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The April-May 2010 eruption of the Eyjafjallajékull volcano (Iceland) represents an example of explosive
activity dominated by prolonged, low- to mid-intensity emission of ash, as it was characterized by a
continuous injection of tephra into the atmosphere that affected various economic sectors in Iceland
and caused a world-wide interruption of air traffic. This eruption has become a benchmark for the
understanding of the processes that govern the dynamics of ash-dominated eruptions, also representing
a unique opportunity for direct ash particle investigation.

Keywords: In this paper, selected ash samples from all phases of the eruption were studied in order to characterize:
explosive volcanism 1) the morphology, composition and texture of ash fragments; 2) the variability of the products of each
volcanic ash phase of the eruption; 3) the progressive changes of these features with time. The large morphological

ash morphology
hydromagmatic eruptions
Eyjafjallajokull

and textural variability of the ash fragments throughout the eruption is unrelated to any important
compositional change, and it reflects changes in eruption dynamics and in the mechanisms of magma
fragmentation. Textural and morphological features of juveniles suggest that primary magma degassing
dominated and modulated the dynamics of the entire eruption, while hydromagmatic fragmentation was
particularly effective only in the very initial phase. As a consequence, the large production of fine-
grained ash cannot be attributed to processes of magma-water interaction, and mechanisms of brittle
to ductile fragmentation related to magma degassing or ash recycling must be invoked. The study
demonstrates how the textural and morphological analysis of ash fragments can give important hints
to the understanding of the eruption dynamics of complex, long lasting eruptions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction ing eruptions has been successfully used to constrain eruption
dynamics (Taddeucci et al., 2004; Lautze and Houghton, 2005;
D’Oriano et al., 2011). Morphologic features of ash particles have

been also widely used to infer genetic processes of pyroclastic de-

The products of mid- to low-intensity eruptions (e.g. subPlinian,
violent Strombolian, Vulcanian) are characterized by variability of

the juvenile fraction, in response to the complex dynamics of
magma degassing and fragmentation. These eruptions are often
characterized or accompanied by prolonged phases of dominant
ash emission (Sparks et al., 1997; Cioni et al., 2008), and the study
of ash textures and morphology can be especially effective for
defining the processes which dominate magma ascent, degassing
and fragmentation. These are recorded in the textural features of
the ash, mainly as variations in vesicle shape, size and abundance,
and crystal content and composition of the groundmass (Nakada
and Motomura, 1999; Hammer et al.,, 2000; Cioni et al., 2003;
Wright et al, 2012). The variability of these parameters dur-
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posits.

The predominance of fine-grained material (ash) in the prod-
ucts of explosive eruptions has been often related to processes
of magma-water interaction (Self and Sparks, 1978; Heiken and
Wohletz, 1985), and some specific morphologic features have been
considered sufficient to indicate the dominance of hydromagmatic
fragmentation processes (Heiken and Wohletz, 1985; Dellino and
La Volpe, 1996). Despite these ideas, there is increasing evidence
of efficient production of volcanic ash due to primary (magmatic)
explosive fragmentation, driven by massive vesiculation of a vis-
cous melt (Zimanowski et al., 2003; Rose and Durant, 2009).

Wide research effort has been dedicated in the last two years
to the study of the March-May 2010 eruption of Eyjafjallajokull
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Fig. 1. Ash plume on May 4 2010 as seen from the South (A); activity on May 7 from the western rim of the crater (B); Three main sampling sites located at 4.5 (EJ13),
9 (EJ15) and 20 km (EJO7) from the vent, respectively. Samples at sites EJ13 and EJO7 were collected in pristine sections packed in the snow. Sample EJ15 was collected over

black plastic bags during direct fallout from the plume (C).

(Iceland) (e.g., Bonadonna et al., 2011; Kaminski et al., 2011;
Taddeucci et al., 2011; Bagnato et al., 2012; Borisova et al., 2012;
Dellino et al., 2012; Gislason et al., 2011; Gudmundsson et al.,
2012). This eruption represents a unique opportunity for ash parti-
cle investigation, as its nearly continuous injection of fine-grained
ash into the atmosphere was observed in detail, and particle sed-
imentation sampled in near-real time. Only few studies have been
conducted in detail to investigate the actual fragmentation process
(Dellino et al., 2012; Gudmundsson et al., 2012). Based on classi-
cal morphological observations on the ash fragments, these works
concluded that magma-ice/water interaction was particularly ef-
fective during the first, highly explosive phase of the eruption (first
two weeks), while in the rest of the eruption the contribution of
external water to the dynamics was not significant. No other data
have been collected in order to document the process of ash pro-
duction during the entire eruption, and to relate the differences
in the erupted material with the variations in the eruptive dy-
namics. In this paper, selected samples from the various phases
of the eruption are studied to characterize ash in terms of mor-
phology, composition and texture. The variability of the products
from each phase is discussed in detail, as well as the progressive
changes of these features with time. Finally, we use our results to
discuss magma fragmentation processes (magmatic versus hydro-
magmatic), and changes in eruption and magma dynamics during
the different phases of the eruption.

2. Chronology of the 2010 eruption
The 14 April-21 May 2010 eruption of Eyjafjallajokull was char-

acterized by a nearly continuous injection of tephra into the atmo-
sphere, up to 9 km above sea level (Fig. 1A and B). Ash was mainly

dispersed towards the east and south-east (Fig. 1C) reaching as far
as the southern parts of Europe and causing significant damage
to vegetation and various economic sectors in Iceland, combined
with a global disruption to air traffic (Miller, 2011; O'Regan, 2011;
Gudmundsson et al., 2012).

The explosive activity was preceded by a mildly Na-alkaline,
basaltic fissure eruption on the east flank (Fimmvorduhals) of
the volcano, with activity characterized by up to 150 m-high
lava fountains and lava emplacement (20 March-12 April). Activ-
ity recommenced inside the summit caldera in the early morn-
ing of 14 April. The summit eruption consisted of three phases
(Hoskuldsson, 2011; Gudmundsson et al., 2012); Phase I (14-18
April) can be subdivided in two further stages. A first opening
stage (first 3-4 hours) started when the eruption melted its way
through the ice-filled summit caldera. Steam-dominated and ash-
poor plumes characterized this stage. Meltwater started to gen-
erate jokulhlaups (floods) from the ice cap around 7 am (local
time). The eruption plume was observed earlier in the morning on
14 April. The first aerial survey revealed a series of vents aligned
along a 2 km-long, north-south-oriented fissure (Magntsson et al.,
2012).

The second stage of Phase I started around 6:30 pm of 14 April,
when a dark ash-laden plume emerged from the summit vents,
and lasted until 18 April. From 15 April, activity concentrated
in the summit area and remained within the cauldron until the
end of the eruption (Gudmundsson et al., 2012). Pulsating explo-
sions (hydromagmatic-like), occurring on the interval of seconds
to tens of seconds, characterized this second stage of Phase I. Each
pulse was formed by a steady stream of explosive events which
supported a 5-7 km-high ash-rich eruption plume (Hoskuldsson,
2011), with large magma or ice blocks trailing cock-tail jets of
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black material and pyroclastic surges limited to the caldera area.
Due to the unusually stable jet stream present at the time, the
ash cloud reached mainland Europe, forcing the closure of airspace
over a large part of Northern Europe. The most voluminous ash-
producing pulses took place in the afternoons of 14, 16 and from
noon on the 17 to early morning of the 18 of April. The average
volume flow rate (Q) for the first 72 hours of the eruption was
estimated at about 200-400 m>s~! Dense Rock Equivalent (DRE)
(Gudmundsson et al., 2012).

The intensity of the eruption drastically dropped on 19 April
(start of Phase II), followed by the onset of a lava flow which
lasted until 4 of May. This was accompanied by a semi-continuous
discharge of meltwater and steaming from the northern edge of
the ice cauldron due to the lava flowing underneath the Gigjokull
glacier, with no signs of major water accumulation within the
summit cauldron. This phase was characterized by small eruptive
plumes (2-3 km above the vent) and an average Q < 35 m3s~!
(Gudmundsson et al., 2012). Erupted material continued to accu-
mulate within the summit area leading to the build-up of a tephra
rampart on top of the northern side of the ice cauldron. The height
of the crater cone was 150 £ 20 m on 26 April (Thorkelsson,
2012).

A new phase of explosive activity started on 5 May (Phase III)
with renewed production of nearly continuous ash-rich columns
rising to heights in excess of 5 km (up to 10 km). Activity alter-
nated short periods of low magma discharge (15-30 m3s~!) with
prolonged periods of high discharge (100-350 m3s~1), similar to
those observed during the main stage of Phase I (Bonadonna et al.,
2011; Hoskuldsson, 2011; Gudmundsson et al., 2012). The onset of
this phase was also marked by the concurrent cessation of the lava
emission. Ash puffs were ejected every about 20 seconds at an av-
erage speed of 45 m/s (range of 20-150 m/s; Ripepe et al., 2013).
A final, waning tail (Phase IV) closed the eruption around 22 May
2010 (Gudmundsson et al., 2012).

The total bulk volume of tephra emitted during the 39 days of
activity has been estimated at 270 £ 70 x 10 m? (equivalent to
0.18 +0.05 km> DRE), of which 140 + 20 x 105 m3 fell on Iceland
(Gudmundsson et al., 2012). About 70% of material was produced
during the Phase I; Bonadonna et al. (2011) estimated that at least
30% of the ash erupted during Phase IIl was finer than 63 pm.

3. Tephra sampling and general stratigraphy

An extensive tephra sampling was carried out between 2 and
56 km from the vent, east and southeast of the volcano (Fig. 1C).
Five ash samples representative of the main phases of the eruption
were selected and used for the morphology and textural studies.
Sampling representativeness is guaranteed by the general fine-
grained nature of the erupted material (Wright et al., 2012).

Tephra emplaced during Phases I and II were collected from
the fall deposits interbedded with the snow in sections EJ13 and
EJ07. Section EJ13 (Fig. 1C) is located 4.5 km east of the crater
and is an approximately 20 cm-thick sequence of tephra beds sep-
arated by snow. Three samples were collected at this site: the
basal sample (EJ13A) is from a 2 cm-thick, coarse ash deposit.
The overlying horizon, from which sample EJ13B was collected, is
a 5 cm-thick layer of coarse-grained ash with scattered vesicular
juvenile lapilli. A thin, discontinuous, snow layer separates EJ13B
from the overlying upper tephra layer (EJ13C) which is represented
by a fine-grained, 10 cm-thick, faintly stratified ash bed. The EJ13
section is very similar to that described by Thordarson (2010) and
photographed a few days after the onset of the summit eruption.
Based on this stratigraphy, sample EJ13A was attributed to the first
hours of the eruption (opening stage of Phase I, 14 April), and
EJ13B and EJ13C to Phase I (14-17 April), during which most of
the tephra sequence was deposited.

Section EJ07, approximately 20 km east from the vent (Fig. 1C),
is represented by a basal, 10 cm-thick layer of fine-grained tephra
packed in the snow, covered by a discrete ash layer (sample EJ07;
Fig. 1C); this topmost ash deposit was attributed to the tephra ac-
cumulated during the entire Phase II (19 April-4 May).

Tephra of Phase Il was collected approximately 9 km east of
the crater as it fell from the plume on 5 May (sample EJ15;
Fig. 1C). Falling tephra was mainly aggregated ash of variable
sizes, which mostly disaggregated on impact with the ground (see
Bonadonna et al., 2011 for more details on tephra fallout and sam-
pling during Phase III).

The first observation of the tephra deposits in the field revealed
that different types of juvenile clasts coexisted within each level,
and that the relative abundance of these different clasts also varied
with the stratigraphic height. Juvenile fragments (always account-
ing for more than 85 wt% of the samples) varied from dense,
poorly-vesicular obsidian clasts up to highly-vesicular, elongated
pumice, to scoria fragments. Fragments of altered lavas and sco-
riae mainly formed the lithic fraction.

4. Data
4.1. Grain-size

Grain-size analyses show a bimodal distribution for all the five
samples studied, with main modes ranging from —1¢ to 2¢ and
from 4¢ to 5¢ (Fig. 2). Bonadonna et al. (2011) suggested this bi-
modality is related to processes of early ash aggregation in the
plume, also confirmed by the observations of Taddeucci et al.
(2011). Since not all samples were collected at the same distance
from vent, grain-size cannot be directly related to variations in
eruptive dynamics. The tephra sequence collected at the EJ13 site
(Fig. 1C), which represents the activity of 14-17 April, is charac-
terized at the base (EJ13A and B) by a uniform grain-size (Mdy =
—0.8), drastically decreasing to the top (EJ13C; Mde = 2.5), and
consistent with a progressive decrease in the intensity of the erup-
tion during Phase I and with the observed southward shift of the
dispersal axis of the plume of the 17 April activity (Gudmundsson
et al,, 2012).

4.2. Juvenile component

4.2.1. Types of juvenile fragments

The overall morphological and textural features of the juvenile
material, and the relative proportions of the different clast types
were defined in the coarse ash fraction (O¢). The choice of this
fraction represents a good compromise between the representa-
tiveness of this material with respect to the deposit, and the pos-
sibility to recognize in its textural features the pre-fragmentation
state of the magma. Analysis of clasts finer than 4¢ (representative
of the fine ash fraction) was also performed in order to detect the
homogeneity of the juvenile material in terms of morphology and
surface features. The results of the study of the two ash fractions
evidence the existence of at least four main categories of juvenile
clasts, that were distinguished on the basis of morphology, dimen-
sional ratios, features and shape of the external surfaces, amount
and dimensional ratios of vesicles (Figs. 3 to 5).

Spongy, finely vesicular clasts (SFV) are characterized by very
irregular external surfaces, due to the presence of broken, thin
(<10 um) bubble septa. Clast vesicularity is generally high (mean
value 58 vol.%, range 35-73 vol.%); vesicles are roughly equidimen-
sional and homogeneously distributed. Most of the vesicles are
smaller than 100 pm. Vesicle shape varies from equant to sub-
equant.

Coarsely vesicular clasts (CV) have slightly irregular, planar to
curviplanar external surfaces, with few protruding septa or fluidal
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Fig. 2. Reconstructed stratigraphic sequence of the eruption from April 14 to May 5, 2010. Grain-size histograms and granulometric parameters are reported on the right.
Proportions of different types of juvenile material within each sample are shown on the right (SFV = spongy finely vesicular, BL = blocky, CV = coarse vesicular, FL =

fluidal).

sectors, and equant to moderately elongate shapes. Morphology is
determined by the intersection of the external surface with coarse
vesicles (>100 pm). Clast vesicularity varies between 27-70 vol.%
and highly vesicular clasts (60-70 vol.% vesicles) predominate.
Vesicles are spherical to irregular, with a large dimensional range.

Blocky clasts (BL) have equant to sub-equant, roughly prismatic
shapes, showing planar to curviplanar, to slightly irregular, ex-
ternal surfaces that rarely intersect vesicles. Curviplanar surfaces
possibly result from rupture of very coarse bubbles or not vesic-
ular glass. Clasts are generally incipiently to moderately vesicular
(12-40 vol.%), with a modal value around 30 vol.%. Black, obsidian-

like glassy clasts characterized by smooth external surfaces are
present at the base of the succession. Vesicles are generally spher-
ical, with a wide dimensional range. Elongate tubular, coalescing
vesicles showing a preferred orientation are also present in some
BL clasts. On average, these are characterized by the highest values
of vesicularity for this category.

Fluidal clasts (FL) are sub-equant to elongate (rod-like). The
general shape is moderately to very irregular, with a smooth-
skinned surface; external surfaces cut only few bubbles. Clast
vesicularity varies in the same range of SFV and CV clasts
(34-70 vol.%), with a mode at approximately 55 vol.%. Vesicles
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have a wide dimensional range, with the coexistence of large,
irregular, contorted, elongated vesicles, and small-sized, nearly
spherical ones. The smooth-skinned surfaces visible on these clasts

possibly represent the inner surface of a population of very large,
irregular bubbles (or of a complex network of interconnected bub-
bles), disrupted at fragmentation.

Open cracks, typical of hydromagmatic clasts (Heiken and
Wohletz, 1985), were not observed in these fragments, but these
do occasionally exhibit jigsaw-like fractures with very thin (sub-
micrometer) openings. External surfaces of the clasts do not gen-
erally show coatings; if present, coatings are very fine-grained,
formed by micrometer-sized ash. Vesicle filling is common, in par-
ticular in SFV and CV clasts. Secondary minerals are present on the
external surfaces of some clasts throughout the whole sequence.
They are mainly represented by diffuse, sub-micrometer-sized, salt
encrustations, and by minor acicular to needle-like crystals (sul-
phates and possibly Na-Ca-K silicates), micrometer-sized cubic
minerals (chlorides), and micrometer-sized globular masses com-
posed of oxides and/or hydroxides. Combining information from
direct measurements of surface composition and speciation mod-
eling, Gislason et al. (2011) suggested the presence of a largely
varied assemblage of sulphates, chlorides, fluorides, borates and
phosphates in these salts encrustations. Bonadonna et al. (2011)
described abundant ash coatings on particles directly collected on
adhesive paper while falling. These ash coatings were however ef-
ficiently removed during the minute-long mechanical sieving, sug-
gesting that syn-eruptive ash aggregation was mainly controlled
by electrostatic forces, and that the formation of the secondary
minerals was not sufficiently pervasive to cement the ash coat-
ings.

4.2.2. Clast type abundance along the eruption sequence
The juvenile component ejected during the different phases of
the eruption shows a large morphological and textural variability
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also at the scale of the single eruptive phase (Fig. 2). Noteworthy
is the abundance of BL clasts in the products of the beginning of
the first phase of the eruption (opening stage of Phase I; sample
EJ13A) and the progressive decrease of this type of clasts up to
their nearly complete disappearance at the end of this first phase
(i.e., sample EJ13C; Fig. 3). Conversely, FL clasts first appear and are
most abundant by the end of Phase I, and progressively decrease
until Phase III. CV and SFV clasts are present in various proportions
in all samples. However, the percentage of CV clasts is relatively
constant, whereas SFV dominate in the products of the most in-
tense episode of Phase I (EJ13B). SFV clasts are also abundant in
the products of Phase IIl. All these observations can be summa-
rized in the main following points:

i. the most diagnostic clast types for eruptive dynamics are BL
and FL, as they are not always present, with BL being most
abundant and FL being absent in the first stage of Phase I.

ii. low-vesicularity, BL clasts are abundant only at the onset of
the eruption, together with coarsely vesicular clasts (CV);

iii. fluidal, highly vesicular clasts (FL) appear and are most abun-
dant by the end of Phase I and during Phase II;

iv. coarsely vesicular clasts (CV) and highly vesicular clasts (SFV)
are the only two components that are always present in all
samples;

v. SFV clasts, which record the most vesicular portions of the
magma, are particularly abundant in the tephra deposited by
the most intense phases of the eruption (Phase I, Phase III).

4.2.3. Shape parameters

Projected outlines of the juvenile clasts depict a clear morpho-
logical variability along the eruption sequence, with jagged, irreg-
ular, elongated clasts being predominant by the end of Phase I to
the end of Phase II (samples EJ13C and EJ07; Fig. 4A), and more
compact, circular shapes mainly present between the clasts of the
first part of Phase I. Among all the different morphological pa-
rameters calculated for the clasts, the solidity and ellipse aspect
ratio values (see Methods in Electronic Supplementary Materials,

| Phase | | Phasell | Phase lll
9E-04 1 lopening stage | [ [
<\/IE\ 8E-04 ol
S s {2 .
£ 6E-04 | ®SFV %
= x FL
£ 5E-04 N ﬁ .
a [=]
S 4E-04 - Y
5 g pd ®
S 3E-04 a o «
2 8§
© 2E-04 & = X
& g % 6%
S 1E-04 8 ® o
OE-04 T T T T ‘?
EJ13A EJ13B EJ13C EJ107 EJ15
Stratigraphic height

Fig. 6. Vesicle density (number/um?) for the different clast types as a function of
the stratigraphic height.

ESM) clearly point out some of the difference in clast morphology
observed between the products of the different phases of the erup-
tion (Fig. 4B). The relative abundance of FL and BL clasts appears
to control the trend of the morphological features, with the clasts
from the first phase of the eruption (sample EJ13A) being mainly
characterized by high values of convexity, solidity and circularity
(Fig. 4B). Conversely, the abundance of both CV and FL clasts in
the ash erupted at the end of Phase I (EJ13C) results in a large
spread of all the shape parameters, due to the irregularity of the
external surface of these clast types. Phase Il clasts (EJ07) show the
largest spread of all the shape parameters, reflecting the very large
variability of clast types that characterizes this sample (Fig. 2).

4.2.4. Vesicle size, shape and number density

The different clast types have average vesicularity values around
55 vol.% except for the BL clasts, which present a lower vesicle con-
tent (around 30 vol.%; Fig. 5). Vesicularity of each clast type does
not vary along the eruption; conversely, a change is observed for
the vesicle number density per unit area N,, characterized by a
continuous decrease during Phase I (samples EJ13A to C), followed
by an increase in the transition to Phase II (sample EJ07) and by a
very large range in Phase III (sample EJ15; Fig. 6). 3D vesicle size
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Fig. 7. (A) Distribution of the total groundmass crystallinity for the different clast types as a function of stratigraphic height. The different types of juvenile clasts are also
characterized along the eruption sequence by (B) clinopyroxene and plagioclase (C) average size (um?) and (D) plagioclase aspect ratio (ARpy).

distribution (calculated correcting 2D data according to the method
by Klug and Cashman, 1994) of BL and SFV clasts is generally uni-
modal (Fig. 5), with a median diameter between 50 and 100 pm.
The wider range of vesicle sizes shown by CV and FL clasts, and
the shape of the cumulative curves reflect in some cases the pres-
ence of various populations of vesicles, possibly related to multiple
stages of nucleation and growth, with a median vesicle diameter
more variable than that of SFV. Aspect ratio of the vesicles (ARy:
ratio between the major and minor axes of the approximating el-
lipse) is high and largely variable for BL clasts (mean = 1.95, stdev
= 0.87), reflecting the coexistence of BL clasts with tubular and
spherical vesicles. ARy is also higher for FL clasts (mean = 1.81,
stdev = 0.17) than for CV and SFV clasts (mean = 1.65, stdev =
0.15, and mean = 1.66, stdev = 0.12, respectively).

4.2.5. Groundmass crystallinity

The range of total groundmass crystallinity is quite similar for
CV, SFV and FL clasts, with the majority of them having aver-
age crystal content between 3 and 35 vol.% (Fig. 7A). The median
value of the three clast types progressively increases from SFV,
to CV, to FL, respectively passing from 14, to 17.6, to 22.8 vol.%.
Two values larger than 40 vol.% are present in the CV clasts. BL
clasts are present both as abundant, nearly microlite-free, glassy
clasts in the deposits of the opening phase of the eruption (sample
EJ13A), and as rare fragments from the rest of the sequence char-

acterized by a glass-bearing groundmass carrying abundant, tiny
microlites. Due to the very small amount of this second type of BL
clasts in the sequence (samples EJ13B to EJ15, Fig. 2), only some
microlite-poor BL clasts from the basal sample (EJ13A) were an-
alyzed. Basing on this premise, an evolution of the groundmass
crystal population can be observed from the base to the top of the
sequence. A small but nearly continuous increase in crystallinity
is observed in fact along the eruptive sequence (Fig. 7A), passing
from the poorly crystallized clasts of the onset of Phase I (EJ13A;
~7 vol.% on average), to the more crystallized samples of the end
of Phase I (EJ13C; ~22 vol.%), up to Phase IIl (EJ15; ~25 vol.%).
Variable proportions of plagioclase and subordinate clinopyroxene,
and minor oxides form the mineral assemblage of the ground-
mass. Size of clinopyroxene microlites follows a similar trend, with
a maximum shifted to Phase II (Fig. 7B). On average, the largest
microlites are associated with the end of Phase I and Phase II. Av-
erage dimensions of plagioclase microlites show a general increase
from the base of the sequence to the end of Phase I (Fig. 7C), re-
maining nearly constant in Phase II; the average size of microlites
decreases in Phase IIl. Plagioclase microlites of samples from the
first stages of the eruption (EJ13A and EJ13B) also show the highest
average aspect ratio (ARp = major/minor axis; 6.7-6.9; Fig. 7D),
recording the occurrence of acicular microlites, respect to the gen-
erally bladed-shaped crystals of the other samples (average ARp
around 3.7).
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Fig. 8. Groundmass chemical analyses for the different samples (colored lines) and
different clast types (different symbols). (For interpretation of the colours in this
figure, the reader is referred to the web version of this article.)

4.3. Glass composition

Analyses of matrix glass were performed on the different types
of ash fragments from all the studied samples, for a total of more
than 100 clasts (Table 1, ESM). Glass composition ranges from ben-
moreite to trachyte (according to what observed by Gudmundsson
et al., 2012) showing a rather wide variation in the silica content
(56-68 wt%), with total alkali ranging from 7.3-9.1 wt%.

For CV, SFV and FL clasts no correlation is observed between
groundmass glass composition, clast type and stratigraphic posi-
tion of the sample (Fig. 8). BL clasts (mainly from EJ13A), span
the same silica range covered by the other clast types and show
slightly higher alkali content and lower MgO. Clasts from sample
EJ13A have a wide variability, encompassing the whole composi-
tional range. A shift toward more evolved compositions is shown
by the average content of CaO and total alkalies (Fig. 8); in general,
clasts from EJ13B and EJ13C are mainly benmoreitic, contrasting
with clasts from EJ07, which are mostly trachytic (Table 1, ESM).
Similarly to clasts from the first phase, those from EJ15 span a
large compositional range, showing both trachytic and benmore-
itic compositions. The occurrence of trachytic compositions in the
clasts of Phase II contrasts with data of Gudmundsson et al. (2012),
who report only benmoreitic compositions during this phase. We
suggest that this discrepancy (although small, given that EJ07 sam-
ple lays just at the limit of the field benmoreite-trachyte) could
be related to the small number of samples collected during this
prolonged phase of the eruption, which could have been more
complex than shown by Gudmundsson et al. (2012).

5. Discussion

Morphological, textural and compositional features of pyroclasts
have often been used to discuss the relative roles of ascent-related
magma degassing and magma/water interaction, as well as the in-
fluence of magma composition and rheology in generating many
of the observed features of the clasts. Magmatic fragmentation
of a melt rising into a conduit can be either related to brittle
failure of the highly vesicular melt (by strain-induced, viscoelas-
tic relaxation following rapid acceleration, or for sudden release
of bubble overpressure) or to inertially driven ductile deforma-
tion caused by bubble growth during decoupled gas-melt ascent
(Cashman et al., 2000). Namiki and Manga (2008) suggested that
the viscosity limit for the passage from ductile to brittle fragmen-
tation can be placed around 10° Pas. On the other side, hydromag-
matic fragmentation mainly derive from the different modalities

of magma-water interaction (fuel-coolant interaction, bulk inter-
action steam explosivity, cooling-contraction granulation; Kokelaar,
1986; White et al,, 2003). Many textural and morphological fea-
tures are commonly considered as produced by magma-water in-
teraction, like the presence of blocky, dense, poorly crystalline frag-
ments in the deposits, the diffuse cracking by hydration or chilling
on the external surface of the clasts, the heavy vesicle fillings or
fine ash coatings on external surfaces (Heiken and Wohletz, 1985;
Cioni et al., 1992; Dellino and La Volpe, 1996; Biittner et al., 1999).
Conversely, in many hydromagmatic eruptions, magma-water in-
teraction mainly induces changes in the dynamics of dispersal
and deposition of the eruption products without influencing frag-
mentation at a large scale (Kokelaar, 1983; Barberi et al., 1989;
Kokelaar, 1986; Cole et al., 2001).

Morphological and textural analyses of April-May 2010 Eyjaf-
jallajokull ash evidence the presence of four main types of frag-
ments, distributed with different proportions along the eruption
sequence. In spite of these differences, clasts of variable type and
from the same stratigraphic level share similar glass composition
and groundmass crystallinity, excluding a dependence of the clast
features on the chemical and mineralogical composition of the
magma. Irrespective of the clast type, however, a compositional
and textural trend is observed in the groundmass of the whole
juvenile fraction, passing from the first to the last erupted prod-
ucts. All these data are discussed here in terms of the dynamics
of eruption and fragmentation, degassing and crystallization of the
magma, and of the distribution of physical and rheological proper-
ties inside the ascending magma column.

5.1. Fragmentation processes: the significance of the different types of
Jjuvenile clasts

Variations in the morphological features of the clasts can be
interpreted in terms of the relative role played by different frag-
mentation processes during the eruption. The presence inside a
single stratigraphic level of three to four different clast types sug-
gests that fragmentation occurred over a heterogeneous magma
column characterized by variable vesicularity and rheological fea-
tures. The predominance of highly vesicular fragments in all the
main phases of the eruption suggests a prominent and always ac-
tive role of degassing-related magmatic fragmentation during the
eruption. Estimates of dissolved water content in magma (Keiding
and Sigmarsson, 2012) give values clustered around 1.3-1.4 wt%,
up to a maximum of 1.8 wt%. In the assumption that HO was
the main volatile phase in the magma, volatile saturation was
reached at pressure around 20-30 MPa for conditions of equilib-
rium magma degassing. According to these calculations, degassing-
driven magma fragmentation probably occurred in the last hun-
dreds of meters of the conduit. Basing on the measured ranges
of glass composition, vesicle and crystal content, and on the esti-
mates of dissolved water content and magma temperature (around
1000 °C; Keiding and Sigmarsson, 2012), we calculate that magma
(melt + crystals + bubbles) viscosity reached values at fragmen-
tation of the order of 10°-10° Pas, close to the limit suggested by
Namiki and Manga (2008) for the occurrence of ductile vs brittle
fragmentation.

- BL clasts

BL clasts are abundant (40 vol.%) only in the sample of the onset
of Phase I (Figs. 2, 3), where they are present as low crystallinity
obsidian-like fragments with a fairly large range in vesicle shape
(spherical to tubular) and abundance (12-40 vol.%). This type of
particles was not described by other authors, who possibly failed
to sample or did not analyze this thin proximal bed, representative
of the first erupted products.
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The textural features of BL clasts are important to define the
role of hydromagmatic fragmentation in the eruption. We suggest
that the glassy, dense BL clasts may represent fragments of the
sill/dyke body intruded in the conduit and under an ice cover of
about 200 m (Gudmundsson et al., 2012) during the initial phase
of the eruption. The slow ascent of magma in the still cold host
rocks and the intrusion at the base of the ice cover at the onset
of the eruption favored processes of cooling and outgassing, with
consequent delayed vesiculation followed by vesicle collapse; frag-
mentation of this part of the magma body was thus mainly related
to interaction with ice, and was dominated by quenching granu-
lation. Morphological features similar to those of BL clasts are de-
scribed in effusive and effusive-explosive subglacial eruptions, as
the product of the passive fragmentation of obsidian derived from
the collapse of an erupting foam (Tuffen et al., 2002; Tuffen, 2007;
Gudmundsson et al., 2012). These dense, microlite-poor clasts are
completely lacking in the following activity, generally dominated
by highly vesicular clasts, suggesting that water-ice access to the
vent was very limited during late stages of the eruption. In addi-
tion, no other surface texture or morphology classically interpreted
as derived from magma-water interaction (Heiken and Wohletz,
1985; Cioni et al., 1992; Biittner et al., 1999) was clearly observed
in clasts from the other samples, reinforcing this conclusion.

A low amount of blocky clasts is also present in samples EJ13B
to EJ15 (main stage of Phase I to Phase IIl); these clasts have an
incipiently to poorly vesicular, microlite-rich groundmass, clearly
contrasting with the glassy, nearly microlite-free nature of BL clasts
observed in the first erupted products. Although not studied in
detail here (for their low abundance), groundmass crystallinity of
this second type of blocky clasts is generally higher even of all
the other vesicular clasts present in the same samples. We suggest
that these microlite-rich clasts derive from the shuttering of the
syn-eruptively degassed, crystallized, more rigid (lateral?) portions
of the magma column induced by the explosive fragmentation of
the volatile-rich portions of the magma column.

- CV and SFV clasts

CV and SFV clasts are characterized by moderate to high vesicular-
ity, and they dominate the entire sequence. They mainly differ in
the range of size and aspect ratio of the vesicles. SFV have nearly
equidimensional and homogeneously distributed vesicles, while in
CV these are spherical to irregular with a larger dimensional range,
possibly recording a more complex (and mature) vesiculation his-
tory (Fig. 5). On average, vesicles of SFV clasts differ from those of
CV clasts for their unimodal distribution, smaller size and higher
area number density (Figs. 5 and 6), suggestive of delayed nu-
cleation. The external surface of the clasts cuts through a large
amount of subspherical bubbles, suggesting they derive from the
brittle, stress-dependent fragmentation of a magma column with a
vertical and/or lateral gradient in vesicularity and cristallinity, well
recorded in the gradually merging features of SFV and CV clasts.
Textural features of SFV clasts of the samples from paroxysmal
phases (EJ13B and EJ15; Phases I and III, respectively) differ from
those of the milder Phase II (E]J07) or the end of Phase I (EJ13C).
While during the high-intensity phases SFV clasts bear the smaller
microlites, in samples from milder activity SFV clasts have the
largest crystals (Fig. 7B and C). We suggest that SFV derive from
the fragmentation of the deeper, volatile-rich part of the magma
column, which is rapidly extracted and continuously renewed dur-
ing the high mass discharge rate (MDR) phases, while during the
lower intensity phases this part of the magma undergoes a slower
ascent and minor undercooling. Similar gradual changes in ground-
mass texture observed on clasts from the summer 1980 pulsatory
activity of Mt St Helens, were interpreted by Cashman and Mc-
Connell (2005) as related to the disruption of a vertically zoned

magma column. Exsolution of magmatic volatiles and disintegra-
tion of the expanding, highly vesicular two-phase mixture were
possibly the mechanisms that produced the SFV and CV fragments.
The large abundance of these clasts (and in particular of SFV) in
the deposits related to the events of higher intensity (Phases I
and III) suggests that they were dominated by magmatic explosiv-
ity, and ash production was associated with stress-related, brittle
disruption of a finely vesicular, foamy melt, in agreement with the
interpretation of Dellino et al. (2012). The absence of a clear ev-
idence (from clast morphology/surface texture) of hydromagmatic
fragmentation suggests that, after the first most intense phase of
the eruption, water access to the vent was limited, possibly due to
the concurrent effects of the early formation of a large ice cauldron
during the initial phase, efficient sub-glacier water drainage to feed
jokulhlaups, and the progressive building, inside the ice cauldron,
of a tephra edifice.

- FL clasts

FL clasts show the widest dimensional range of vesicles, due to the
coexistence of large, irregular/elongated and small, nearly spherical
vesicles (Fig. 5). The very smooth external surfaces and the gener-
ally contorted shapes (Fig. 3) represent the most remarkable fea-
ture of these clasts. Differently from the SFV clasts, FL clasts have
morphological and textural features suggestive of the disruption of
a heterogeneously vesicular fluid. The fluidal, contorted surfaces of
the clasts possibly represent the internal walls of larger, elongated,
coalescent vesicles broken at magma fragmentation. These bubbles
record even more mature vesicularity than CV, and their elongated,
aligned, contorted vesicles suggest at least partial development
of vesicle connectivity and, possibly, of a higher permeability re-
spect to SFV and CV clasts. The reaching of these conditions in the
magma column by the end of Phase I and during Phase II (where
FL clasts dominate) was related to the decrease in MDR, and could
have caused the shift from stress-related, brittle fragmentation to
dominant inertially-driven, ductile fragmentation (also in agree-
ment with the proximity of magma viscosity to the threshold of
ductile-brittle behavior).

5.2. Compositional and textural features of the ash as proxies for
changes in magma dynamics

Important changes in the groundmass texture occur along the
studied sequence and can be interpreted in terms of changes in
the modalities of syn-eruptive magma ascent and decompression,
and the contribution of different magma batches to the eruptive
dynamics.

Conditions of fast magma ascent are recorded in the ground-
mass of clasts from the first stages of the eruption (EJ13A and
EJ13B). In particular, these samples are characterized by the low
groundmass crystal content and by the small size of the micro-
lites; besides, plagioclase microlites are characterized by the high
values of ARp . All these features are suggestive of large magma
undercooling possibly related to rapid degassing under condi-
tions of high volatile supersaturation (Cashman and Blundy, 2000;
Hammer and Rutherford, 2002).

The increase of the average microlite size and the sharp drop in
the value of ARy by the end of Phase I (from sample EJ13C to EJ15)
mark the transition to Phase II, characterized by a general decrease
in explosivity and the onset of the lava effusion. Interestingly, the
groundmass glass of the Phase II clasts did not show the slight
decrease in silica described by Gudmundsson et al. (2012), suggest-
ing that the higher (and more variable) groundmass cristallinity of
these products related to the decreased MDR and increased gas
loss during this phase possibly contributed to buffer the residual
melt on a trachytic composition.
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An important change in the process of magma feeding is sug-
gested to occur at the shift from Phase II to Phase III (5 May),
when an arrival of primitive, deep-derived magma has been in-
ferred mainly based on the presence of mafic minerals in disequi-
librium with the evolved trachyandesite magma, accompanied by
an increase in deep (18-23 km) seismicity (Sigmarsson et al., 2011;
Tarasewicz et al., 2012). Sigmarsson et al. (2011) suggested that
the arrival of this new, deeply derived magma contributed to
remelt and remobilize a preexisting silicic intrusion, resulting in a
small increase in silica of the erupting liquid clearly visible also in
sample EJ15 (Fig. 8). Sigmundsson et al. (2010) suggested that the
Phase III of the eruption was characterized by an increase in erup-
tion rate with respect to Phase II, which coincided with a rapid
increase in column height and with the concurrent cessation of
lava effusion. The changes observed in the juvenile clasts, with an
important decrease of FL type and the concurrent increase of SFV
(Fig. 2), reflect this increase in explosivity. Vesicle number density
returns close to the values of Phase I (Fig. 6), while the median
vesicle size slightly increases with respect to the other samples.
The lower number of FL clasts in Phase III testifies to a general de-
crease of large, interconnected bubbles in the magma column, in
agreement with our hypothesis that the development of this type
of vesicularity was mainly related to the decrease of MDR during
Phase II, and the consequent trigger of a separated gas-melt dy-
namics. Also groundmass cristallinity gives indications similar to
those for the first phase of the eruption (high undercooling, rapid
magma ascent): the average size of microlites in the groundmass
(both plagioclase and especially pyroxene; Fig. 7B, C) decreases
with respect to the preceding phase, and the microlite number
density increases. In general, microlite cristallinity roughly follows
a trend of decrease with increasing magma discharge rate (Fig. 9),
analogously to what observed by Wright et al. (2012) at Tungu-
rahua. This suggests that rapid ascent of volatile-rich magma under
nearly close degassing conditions was responsible of the episodes
of higher explosivity of the eruption. Another important indica-
tion finally comes from the occurrence of microlite-rich blocky
clasts, suggestive of the re-involvement, during the higher intensity
Phase III, of partially degassed and crystallized portions of magma
possibly left aside during the preceding, lower MDR Phase II.

5.3. A possible model for the eruption

All features of juvenile clasts well relate with observations of
eruption dynamics, adding insights into the reconstructed model of
the eruption (Gudmundsson et al., 2012). The opening stage of the
summit eruption (first hours of Phase I, Fig. 10A) was characterized
by magma intrusion into the glacier, and resulted in rapid magma
quenching with the formation of microlite-poor obsidian and gran-
ulation by passive, not-explosive fragmentation. The simultaneous
explosive activity was instead mainly driven by primary fragmenta-
tion of magma, as suggested by the concomitant presence of highly

vesicular clasts (SFV and CV). Primarily fragmented magma possi-
bly underwent a further stage of fragmentation by the contact with
the ice-melting water.

The main stage of Phase I, characterized by the formation of an
ash-laden plume and by hydromagmatic-style activity (Fig. 10B)
immediately followed this subglacial activity (Gudmundsson et
al,, 2012). Tephra from this part of the eruption are character-
ized by a prevalent magmatic signature, with abundant, highly
vesicular material (CV and SFV clasts). High magma ascent ve-
locity during this high MDR phase favored conditions of closed-
system degassing, which reflected in the generally low groundmass
cristallinity (Figs. 7A and 9), the small average size of microlites
(Fig. 7B and C) as well as the poorly connected vesicularity of CV
and SFV clasts. Rapid ascent also resulted in brittle fragmentation
of magma by development of vesicle overpressure. The interac-
tion with ice-water which induced the observed hydromagmatic-
style activity (cock-tail jets) occurred at the crater level with an
already fragmented magma, strongly influencing the external dy-
namics of the eruption without an important contribution to the
fragmentation process (Kokelaar, 1986). The final part of Phase I
(sample EJ13C) was clearly characterized by a progressive de-
crease of eruptive intensity and by the building of an intracaul-
dron cone, which insulated the magmatic mixture from the sur-
rounding glacier. These conditions possibly promoted the passage
to the mixed, effusive-explosive activity of Phase II (Fig. 10C),
due to the possibility of creating a bifurcated conduit at the
base of the tephra cone (Pioli et al., 2009). The decreasing MDR
(Kaminski et al., 2011) induced also an increase of bubble inter-
connectivity (recorded in the mature vesicularity of CV and es-
pecially FL clasts) and the onset of separated gas-melt flow, re-
sulting in a shift from stress-induced brittle magma fragmentation
to dominant inertially-driven ductile fragmentation. The absence
of evidences of magma-water interaction in the clast morphology
suggests a prominent role of the growing tephra cone in pre-
venting the free access of water to the vent (Tuffen et al., 2002;
Tuffen, 2007).

Phase III (Fig. 10D) was characterized by the end of the effusive
activity and by a rapid increase in eruption intensity. This higher-
intensity phase was possibly related to the arrival of a new, gas-
rich magma batch (Sigmarsson et al., 2011), as also suggested by
the high, nearly spherical, small size vesicularity and the restoring
of the closed-system conditions of degassing. Similarly to Phase II,
water access to the vent area was limited to absent also during
Phase III, resulting in the absence of the surtseyan-like explosivity
at the vent typical of Phase I (Gudmundsson et al., 2012).

The abundant production of fine ash during the entire eruption
is one of the main features of this event. Our data suggest that,
despite the general interpretations of subglacial activity, magma-
ice-water interaction played an important role in enhancing or
promoting magma fragmentation only in the very initial phases of
the activity, when the amount of available water was sufficiently
high with respect to the erupting magma, and before the com-
bined effects of the intracauldron tephra cone and water drainage
from below the ice cap substantially inhibited the contact.

We suggest here that an additional process able to generate
large amounts of ash was possibly related to the continuous recy-
cling of large amounts of fragmented material accumulated in the
ice cauldron. Comminution of this mixture by mechanical milling
within the vent would be able to produce more fine ash from
previously fragmented material (Rose and Durant, 2009). The pul-
satory dynamics of the eruption, characterized by the high fre-
quency emission of slowly rising ash-laden pulses that prematurely
release a large mass of clasts over the vent area, supports this in-
terpretation. The early settled material mixes with water inside
the ice cauldron, forming a highly mobile tephra-water-ice slurry,
prone to slide inside the vent and to be recycled by the sequence
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- Phase I - opening stage A
14 April 2010
(Sample EJ13A)

Onset of the subglacial eruption

Melting of the ice cap

Steam and ash-poor plumes and floods

Abundance of blocky (BL), obsidian, microlite-free clasts
suggesting quenching and granulation of magma intruding into
the ice.The presence of vesicular fragments suggests the
importance of magmatic explosivity to trigger the eruption

- Phase I - main stage B
14-18 April 2010
(Samples EJ13B EJ13C)

Dark, ash-laden plumes up to 9 km and hydromagmatic-like, pulsating activity
Progressive decrease of magma-water interaction; cockstail jets

Abundance of highly vesicular (SFV) and coarse vesicular (CV) clasts in ET13B

and CV and fluidal (FL) in EJT13C. Brittle magmatic fragmentation dominates the
paroxysmal phase. Fast ascent and closed-system degassing favor the growth of
small, high aspect ratio (AR) microlites. The decrease of the activity at the end of this
phase is marked by the shift to ductile fragmentation processes and to a larger content
of low AR microlites. Onset of separated gas-melt flow

- Phase 11 C
19 April-4 May 2010
(Sample EJO7)

Onset of the lava flow

Drop of eruptive intensity, high seismic tremor

Strombolian activity at the vent

Insulation of the cone - no significant magma/water interaction

Abundance of coarse vesicular (CV) and fluidal (FL) clasts. The decrease discharged
and the growth of the cone determine the onset of effusive activity. Development

of a partially interconnected vesicle network. Ductile fragmentation still dominates
despite the microlite-richer magma

- Phase III D
4 May-18 May 2010
(Sample EJ15)

Cessation of the lava flow and new phase of high-intensity activity

Arrival of gas-richer magma

Decay of fluidal (FL) clasts; new increase of highly-vesicular (SFV) clasts

The increase of discharge rate reflects the progressive restoring of closed-system
degassing conditions and brittle magma fragmentation. Water and ice are nearly
completely excluded from the vent; absence of surtseyan-like explosions

Fig. 10. Schematic representation of the different phases of the 2010 Eyjafjallajokull eruption. Pictures of Phase I are courtesy of M. Fulle - Stromboli On-
line (http://www.swisseduc.ch/stromboli/perm/iceland/index-it.html). Picture of Phase II is from F. Sigmundsson (http://www.jardvis.hi.is/Apps/WebObjects/Hl.woa/wa/

dp?id=1027696).

of explosive pulses. Further studies should be conducted to con-
strain the main parameters which control this process.

6. Conclusions

Some conclusions on the studied eruption and on the general
problem of mid-intensity, ash dominated eruptions can be drawn
from the presented results:

i. The presence of several types of juvenile clasts with differ-
ent vesicularity and groundmass crystal content during each
phase of the eruption suggests the fragmentation of a verti-
cally heterogeneous magma column. The uneven distribution
of gas vesicles within the magma column resulted in local
conditions of closed and partially open degassing. A more ef-
ficient magma-gas decoupling established during the less in-
tense phases of the eruption.

ii. The rheological properties of the magma, close to the thresh-
old for the passage from ductile to brittle fragmentation, cou-
pled with the variable MDRs (and hence magma ascent veloc-
ity) determined the conditions for the alternation among the

iii.

two styles of magma fragmentation during the course of the
eruption.

The observed variation throughout the eruption of the magma
composition possibly represents only a second order factor in
producing important differences in morphology and texture of
the ash fragments.

. The most evident feature of the summit eruption was clearly

the production and dispersal of a large amount of fine ash.
This has been traditionally interpreted as the result of an ef-
ficilent magma-water (ice) interaction all along the eruption.
Our data suggest that magma-water interaction was an effi-
cient mechanism of fragmentation only during the very initial
stage of the eruption, while primary magma fragmentation
was always active throughout the eruption. Syn-eruptive clast
recycling was possibly an additional mode of ash production,
mainly related to mechanical milling in the vent structure.

. The interaction of the erupting magma with ice and melt-

ing water mainly controlled the vent dynamics and the ash
dispersal and deposition, driving early sedimentation of fine
ash. The explosive activity which dominated the Phase I, re-
flects the presence of an important amount of ice-melt water
into the eruptive vent, interacting with an already fragmented,
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high-vesicularity magma, and can be explained by a process of
bulk interaction steam explosivity (Kokelaar, 1986). The pro-
gressive formation of a tephra cone inside the ice cauldron
possibly limited or completely excluded free access of melt-
ing water to the vent, and exerted an important control over
the whole eruption dynamics, triggering the passage to effu-
sive activity.

vi. All the above data suggest that caution should be used when
assessing the role of magma-water interaction in dominating
fragmentation processes in subglacial volcanism.

vii. The study demonstrates that detailed analysis of ash frag-
ments is an important tool for understanding the dynamics
of complex ash eruptions. In particular, we demonstrate that
shape, composition, vesicularity and cristallinity of the ash
well record the transitions in eruptive style and fragmentation
dynamics that characterize these eruptions. Only few eruptions
dominated by ash emission, up to now, have been studied with
this detail, and our data, applied to a well known eruption like
the Eyjafjallajokull 2010, are a clear demonstration of the po-
tential of this method, which can help formulating conceptual
models for this type of eruptions.
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