identified by extremely low Fe con-
centrations and high An contents. Their coarse skeletal
textures resemble resorption textures produced experimen-
tally by rapid decompression in a water-undersaturated
environment [compare Fig. 7c and f with figs 1 and 5 of
Nelson & Montana (1992)]. These were brought from
depth to shallow magma reservoirs during mafic recharge
events, and represent the very rare witnesses of crystalliza-
tion at depth from relatively primitive magmas (Fig. 11a).
(3) WormyAn-rich cores correspond to the resorption of

An-poor cores during an early magma recharge event
(Fig. 11b). They resemble resorption textures obtained
experimentally by chemical disequilibrium [compare
Fig. 7a, b, and e with fig. 4 of Nakamura & Shimakita
(1998) or fig. 2 of Tsuchiyama (1985)], but contain fewer
melt inclusions owing to healing through extended crystal-
lization. Their Fe concentrations are similar to those of
An-poor cores, which is consistent with simultaneous
re-precipitation of new plagioclase from the local melt
pockets formed during dissolution of pre-existing plagio-
clase (Tsuchiyama, 1985; Nakamura & Shimakita, 1998).
Very little to no interstitial (i.e. matrix) melt is directly
involved in the process.
(4) Outer resorption zones correspond to the resorption

of An-poor cores during the last magma recharge event
(Fig. 11c). An contents and Fe concentrations strongly re-
semble those of wormy An-rich cores (although An con-
tents span a larger range) and resorption textures also
resemble those obtained experimentally by chemical
disequilibrium [compare Fig. 7a, h, and i with fig. 4 of
Nakamura & Shimakita (1998) or fig. 2 of Tsuchiyama
(1985)]. Melt inclusions are numerous and healing of the
resorption zone through extended crystallization is not
observed, implying that the eruption occurred shortly
after magma recharge. ORZs span a large range in An
contents owing to the intricate association of newly crystal-
lized plagioclase with remnants of the pre-existing plagio-
clase. Once again, Fe concentrations are moderate and
similar to those of An-poor cores owing to the
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simultaneous re-precipitation of new plagioclase from local
melt pockets formed during resorption of pre-existing
plagioclase. Very little to no interstitial (i.e. matrix) melt
is directly involved in the process.
(5) Inner rims, which are not always present and are

sometimes oscillatory-zoned, formed by subsequent crystal-
lization of plagioclase after the last magma recharge
event (Fig. 11d). Plagioclase crystallizes according to the
local equilibrium composition, and An-rich plagioclase is
in equilibrium with a liquid containing a greater volume
fraction of recharge magma compared with An-poor
plagioclase. Inner rims differ in An content between lavas
and tephra (Fig. 12). Inner rims in tephra display a wide
range in An contents, reflecting incomplete hybridization
between the recharge magma and the resident interstitial

liquid. Oscillatory zoning potentially reflects convective
mixing that occurred between the recharge magma and
the resident mush (Fig. 7g, i and k). Plagioclase crystals
in lavas have inner rims that cluster at low An contents
(Figs 9 and 12), lower than for the tephra, implying either
interaction with a smaller volume fraction of recharge
magma or crystallization from a more degassed magma.
The trends toward high Fe concentrations in inner rims
are suggestive of rapid crystallization. Some analyses of
inner rims in the plagioclase from the 2008 lava show Fe
concentrations and An contents similar to those of skeletal
An-rich cores, suggesting a strong chemical influence of
the primitive recharge magma in this case (Fig. 9).
(6) Outer rims were formed by rapid disequilibrium

crystallization during eruption (Fig. 11e). Fe concentrations
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Fig. 10. Mg andTi as a function of Fe (left) and An content (right) in plagioclase crystals from the 2008 tephra. Mg andTi are linearly corre-
lated with Fe and display the same variations as a function of An content for the different textural zones of the cores and rims. Such correlations
imply that high Fe concentrations at plagioclase rims are the product of rapid growth during eruption rather than fluorescence during analysis.
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and An contents reflect kinetic effects rather than magma
composition, temperature, or water content. The effect of
disequilibrium crystallization on the major element com-
positions of plagioclase crystals will be to favor An-poor

compositions, as Caça compatible elementçis depleted
in the boundary layer melt. Additionally, magma degas-
sing during eruption will drive plagioclase to lower An
contents. This is in agreement with the correlation of low
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Fig. 11. Schematic representation of magma crystallization, recharge, and eruption processes recorded by plagioclase phenocrysts. For clarity,
only one vertical reservoir is considered here. Gray scale is intended to mimic the BSE intensity observed on scanning electron microscopy
images. The labels A, S, W, Orz, Inr, and Out stand for An-poor core, skeletal An-rich core, wormy An-rich core, outermost resorption zone,
inner rim and outer rim respectively. Magmas are dominantly stored in shallow dike-like reservoirs and crystallize An-poor (dark) plagioclase
during mush formation (labeled A). (a) Injection of a mafic magma from a deeper reservoir can introduce An-rich cores (bright) into the shal-
low reservoir. These cores are resorbed and become skeletal as a result of decompression of the water-undersaturated recharge magma (S).
The resident mush plagioclase is also resorbed owing to a change in liquid composition and/or the supply of heat and volatiles. Crystallization
of An-poor plagioclase around the skeletal An-rich cores and the resorbed mush crystals will occur during a period of quiescence between two
magma recharge events. (b) A subsequent injection of mafic magma in the system will destabilize the newly crystallized An-poor plagioclase.
Crystals at the base of the reservoir are probably more affected than those at the top owing to direct mixing with the recharge magma (W).
Again, crystallization of An-poor plagioclase will occur during a period of quiescence, and the resorbed zones may ‘heal’ their melt inclusions
through prolonged crystallization. (c) The last magma recharge event prior to eruption will destabilize the outer An-poor zones of plagioclase
crystals, forming texturally distinguishable outer resorption zones (Orz). (d) The short time available between magma recharge and eruption
allows crystallization of an unresorbed inner rim (Inr), the composition of which will be controlled by the composition, temperature, and vola-
tile content of the hybrid magma present in the reservoir. During magma ascent in the conduit, rapid plagioclase growth takes place, forming
the microlite population and the outer rims of the phenocrysts (e, Out). All Llaima plagioclase phenocrysts do not record three recharge
events; some may preserve the evidence for more events, others for fewer.
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An contents with high Fe concentrations and similar
trends measured in the lava microlites.

Assembling the information given by
plagioclase and olivine
The plagioclase textures and compositions of lavas and
tephra can readily be explained by processes and events
that were inferred from olivines and their melt inclusions
(Bouvet de Maisonneuve et al., 2012). Compositional
trends defined by evolved olivine-hosted melt inclusions
were inferred to be the result of shallow evolution of inter-
stitial melt during the formation of crystal mush bodies,
as a consequence of degassing and crystallization. The
widespread occurrence of An-poor zones, either physically
(An-poor cores) or cryptically through the presence of re-
sorption zones implying an anterior less An-rich plagio-
clase composition (wormy An-rich cores, ORZ), suggests
that Llaima magmas dominantly produce An-poor plagio-
clase, which is consistent with degassing and crystallization
in a shallow reservoir.
The ranges in olivine core compositions in single thin

sections and the absence of correlated H2O^CO2 degas-
sing and magma evolution trends have been interpreted
to be due to magma storage in multiple vertically ex-
tended reservoirs. The existence of vertically extended
reservoirs is supported by the range in plagioclase tex-
tures for a single eruptive event. The intensity of resorp-
tion of the ORZs, which record the last recharge event,
varies from (1) crystals that were entirely resorbed to the
core (Fig. 7a and k), to (2) crystals that were extensively
resorbed but preserved a few low-An remnants in their
cores (Fig. 7d), (3) crystals that display narrow (a few mi-
crons wide) resorption zones right at the rim (Fig. 7e and
f) or (4) display slightly wavy interfaces between old
An-poor cores and new An-rich inner rims (Fig. 7g), and

(5) crystals that only show a few melt pockets and embay-
ments right at the rim (Fig. 7j). The extent of resorption
through dissolution and re-precipitation depends on the
magnitude of the environmental change, the dimensions
of the disequilibrium plagioclase zones, and the time
available for such a process to occur (Tsuchiyama, 1985).
Recharge events will strongly affect crystals that physic-
ally interact with the mafic magma injection and there-
fore experience a change in composition, temperature,
and water content of the host liquid, but will less affect
crystals that experienced only a change in temperature
and/or water content of the liquid owing to heat conduc-
tion or volatile diffusion through the resident crystalline
magma. Mafic magma injections into vertically extended
reservoirs will progressively mix with and percolate
through the overlying mush bodies, strongly resorbing
crystals at the base of the reservoir and having a lower
impact on crystals at the top (Fig. 11a^d). Eruptions
sample the reservoir in this variable state and prevent
any further resorption; hence the diversity in resorption
textures visible in single hand specimens (Fig. 11e).
The occurrence of frequent, but small-volume, recharge

events is supported by the numerous resorption zones
of variable magnitude recorded by plagioclase cores
(Fig. 11b). These frequent injections of more primitive
magma are essential to maintain the bulk of many crystal
mush-filled dikes located at shallow, upper crustal levels
in an eruptible state. Long-term compositional homogen-
eity, such as that at Llaima, is frequently observed at
hyper-active mafic volcanoes, such as Stromboli, Italy
(Landi et al., 2004), Arenal, Costa Rica (Streck et al.,
2005), or El Chicho¤ n, Mexico (Andrews et al., 2008). This
suggests that a long-term balance between magma re-
charge, crystallization, and eruption is reached at these
highly active volcanic systems.
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Fig. 12. Comparison of the An contents of inner rims in plagioclase from the lavas and tephra showing globally lower An contents for the lavas
than for the tephra. Inner rims of crystals from the tephra must have grown from a globally warmer, more mafic, and/or more volatile-rich
magma than those from the lava. The 1957 eruptive episode, however, displays similar An contents for the inner zones of the plagioclase from
the lavas and tephra.
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The preponderance of reversely zoned olivines in tephra
suggests that eruptions are triggered by the injection of
mafic magma into the shallow reservoirs. This mafic re-
charge event is also recorded by plagioclase phenocrysts
in the shape of An-rich ORZs. The overall agreement be-
tween the plagioclase and olivine mineral records supports
the previously proposed model (Bouvet de Maisonneuve
et al., 2012) and allows further interpretations of eruption
dynamics.

Timing and location of crystallization
Three temporally distinct crystallization periods can
be distinguished: (I) crystallization in the magma cham-
ber during repose periods and early magma recharge
events; (II) crystallization in the magma chamber
after the latest, potentially eruption-triggering replenish-
ment event; (III) crystallization during magma ascent
and eruption. ORZs in plagioclase record the last recharge
event and therefore mark the limit between periods I and
II. A similar threshold can be defined in the olivine crys-
tals at the transition from non-zoned cores to normally or
reversely zoned rims.
Crystallization during ascent and eruption is marked by

kinetic effects such as disequilibrium compositions owing
to rapid cooling and decompression. Microlites and outer
rims of plagioclase show rapid growth textures associated
with extremely high Fe concentrations and lowAn contents.
Similarly, outermost rims of olivines from the lavas show
extremely low Fo contents and a variety of rim compos-
itions, reflecting disequilibrium crystallization from a
boundary layer melt or in a highly crystalline environment.
This feature is not present in the olivines from the tephra,
implying that magma ascent and eruption was too rapid to
allow olivine crystallization. Given that late, syn-eruptive
crystallization is responsible only for the presence of micro-
lites (�20 mm in diameter) and well-developed outer rims
(�10^40 mm wide) in millimeter-sized plagioclase and oliv-
ines from the lavas, the arbitrarily chosen threshold at
�40 mm effectively distinguishes between phenocrysts that
essentially grew in the magmatic reservoirs and microlites
that grew during magma ascent to the surface. The dimen-
sions of the long axes of all crystals present within a repre-
sentative area of a thin section were measured (1000^2000
crystals per sample in the tephra and 2000^4000 crystals
in the lava), and curves of the cumulative percentage of
crystals within a given size range overlap well for lava and
tephra produced during a same eruptive event (see
Appendix Fig. A1).We can therefore consider that reported
phenocryst contents approximate pre-eruptive magma
crystallinities.
Information on immediately pre-eruptive, magma

chamber dynamics is preserved in the zones intermediate
between the older cores and the rapidly crystallized outer-
most rims; that is, in the inner rims of plagioclase and the
zoned shoulders or rims of olivine crystals. The fact that

olivine rims are compositionally zoned implies that some
time elapsed between magma recharge and eruption,
during which Fe and Mg started to diffusively
re-equilibrate. The presence of well-developed inner rims
in plagioclase phenocrysts from the lavas suggests that
more time was available for crystallization between
magma recharge and eruption in comparison with the
tephra. Assuming a growth rate of 10^10 cm s^1 (Marsh,
1988; Couch et al., 2003b), �10 mm wide inner rims in
plagioclase crystals from the lavas would form in �100
days, suggesting that lavas are erupted from a few days to
weeks after the tephra eruption.

WHAT DOES PETROLOGY TELL
US ABOUT ERUPT ION
DYNAMICS?
Comparing lavas and tephra
Modal abundances of phenocrysts in lavas and tephra are
significantly different, with �15^20 vol. % more pheno-
crysts in lavas than in tephra (Fig. 3). Considering that
phenocryst contents approximate pre-eruptive magma
crystallinities, as discussed above, the lower phenocryst
contents in tephra relative to lavas suggest a greater dilu-
tion of the resident mush by the crystal-poor recharge
magma to produce explosively erupted magmas. Mixing
proportions of �70:30 (recharge:mush) for the tephra and
�40:60 for the lavas are required to explain the observed
crystallinities, considering a resident mush with 60 vol. %
phenocrysts and a recharge magma with 5 vol. %
phenocrysts.
Olivine cores from lava and tephra span the same ranges

in composition, confirming that they have common origins
and crystallized under similar conditions. The main diver-
gence between phenocrysts from lavas and tephra concerns
the rim zoning patterns. Convergent olivine rim compos-
itions and the dominance of reversely zoned crystals in
tephra suggest assembly, reheating, and homogenization
of multiple magma batches just prior to eruption. When
present, reversely zoned shoulders in lava olivines converge
toward the same reduced range in composition as the oliv-
ine rims from tephra (Fig. 6). These crystals, therefore,
also have experienced assembly, reheating, and homogen-
ization before rapidly crystallizing during eruption. A frac-
tion of the olivines from the lava, however, have
homogeneous cores overgrown by normally zoned rims
that crystallized during eruption (particularly noticeable
in the Fissural 3 lava). Assembly and homogenization of
the olivine populations present in lavas was thus not as
complete as in the case of the explosively erupted magma.
A smaller volume of recharge magma would be sufficient
to explain the partial homogenization of the olivines in
the effusive products, whereas a large volume of recharge
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magma would be required for all the crystal rims of the
explosive products to be systematically affected.
Plagioclase phenocrysts from lavas and tephra are very

similar, which again is in agreement with storage in
common magma reservoirs. They display the same textur-
ally and compositionally distinct zones in their cores
(An-poor cores, skeletal An-rich cores, wormy An-rich
cores; Fig. 9), but slight differences in zoning at the rims.
The range in An contents of inner rims and their occa-
sional oscillatory zoning is attributed to variable degrees
of interaction with the recharge magma (i.e. variable
liquid compositions, temperatures, and volatile contents)
owing to incomplete hybridization with the resident mush
before eruption. Lower An contents in inner rims of
plagioclase from the lavas compared with those from the
tephra suggest a reduced influence of the recharge
magma in the effusively erupted magma.This is supported
by the rare presence of non-resorbed, melt inclusion-free,
oscillatory-zoned crystals (Fig. 7l) that are present in the
lava but not in the tephra and that attest to small fractions
of resident mush that did not interact with, nor record,
the mafic magma injection prior to eruption. Given the
contrasting average An contents of plagioclase produced
by the recharge magma (An90) and the resident mush
(An60), mixing proportions can be roughly estimated from
the bulk composition of the inner rims in plagioclase from
tephra (An78) and lavas (An68). These are of the order of
�75:25 (recharge:mush) and �40:60 respectively, which is
in good agreement with mixing proportions obtained
from phenocryst contents.
Overall, the differences between tephra and lavas imply

more pronounced interactions between the recharge
magma and the resident mush for explosively erupted
magma than for effusively erupted magma. All tephra
phenocrysts record an interaction with hotter recharge
magma, whereas all lava phenocrysts do not. Whole-rock
compositions of tephra and lavas should differ because of
variable proportions of primitive recharge magma. Slight
differences are indeed observed with �0·5^1wt % less
SiO2 and �1^1·5wt % more MgO in the tephra samples
than in the associated lavas. However, quantitative estima-
tions of the mixing proportions are difficult as they require
knowledge of the bulk composition of the crystalline
bodies present at depth. Multiple reservoirs are invoked to
explain the range in olivine core compositions, and a
large range in evolved melt inclusion compositions is
observed within each tephra unit (Bouvet de Maisonneuve
et al., 2012). Assumptions can be made regarding the inter-
stitial melt composition (evolved olivine-hosted melt inclu-
sion), the mineral compositions (low-An plagioclase,
low-Fo olivine) and modal proportions (�90 vol. %
plagioclase and 10 vol. % olivine); however, the number
of free parameters is such that no reliable mixing propor-
tions could be obtained. Given that the recharge magma

is nearly aphyric and its compositional contrast with the
resident crystal mush is small, the only way of identifying
its presence is through observations of small differences in
phenocryst textures and rim compositions between lavas
and tephra. We propose that explosive eruptions resulted
from cases in which the volume fraction of recharge
magmawas large, which systematically affected the pheno-
cryst rims and strongly diluted the resident mush. Effusive
eruptions, on the other hand, were triggered by smaller
volume fractions of recharge magma with respect to the
erupted mush, which partially affected the phenocryst
rims and only weakly diluted the resident mush.

The volume fraction of recharge magma as
a control of eruption style?
Namiki & Manga (2008) studied the transition between
fragmentation and permeable outgassing of low-viscosity
magmas. They observed from experiments that if the ex-
pansion velocity is large enough, the bubbly fluid frag-
ments. Large expansion velocities are favored by low
viscosities, high vesicularities, and/or high initial pressures.
When a mafic magma injection interacts with the resident
crystal mush at Volca¤ n Llaima, the bulk viscosity of the
mixture is diminished in comparison with that of the
mush, owing to a reduced liquid viscosity at slightly
higher temperatures and the dilution of the crystal content.
Typical densities and viscosities of �2550^2580 kgm^3

and �(2^3)� 107Pa s for the mush (59 vol. % plagioclase,
10508C) and �2610 kgm^3 and �15^20 Pa s for the
recharge magma (3 vol. % olivine, 11458C) are to be ex-
pected atVolca¤ n Llaima, implying a small density contrast
between the recharge magma and the resident mush but a
viscosity contrast of several orders of magnitude (calcu-
lated with Conflow; Mastin, 2002). The dissolved volatile
content increases relative to that of the mush, as the re-
charge magmas have more volatiles than the resident
magmas, which have degassed during crystallization at
shallow depths. Initial pressures in the reservoir are diffi-
cult to estimate, but one would expect them to increase
with the volume of magma injected if no magma is simul-
taneously extruded. Therefore, a large volume of recharge
magma would tend to significantly increase the possibility
of reaching large expansion velocities and satisfying the
fragmentation criterion. This is in agreement with the ob-
servation of larger volume fractions of recharge magma in
the explosively erupted magma than in the effusively
erupted magma.We suggest that shifts in eruption style at
Volca¤ n Llaima are due to (1) variable volumes of injected
mafic magma during recharge or (2) variable degrees of
interaction between resident magmas and recharge
magmas.
The amount of recharge magma in a specific erupted

body affects its mobility. In the case of a single recharge
event characterized by injection into a vertically oriented
reservoir, the injected magma progresses through the
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central part of the reservoir because it is slightly less crys-
talline, hotter, and easier to remobilize. Shortly after
magma injection, this intensively mixed central part with
a large volume fraction of recharge magma will yield a
Strombolian paroxysmal type of eruption through the
rapid ascent of mobile, gas-rich hybrid magma. The re-
maining recharge magma will continue to mix with the
resident mush, as it starts to degas and crystallize. If
magma overpressure in the reservoir is sufficiently high
for the eruption to continue, the subsequent erupted
magma will be less mobile and less gas-rich, favoring lava
effusion.
Magma recharge may also occur as multiple events of

minor amplitude. A minimum volume accumulated over
a number of injections would be required to remobilize
the resident mush and build sufficient overpressure for an
eruption to proceed. Once the required volume is attained,
a scenario similar to a single recharge event will occur. In
both cases, subsequent mafic intrusions would lead to
Strombolian paroxysms only if they are voluminous
enough to provide the necessary viscosity reduction, vesi-
cularity increase, and/or pressure increase required for ele-
vated expansion velocities and magma fragmentation.
These scenarios are in agreement with the observed

2008 eruptive activity, which started on January 1st with a
paroxysmal Strombolian eruption and continued a month
later with the extrusion of lava that overflowed from a
notch in the summit crater. They are also in agreement
with better developed inner rims in the plagioclase pheno-
crysts from the 2008 lava compared with those from the
2008 tephra (Fig. 7), suggestive of a longer time lapse
(some weeks) between magma recharge and eruption,
allowing for additional crystallization. During the April
2009 paroxysm, Strombolian explosions and lava effusion
occurred simultaneously. If the recharge magma mixes in-
completely with the resident mush, the resultant magma
can segregate in the vertical, shallow reservoir depending
on its local viscosity and crystal content, which in turn in-
duces variable ascent velocities. A possible scenario for
the inner workings of the 2009 paroxysm is that the
ascent of a phenocryst-poor, volatile-rich magma in the
center of the reservoir triggered the Strombolian explo-
sions, whereas the ascent of a phenocryst-rich, degassed
magma along the walls of the reservoir, partially entrained
by the rapidly ascending magma in the center, generated
lava flows.
The phenocrysts from the northeastern 1957 lava flow

have very similar textures, compositions, and zoning pat-
terns to those from the 1957 tephra. Olivine compositions
strongly converge at the rims (Fig. 5), inner rims in plagio-
clase overlap in composition with ORZ (Figs 9 and 12),
and outer rims are poorly developed. Modal phenocryst
abundances, however, remain contrasted, with �14 vol. %
more phenocrysts in the lava than in the tephra (Fig. 3).

The northeastern 1957 lava flow differs from the 2008 and
Fissural 3 lava flows, and its similarity to the associated
tephra suggests that it could have been spatter-fed and not
due to an overflow from the summit vent, as was observed
for the January 2008 lava flow. A spatter-fed lava flow can
be viewed as intermediate between explosive and effusive
activity in that magma is effectively fragmented at the
vent but not sufficiently to form an ash and scoria-rich
plume, as observed during paroxysmal events. Volume
fractions of recharge magma greater than those required
for lava effusion, but smaller than those required for a par-
oxysmal eruption, could potentially explain this eruptive
style. However, this interpretation remains speculative
and would require direct observation from an erupting
volcano to be further developed. Inferring the formation
mechanism of a lava flow from field observations is often
challenging, as complete coalescence of spatter clasts fre-
quently occurs, and single flows may retain little textural
evidence of an original clastic origin (Sumner, 1998).

Implications for eruption forecasting
The eruptive style of a given volcanic event at Volca¤ n
Llaima appears to be dictated by the vigor of recharge
processes that occur in the shallow reservoirs prior to
eruption. Our study suggests that the critical condition
required for an explosive eruption is the presence of a
large volume fraction of recharge magma in the erupted
magma, which is controlled by magma mixing and mush
remobilization in the shallow reservoir. The volume of
remobilized mush and the time scales required for mixing
will depend on the crystal content of the mush, the viscos-
ity of the interstitial liquid, the viscosity of the recharge
magma, and the way volatiles are redistributed between
recharge and mush. The degree of interaction between the
recharge magma and the mush will probably vary within
a limited range over time at a given volcano, as long as sig-
nificant changes in mush crystallinity and/or liquid viscos-
ity do not occur. It is probable that a given volume of
recharge magma will systematically remobilize a similar
volume of crystal mush. Large volumes of recharge
magma are potentially recognizable using monitoring
tools such as InSAR (Bathke et al., 2011; Chadwick et al.,
2011), tilt-meter (Green et al., 2006), or GPS measurements
(Jentzsch et al., 2001; Lowry et al., 2001; Geist et al., 2006).
Shallow crustal reservoir imaging using high-resolution
traveltime tomography has proven successful at Hawaii
(Okubo et al., 1997), and volume estimates at mafic volca-
noes such as Stromboli are possible using a comprehensive
multi-disciplinary approach (Cigolini et al., 2008).
Geochemical tools such as U-series disequilibria provide
another way of obtaining magma residence times and vol-
umes beneath active volcanoes (Pyle, 1992; Gauthier &
Condomines, 1999). Volume estimates of both resident and
recharge magmas could provide an interesting tool to
assess eruption style during future eruptive events.
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Simultaneous effusion of lava during paroxysmal events is
observed in some cases, and implies a secondary control
by conduit dynamics. However, the fact that a minimum
volume of recharge magma is required to produce an ex-
plosive event underlines the primary nature of the control
exerted by reservoir dynamics.
Magma recharge appears to have opposite effects in

mafic and silicic systems. Whereas more recharge means
more explosive eruptions in mafic systems such as Volca¤ n
Llaima, observations of dacitic systems suggest that large
volume fractions of recharge magma diminish the explo-
sive character of the eruption (Mt Hood volcano, USA,
Volca¤ n Quizapu, Chile, Kent et al., 2010; Ruprecht &
Bachmann, 2010). This inverse relationship between how
much recharge occurs and how explosive the resulting
eruption can be, is due to the very different melt viscosities
(�50 Pa s for Llaima and �104^105Pa s for Quizapu) and
volatile contents (�2^3wt % H2O for Llaima and 4^6wt
% H2O for Quizapu) of the erupted magmas. These dif-
ferences are such that the magmas fragment according to
different mechanisms.
In highly viscous magmas, the two commonly invoked

mechanisms for fragmentation are (1) strain rates exceed-
ing melt relaxation time (e.g. Papale, 1999) and (2) bubble
overpressure exceeding magma strength (e.g. Zhang,
1998). In mafic magmas, however, neither of these pro-
cesses is effective unless the magma is extensively cooled
or crystallized. Instead, inertia of the magma generated
by bubble expansion must be large enough for it to con-
tinue expanding and deforming until it fragments into dis-
crete particles (Namiki & Manga, 2008). An increase in
the volume fraction of recharge magma at Quizapu
decreased the viscosity of the erupted magma through an
increase in temperature and a change in composition,
favoring efficient syn-eruptive degassing and reducing the
potential for fragmentation (Ruprecht & Bachmann,
2010). An increase in the volume fraction of recharge
magma at Llaima increases the inertial effects during
magma ascent, which is the condition for fragmentation
of a low-viscosity magma.

CONCLUSIONS
This study illuminates the hyper-active nature of Volca¤ n
Llaima through the observation of ubiquitous signs of
magma mixing and mingling and a variety in styles of
such interactions recorded by plagioclase phenocrysts.
The study of texturally and compositionally distinct zones
in the cores and rims of plagioclase phenocrysts yields a
coherent picture of this complex, continuously evolving
system, where shallow magma reservoirs contain highly
viscous, crystal-rich magmas, the similar average composi-
tions and partially molten states of which are maintained
through frequent injections of low-viscosity, nearly aphyric,
volatile-rich recharge magmas.

The comparison of tephra and lava pairs from two
summit eruptions (AD 2008 and 1957) and a flank fissure
eruption (Fissural 3, � AD 1850) at Volca¤ n Llaima appears
to manifest a common parent magma origin for
Strombolian paroxysms and lava effusion. However, small
but quantifiable differences in plagioclase and olivine
zoning profiles and textures, as well as differences in
phenocryst contents, with �15^20 vol. % more pheno-
crysts in lavas than in tephra, indicate that a greater
volume fraction of recharge magma was present in the ex-
plosively erupted magma than in the effusively erupted
magma. We infer from these observations that
Strombolian explosions at Volca¤ n Llaima are favored by
the injection of a large volume of recharge magma, which
decreases the bulk viscosity and increases the volatile con-
tent of the erupted magma, favoring the large expansion
velocities required for the fragmentation of low-viscosity
magmas (basaltic-andesite in the Llaima case).
The observation of explosive eruptions generated by

larger volume fractions of recharge magma in mafic sys-
tems is opposite to the observed behavior in silicic, vola-
tile-rich volcanoes (Mt Hood and Volcan Quizapu; Kent
et al., 2010; Ruprecht & Bachmann, 2010), where more
magma recharge means less explosive eruptions. Besides
the fact that this apparent paradox is mostly due to the
different melt viscosities, it stresses that in both mafic and
silicic systems, conduit processes might not directly be
responsible for the eruption style, but rather a consequence
of the deeper pre-eruptive dynamics. Eruption style
appears to be predetermined in the reservoir, where the
dynamics of mixing between resident magmas and re-
charge magmas will define the crystal and volatile contents
of the erupted magma.
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Fig. A1. Curves of the cumulative percentage of crystals within a given size range for the 2008,1957, and Fissural 3 (� AD 1850) eruptive events
of Volca¤ n Llaima. Measurement of the long axis of all the crystals present within a representative area of a thin section (�1·5 cm�1·5 cm,
1000^2000 crystals per sample in the tephra, 2000^4000 crystals per sample in the lava) was performed using the image analysis software
JMicroVision (Roduit, 2002). Overlap of the data for the tephra and lava produced during a same eruptive event suggests that lavas have not
been severely modified by crystallization during eruption compared with the tephra. Phenocrysts thus record pre-eruptive reservoir conditions.
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