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Long-lasting andesitic eruptions sometimes include strong short-lived explosive events, which can pose
significant hazards in populated regions. The origin and dynamics of such violent eruptions remain poorly
known and may involve a combination of different factors. Tungurahua volcano, Ecuador, reawakens in 1999
and is an example of such an open-vent system that experienced a strong and deadly andesitic pyroclastic
flow-forming event in August 2006. Inspection of the deposits suggested that the event could have been
triggered by magma mixing (coexistence of both silicic pumices and andesitic scoria in the tephra), magma-
water interaction (presence of xenolithic clasts) or deep andesitic magma reinjection (based on mineral
chemistry). Here we investigate these options by performing a high-resolution mass budget analysis of the
scoria fall deposit. This is achieved by analysing componentry compositions and their mass distribution
pattern in the layer, which allow us to document and integrate exponential and power laws mass decay rates
over wide areas. The results yield a total mass for the tephra layer of ~2 x 10'° kg. The pumice mass fraction
is far too small ( < 0.4%) to account for the high explosivity of the 2006 event. Similarly, the xenoclastic mass
fraction is unexpectedly small (0.2%) and suggests limited magma-water interaction. Instead, we interpret
these xenoclasts as a result of upper conduit erosion at a rate of ~30 cm/h during the paroxysm. Altogether
our results support an explosive event fed by a deep gas-rich andesitic reinjection, which would have
incorporated a pocket of older differentiated magma and eroded the upper conduit during the sub-plinian
event. The high-resolution mass-based approach reveals useful to decipher the origin of the violent 2006
paroxysm and has potential to improve magnitude determinations of ancient eruption by considering
componentry mass instead of volume. It is also applicable for monitoring purposes in the context of ongoing
crises at andesitic volcanoes worldwide

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

eruptive periods may be punctuated by strong explosive events of
short duration, with potential generation of pyroclastic flows on the

Many andesitic volcanoes at subduction plate margins can experi-
ence, in the course of their evolution, periods of sub-continuous
eruption lasting years, decades, or centuries. These periods are
characterised by outgassing events, extrusion of viscous lava flows
and domes (e.g. Colima in Mexico (Saucedo et al., 2005; Varley et al.,
2010), Merapi in Indonesia (Camus et al., 2000; Charbonnier and
Gertisser, 2008; Gertisser and Keller, 2003), Arenal in Costa Rica (Cole
et al,, 2005; Szramek et al., 2006), and by explosive activity of uneven
intensity (e.g. Sakurajima in Japan (Miwa et al., 2009; Yamanoi et al.,
2008), Sangay in Ecuador (Monzier et al., 1999)). Such open-vent
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volcano flanks and beyond. In populated areas these explosions are
highly hazardous because they take place with little or no warning,
and geochemical and geophysical precursors are commonly con-
cealed in a background of complex seismic and degassing signals.
Recent deadly and damaging examples at Arenal, Costa-Rica (e.g.
2000) (Alvarado and Soto, 2002; Szramek et al., 2006), Colima, Mexico
(e.g. 2003) (Savov et al., 2008) and Merapi, Indonesia (e.g. 2010)
(Gertisser et al., 2011) illustrate these situations. Understanding why
and how these paroxysmal explosions occur remains a major
challenge of volcanology, and this issue deserves enhanced research
effort for the sake of volcanic hazard analyses and eruptive scenarios
proposal.

The andesitic Tungurahua volcano, central Ecuador, has experi-
enced open-vent activity since its reawakening in mid-1999, with
successive eruptive phases of small to moderate size and intensity
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(Le Pennec et al., 2012; Samaniego et al., 2011; Steffke et al., 2010;
Wright et al,, 2012). Seven years after the onset of the magmatic
activity, a powerful pyroclastic flow-forming event occurred on
August 16th, 2006, killing seven and severely impacting nearby urban
and rural communities. A tephra column rose up to more than 15 km
above the crater and deposited a scoria fall layer to the West. The
origin and dynamics of this remarkably strong explosive event, in a
context of sub-continuous activity, have remained unclear. After the
eruption and several field inspections of the pyroclastic products in
late August 2006, three options were considered to explain the
exceptionally high explosivity of the August 16th event. The presence
in the andesitic tephra fall deposit, for the very first time since 1999,
of many (1) silicic whitish pumice clasts and (2) xenolithic particles,
suggested the possible occurrence in the course of the open-vent
andesitic eruption, of (1) a magma mixing event and/or (2) energetic
magma-water interactions, as a cause of the violent explosion.
Alternatively, Samaniego et al. (2011) investigated the petrology of
the juvenile products and proposed that the eruption was possibly
triggered by injection of a gas-rich andesitic magma batch at deep
levels in the plumbing system.

To discriminate among the above hypotheses, we develop here
a new protocol to accurately quantify the mass proportions of the
different components in the tephra fall layer deposited west of
the volcano. Pyroclastic fall deposits record many aspects of
eruption phenomenology and the study of tephra distribution,
thickness, grain-size and vesicularity has proved of utmost
relevancy to infer the size, intensity and dynamics of explosive
volcanic eruptions (Andronico et al., 2009; Arana-Salinas, et al.,
2010; Bonadonna et al., 2002; Carey et al., 1995; Houghton et al.,
2011; Miwa et al., 2009; Rose et al., 2008; Walker, 1973). Tephra
studies are also increasingly used in the context of eruptive crises,
notably at basaltic volcanoes (Andronico et al., 2008a, 2008b;
Taddeucci et al., 2002, 2004). In particular, componentry analyses
have great potential in deciphering eruption type, and magma-
water and conduit processes (Arrighi et al.,, 2001; Carey et al,,
2007; Carey and Houghton, 2010; Houghton et al., 2004; Rosi
et al., 1999; Taddeucci et al., 2002). Yet, because of strong density
variations in pyroclastic fall deposits (Sarna-Wojcicki et al., 1981),
documenting the mass distributions of the components at the
scale of the whole deposit is the most appropriate way to quantify
the componentry proportions. While most recent studies focused
on tephra volume calculation techniques (Biass and Bonadonna,
2011; Bonadonna and Costa, 2012; Bonadonna and Houghton,
2005; Fierstein and Nathenson, 1992, 1993; Pyle, 1989; Rose,
1993; Sulpizio, 2005), obtaining accurate estimates of the erupted
mass has received much less attention. Most size determinations
of explosive eruptions are based on volume-to-mass conversion
using a single averaged or assumed value for the bulk density of
the deposit (Carey et al., 2009; Costantini et al., 2009; Hill et al.,
1998; Pioli et al., 2008; Sigurdsson and Carey, 1989). As a result,
the detailed mass architecture of tephra fall deposits has
remained poorly known and an insightful method to convert
tephra volume to mass and determine the componentry mass
distribution in a deposit is still lacking.

Here, we perform a high-resolution analysis of the eruptive
mass budget, based on detailed quantitative investigations of
componentry and mass distribution patterns in the 2006 Tungur-
ahua tephra fall deposit. We show that the mass of the tephra
layer is controlled by the proportion of each componentry class,
which can be predicted from empirical laws evidenced for the
first time in this work, and present an improved volume-to-mass
conversion protocol to infer the size of the eruptive event. Our
data highlight the influences of density-driven fractionation
within the plume and clast packing on lateral mass distribution
in the deposit. The results shed new lights on eruption dynamics
and conduit processes at this dangerous volcano, and offer

valuable constraints on the origin of the August 2006 paroxysm
that are of broad interest for the study of many other andesitic
open-vent volcanoes worldwide.

2. Tungurahua volcano and the 2006 paroxysm
2.1. Geological background and recent ongoing activity

Tungurahua (5023 m a.s.l.) is a steep-sided andesitic strato-
volcano located in the Eastern Andean Cordillera of Ecuador
(Fig. 1A and B). It ranks as one of the most active volcanoes of
the Northern Andes, with a recurrence rate of at least one
pyroclastic flow-forming eruption per century (Hall et al., 1999;
Le Pennec et al., 2008). More than 25,000 inhabitants live and
cultivate lands on the flanks of the volcano and nearby areas, and
are frequently threatened by lahars, ash falls, acid rains, and
occasionally by pyroclastic flows.

The ongoing open-vent eruptive period, which started in 1999
after 80 years of repose, is characterised by a sub-persistent
explosive activity of uneven intensity (low to moderate) and style,
but also includes periods of quiescence and highly explosive
paroxysmal phases, violent strombolian to subplinian in style
(e.g. in November-December 1999, August 2001, July and August
2006, February 2008, May and December 2010, August 2012). The
juvenile scoria products emitted during the whole eruptive period
show homogeneous andesitic compositions (58-59 wt% SiO5;
Samaniego et al., 2011).

2.2. The August 16-17, 2006 eruption

After several months of low-level activity in mid-2005, the
activity progressively increased from December 2005 to June-July
2006. A first, rather modest pyroclastic flow-forming eruption
took place on July 14th, with a 15 km-high tephra column. Several
scoria flows went down the cone in gullies of the western flank,
but most halted on the slopes. A fairly intense activity continued
during the following weeks, with frequent ash emissions and
strombolian explosions. On the morning of August 16th, the
seismic activity increased rapidly. Sustained eruptive activity
was witnessed in the afternoon and the first small-volume
pyroclastic flows descended the north-west flank at 22:00 h UTC
(UTC=local time+5 h). During the next few hours the eruptive
activity increased progressively and the paroxysm occurred at
about 05:15 h UTC on August 17th, and lasted around 50-60 min.
Powerful and persistent incandescent lava jets attained more than
1 km above the crater and numerous pyroclastic flows rushed
down to the base of the edifice (Kelfoun et al., 2009). A sustained
eruption column rose more than 15 km above the summit, and
the plume spread to the west above the Inter-Andean valley and
the Pacific Ocean (Arellano et al., 2008; Eychenne et al., 2012;
Kelfoun et al., 2009; Steffke et al., 2010). From 07:00 h UTC on
August 17th, the eruptive activity decreased abruptly and ande-
sitic lavas flowed down the western flank of the volcano and
halted around 2700 m asl. Overall, the eruption lasted about 9 h,
with 6 h of paroxysmal activity.

A bulk tephra volume in the range of 47-67 x 10° m> and a
column height of 16-18 km above the vent has been estimated
from ground-based studies (Eychenne et al., 2012), which ranks
this eruption as VEI 3. Satellite remote sensing data point to a
19 km-high eruptive column (Steffke et al., 2010), which led Fee
et al. (2010) to assign a VEI 4 for this eruptive phase.
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Fig. 1. (A) Location map of Tungurahua volcano in Ecuador. Greyed area: Andean relief above 2000 m a.s.l. Triangles: active volcanoes. (B) Area of sampling of the tephra
fall deposit. Solid lines: isopach contours of the tephra fall layer after Eychenne et al. (2012) (in cm). Dark area: depositional area of the pyroclastic density currents. Solid
dots: sampling locations. Numerical labels: sample name. Red dots: “near-to-axis” samples. Black dots: “off-axis” samples. Area bounded by the dotted lines: area where
Xps > 40%. Area bounded by the dashed lines: area where 40 > xis > 20% (after Eychenne et al., 2012). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Summary of the notations used in this study.

Symbol Definition (unit)

Area sampled (m?)

Constant parameter of the sigmoidal function

Constant parameter of the sigmoidal function

Grainsize in a half-¢ scale

Componentry class (from S (Scoria class) to R (Reddish Scoria class))

Constant parameter of the sigmoidal function

Mass sampled (g)

Mass per unit area of particles in the samples (kg/m?)

Mass per unit area of particles from the componentry class j in the samples (kg/m?)

Mass per unit area of particles in the samples calculated by addition of the mass per unit area of the different componentry classes (mA;) (kg/m?)
Md¢pcs Median diameter of the grain subpopulation in the fall deposit resulting from the sedimentation of tephra from the main eruptive plume (¢)
m; Mass of particles in the grainsize fraction i (g)

;éigx\-*mgm
2

M; Mass of particles from the componentry class j in the tephra fall deposit (kg)
Mr Total mass of the tephra fall deposit (kg)
(i) Continuous function describing the variations of the mean particle density with ¢ in the samples
Hp Mean particle density in the samples (kg/m?)
Unit for grainsize calculated as ¢= —log, d, where d is the particle diameter in (mm)
Ob Bulk density of the deposit (kg/m?)
r Constant parameter of the sigmoidal function
Ocs Sorting of the grain subpopulation in the fall deposit resulting from the sedimentation of tephra from the main eruptive plume
T Thickness of the deposit (cm)
vi Total particle volume in the grainsize fraction i (m?)
vjj Volume of particles in the componentry class j of the grainsize fraction i (m?)
Vi Bulk volume of deposit sampled (m?)
Vo Volume of particles in the samples (m?)
Vip Volume of space between the particles (free inter-particle space) in the samples (m>)
XEs Weight fraction of the fine subpopulation in the samples. This subpopulation has a mode around 4¢ and results from the sedimentation of fine particles from

Co-PF clouds leading to bimodal grainsize distributions (Eychenne et al., 2012).

3. The August 16-17, 2006 tephra fall deposit Valley located 7-20 km from the volcano (Fig. 1B). The isopach
contours are sub-bilobate in shape and the tephra grain-size
3.1. Depositional features and sampling distribution is bimodal due to the synchronous deposition of

coarse-grained lapilli and ash (from 30 mm to 90 pum) from the
The tephra fall deposit occurred as a large fan west of the main plume and fine-grained ash ( <63 pm) from co-pyroclastic
volcano, mainly on the Quero plateau, an area of the Inter-Andean flow clouds (Co-PF) (Eychenne et al., 2012). At each sampling site
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Table 2

Key parameters of the samples (locations in Fig. 1B). Xxgs and Md¢cs from Eychenne et al. (2012).

Sample Thick. Dist. XEs Md¢cs mA Pb Hp Vy Vp Vip/Vy
(cm) (km) (wt%) (kg/m?) (kg/m®) (kg/m?) (x1073 m?) (x1073 m?) (%)
F1 3.79 8.5 21.6 -1.2 29.1 770 1970 1.50 0.59 60.9
F2 7.35 7.9 57.5 -2.0 100.2 1360 2170 2.93 1.84 37.2
F3 0.35 20.6 7.1 1.1 2.7 780 2230 0.15 0.05 65.0
F4 1.19 18.1 35.0 0.8 10.3 860 2280 0.47 0.18 62.0
F5 3.48 12.8 419 -01 37.2 1070 2190 139 0.68 51.1
F6 2.28 139 41.7 0.3 27.0 1190 2280 0.91 0.47 48.0
F7 2.25 149 40.6 0.0 25.9 1150 2280 0.90 0.46 494
F8 0.80 20.6 249 14 6.3 790 2390 0.32 0.10 67.1
F9 139 18.8 50.3 1.0 144 1040 2360 0.55 0.24 56.1
F10 0.71 19.9 29.6 0.7 6.7 940 2260 0.28 0.12 58.5
F11 135 17.7 354 0.8 13.8 1020 2270 0.54 0.24 54.8
F12 1.85 16.3 42.1 0.7 20.0 1080 2340 0.74 0.34 53.7
F13 5.00 8.8 46.2 -0.7 63.5 1270 2180 0.75 0.44 41.8
F14 2.04 14.7 21.5 0.2 22.4 1100 2300 0.81 0.39 52.1
F15 0.71 17.6 27.2 15 7.8 1100 2350 0.07 0.03 533
F16 1.43 14.6 19.1 0.7 134 940 2260 0.57 0.24 58.5
F17 0.84 16.2 22.7 13 7.0 830 2370 0.33 0.12 64.8
F18 0.64 173 25.2 15 5.0 790 2430 0.06 0.02 67.5
F19 1.10 141 14.2 0.4 9.3 840 2200 0.44 0.18 61.7
F20 1.81 11.7 12.0 0.1 154 850 2150 1.13 0.45 60.5
F21 1.80 129 19.0 0.2 17.0 940 2170 1.62 0.71 56.4
F22 2.95 11.0 141 -03 23.9 810 2090 413 1.60 61.3

(Fig. 1B), the weight fraction of the fine-grained ash subpopula-
tion resulting from Co-PF clouds deposition is noted xgs (all
symbols used here and below are reported in Table 1). It varies
laterally from more than 40% in the main depositional lobe, which
coincides with downwind prolongation of the pyroclastic flows
(PF) depositional area, to less than 20% in the secondary lobe and
“wings” of the deposit (Fig. 1B; Table 2) (Eychenne et al., 2012).
The tephra fall deposit was sampled at 22 sites upon the Quero
Plateau (Fig. 1B and Table 2). The sampling protocol consisted in
separating and collecting a parallelepiped of known surface area a
in the deposit from flat-lying surfaces. The thickness of the
isolated portion was measured at the four corners and at each
mid-point on the four sides, and the average was calculated.

3.2. Componentry and density data

Based on morphological and textural criterions, six main classes of
particles were distinguished in the deposit (Fig. 2): (1) scoriae (S):
ragged, dark to brown juvenile vesicular particles with homogeneous
andesitic composition (57.6-58.9 wt% SiO,; Samaniego et al., 2011);
(2) pumices (P): light-toned, highly vesicular juvenile clasts with a
more siliceous composition (61.1-62.5 wt% SiO,; Samaniego et al.,
2011), showing a glassy texture and sub-spherical vesicle shapes;
(3) free crystals (C): mainly euhedral plagioclase and pyroxene, with
irregular glass coating; (4) dense lithics (D): dark blocky, micro-
crystalline non-vesicular clasts; (5) crystalline aggregates (A): assem-
blages of plagioclase and pyroxene crystals with little or no interstitial
glass; (6) reddish scoriae (R): sub-rounded, moderately vesicular
grains with cavities and vesicles, about 100-50 pm in diameter,
showing weathering and vapour-phase minerals on their surface.
Ash aggregates and altered lithics were also identified (Fig. 2), but due
to their paucity in the samples ( < 0.01 wt%), they are not considered
further in this study. Componentry analyses were carried out by grain
identification and counting under the naked eye and the binocular
microscope in all grainsize fractions >90 pm of the 22 samples
(Eychenne and Le Pennec, 2012) and the results are provided here as
Electronic Supplementary data.

The particle density — ratio of the mass of a particle to its
volume including the porosity — was measured in seven samples
(F1, F2, F5, F7, F8, F11, F13 and F15; Fig. 1B). The results revealed a
sigmoidal dependence of the mean particle density with grainsize

described by a function of the form (Eychenne and Le Pennec,
2012):

uiy=K+p/(1+2e) )

where i is the grainsize fraction on a ¢-scale (see Table 1 for ¢
definition), u is the mean particle density and K, 5, o and r are
constants. The parameters of Eq. (1) for the seven samples analysed
are detailed in Table 1 of the Electronic Supplementary data.

These laws, along with the results of density measurements in
scoria, pumice and dense lithic classes (the ranges of density
values for the different components are compiled in Table 3),
allow us to determine the mass per unit area of the different
componentry classes in the grainsize fractions >90 um of the
seven samples, by conversion of the results of the particle
counting (Eychenne and Le Pennec, 2012).

4. Methodology
4.1. Determination of density and volume parameters

The sampling protocol (Section 3.1) allows us to determine the
area and the bulk volume of the collected tephra (a and Vj,
respectively). After drying in an oven at ~80 °C for 12 h in the
laboratory, the mass of the samples (M) is measured to calculate
the mass of tephra per unit area (mA=M|/a), and the bulk density
of the deposit (p,=M]/V}). Using the sigmoidal law describing the
variations of mean particle density with grainsize (Table 1 of the
Electronic Supplementary data; Eychenne and Le Pennec,
2012), we calculate, for each sample, the total volume of particles
(Vp=3";m;/u()), the mean particle density (u,=M/V,) and the
volume of the free inter-particle space (Vip=V,—Vp).

4.2. Mass calculation protocol

To assess the eruptive mass budgets of the August 2006 paroxysm,
we develop a new protocol to calculate the total mass of each class
of particles in the tephra fall deposit based on: (1) previously
published componentry and particle density data (see Section 3.2;
Eychenne and Le Pennec, 2012) and (2) the determination of the
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Fig. 2. Example of particles from the eight componentry classes identified in the August 2006 Tungurahua tephra fall layer: scoriae (S), pumices (P), free crystals (C), dense
lithics (D), crystalline aggregates (A), red scoriae (R), ash aggregates (AA) and altered lithics (AL). Secondary electrons SEM images.

lateral mass distribution patterns of the different componentry
classes.

Firstly, we extend the conversion protocol of the componentry
data described in Eychenne and Le Pennec (2012) to the 15 other
samples, using the sigmoidal density laws established for the seven
analysed samples and assuming that the density distribution in non-
analysed samples is similar to that of closest analysed ones in the
same depositional area (Table 1 of the Electronic Supplementary
data). Then, summing the componentry distributions in mass per unit
area over the whole grainsize range, we calculate the mass per unit
area of each componentry class j(mA;) in the 22 samples. These data
are plotted on a map and iso-mass contours are designed for the six
classes. The mass decay rates of each componentry class are plotted
on a graph of mA; — the mass per unit area of each componentry

class — vs. square root of the iso-mass area (+~/A). Using the relation
between mA; and VA (mA; = f(+/A)), the mass of the componentry
class in the whole deposit (M;) is calculated by integration:

M,—:/OWmA,-dA: /0+°Of(ﬁ)dA 2)

5. Results
5.1. Lateral mass and volume distributions in the deposit

The mass per unit area calculated for each sampling loca-
tion (mA) occurs between 2.7 (sample F3) and 100.2 kg/m? (F2).
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Table 3
Mass and DRE volume of the six main componentry classes (P: Pumices, S: Scoriae, C: Free Crystals, D: Dense Lithics, A: Crystalline Aggregates and R: Red Scoriae). Particle
density and solid density (ps) values after Eychenne and Le Pennec (2012) — the particle density values are from pycnometry measurements in different grainsize

fractions.

Class Particle density Math. law M; Ps Vpre Proportions
(kg/m?) (kg (kg/m?) (m?) (vol’%)
P ~1100 to ~2400 Exp. Law 6.90E+07 2400 2.87E4+04 0.4
S ~1400 to ~2500 Exp. Law 1.74E+10 2500 6.96E+06 90.3
Power Law 1.36E+10 - - -
C Exp. Law 1.57E+09 2900 5.40E+05 7.0
D ~2700 Exp. Law 1.27E+08 2700 4.70E+04 0.6
A Exp. Law 1.32E+08 2900 4.54E+04 0.6
R Exp. Law 2.35E+08 2600 9.02E+04 1.2
TOTAL Exp. Law 1.95E+10 7.71E+06 100.0
TOTAL Power Law 1.57E+10 -

9850000
)

(=]

H

9845000

(=]

y= 0.968 x
R°=0.999

'S

mAe,. x10 (kg/m?)
[=2]

9840000
1

9835000
1

765000

770000

Thickness (cm
T

y=0.82x 21
R*=0.976 D-
2"34'56#800"'4'&'53'1'0'12
mA  x10 (kg/m?)

9840000

9835000

775000 780000 785000

Fig. 3. (A) Plot of the mass per unit area (mA) ( x 10 kg/m?) vs. the thickness of the deposit (cm). Black and grey open dots are “near-to-axis” and “off-axis” samples,
respectively, as defined in Fig. 1B. The solid, dashed and grey lines are regressions based on all, near-to, and off-axis data, respectively. (B) Bulk density (kg/m>) measured at
each sampling location with isopach contours in cm indicated (solid curves). Dashed line: boundary of the area where p,, > 1000 kg/m>. (C) Plot of the reconstructed mass
per unit area at each sampling location (mAcq.) vs. the measured mass per unit area (mA) ( x 10 kg/m?). Grey line: straight line 1:1. Solid line: linear regression of the data.

mA correlates linearly with thickness T (mA=1.16 x T; R?=0.93)
(Fig. 3A). The samples F2, F5-7, F9, and F10-14 collected close to
the main dispersal axis of the plume (noted below “near-to-axis”
samples, Fig. 1B), and those collected outside this area (referred to
below as “off-axis” samples, Fig. 1B) line up on two straight lines
(Fig. 3A).

The values for the bulk deposit density (pj) are between 770
and 1360 kg/m> (Table 2). In the main depositional lobe, p;, is
> 1000 kg/m> and decreases crudely away from the vent, from
~1400 kg/m> proximally to ~1000kg/m> distally (Fig. 3B).
The p, data collected over the deposit, as a whole, show no
correlation to the median diameter of the coarse-grained clast
subpopulation (noted Md¢cs, Eychenne et al., 2012) (Fig. 4Aa and
Table 2). Yet, along the main axis, p, increases with median
diameter, while off-axis, p, remains constant (Fig. 4Aa). pp
increases with the weight percentage of fines (xgs) (Fig. 4Ab).

In all samples the mean particle density (u,) decreases with
median diameter (Fig. 4Ba), but shows no correlation to the
weight percentage of fines (xgs) (Fig. 4Bb). The free inter-particle
space fraction (calculated as the ratio Vip/V}, in %) decreases with
median diameter and xgs (Fig. 4Ca and b). At a similar grainsize,
the proportion of free inter-particle space is higher for off-axis
than near-to-axis samples (Fig. 4Ca).

5.2. Lateral mass distributions of the componentry classes

The mass per unit area of the componentry classes in each
sample (mA; for j from S to R) are reported on the maps of Fig. 5
and in Table 2 of the Electronic Supplementary data. To check for
the relevancy of the conversion, we calculate the reconstructed
masses per unit area (mAcqc) by addition of mA; of all the
componentry classes in each sample. Fig. 3C shows that mAcgc.
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Fig. 4. Plots of the bulk deposit density (p») (kg/m>) (A), the mean particle density (1) (kg/m?) (B) and the proportion of inter-particle space (Vip/Vs in %) (C), vs. the
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samples (Fig. 1B). Grey markers: “off-axis” samples (Fig. 1B).

is very similar to the mass per unit area inferred from bulk sample
mass measurements (mA, Table 2). This lends strong support to
the validity of our conversion protocol.

Fig. 5 illustrates the distribution of mass per unit area of the
six main componentry classes (mA;). The shape of the iso-mass
contours is linked to the nature of the componentry class (Fig. 5):
(1) contours for free crystals (C), dense lithics (D) and crystalline
aggregates (A) are fairly rounded, with an aspect ratio (major vs.
minor axis) of 1.7, 1.3 and 1.6 respectively, (2) contours for
scoriae (S), pumices (P), and reddish scoriae (R) are strongly
elongated to the West, with ratios of 2.2, 2.3 and 3.0, respectively.

The plots of mA; vs. the square root of the iso-mass area (v/A)
(Fig. 5) reveal that P, C, D, A and R data are well fitted by
exponential laws, while S data are well fitted by a segmented
exponential-law with two breaks in slope, or by a power law, of
the forms:

mA; = mAjpexp (—k«/ﬁ) 3

mA; = mAj A2 @)

where mAj, is the extrapolated mass per unit area at the vent, k is the
slope of the exponential law, mA;j; and n are the power-law
parameter and exponent, respectively (parameters and coefficient of
determination R? are reported in Fig. 5). The mass decay rates for the
six componentry classes are compiled in Fig. 6, which reveal that D, A
and C are characterised by the steepest decay rates.

5.3. Mass and volume of each componentry class

For the whole deposit the total mass of pumices (Mp), free
crystals (Mc), dense lithics (Mp), crystalline aggregates (M,) and
red scoriae (M) are calculated by integration of the exponential
laws (Fig. 5), while the total mass of scoriae (Ms) is determined by
integration of the exponential law with two breaks-in-slope, and
by integration of the power law (Fig. 5) from ~2 km (calculated
using the method of Bonadonna and Houghton, 2005) to 120 km
(distance from the volcano to the Ecuadorian coast on an
East-West parallel). Ms is 1.74 x 10'° kg and 1.36 x 10'° kg using
exponential and power laws, respectively (Table 3). Ms is thus one
order of magnitude higher than Mc (1.57 x 10° kg) (Table 3). Mp,
M, and Mg (1.27 x 108, 1.32 x 108, and 2.56 x 102 kg, respectively)
are two orders of magnitude lower than Ms, while Mp
(6.90 x 107 kg) is three orders of magnitude lower (Table 3). These
masses are converted to Dense Rock Equivalent (DRE) volumes
using, for each componentry class, solid density data (ps) from
Eychenne and Le Pennec (2012) (Table 3). The resulting DRE
volumes range from 7.0 x 106 m> for scoriae to 2.9 x 10* m? for
pumices (Table 3).

5.4. Magnitude and intensity
The total mass of the tephra fall deposit (Mr) is calculated by

summing the masses of the six componentry classes, which yields
1.95 x 10'° kg and 1.57 x 10'° kg using Ms from exponential and
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Fig. 6. Compilation of the mass decay rates of the six major components of the
deposit. The straight lines represent the exponential fits of each set of data.

power laws, respectively (Table 3). In addition, we assessed My by
converting the minimum bulk volume of the tephra fall deposit
(42 x 10° m3; Eychenne et al., 2012), using a constant bulk
deposit density. This density is difficult to constrain because of
lateral variations. Here we use four bulk density data for conver-
sion (Table 4): (1) the mean of the 22 bulk sample density
measurements (980 kg/m>; Table 2); (2) the slope of the line
correlating the mass per unit area to the thickness at each
sampling location (1160 kg/m?>; Fig. 3A); (3) the lowest and
highest measured bulk densities (770 kg/m? at location F1, and

1360 kg/m> at location F2, respectively; Fig. 3B and Table 2).
The calculated total masses My are 4.1 x 10'° kg, 4.9 x 10'° kg,
3.2 x10'%kg and 5.7 x 10'° kg. Although these four results are of
the same order of magnitude (10'°kg), the estimates vary in a
45% range.

Using the expression of Pyle (2000) (Magnitude=Ilog;q
(erupted mass, kg)—7), the eruption magnitude lies between
3.3 and 3.8 (Table 4). Considering 6 h of paroxysmal activity,
the mean mass discharge rate of the August 2006 Tungurahua
eruption is between 0.9 and 2.7 x 10° kg/s, yielding an intensity
between 9.0 and 9.4 (Table 4) (Intensity=1log,o(mass eruption
rate, kg/s)+3, Pyle, 2000). The total DRE volume obtained from
componentry DRE volumes is 7.7 x 10° m?, which translates into
a DRE discharge rate (VER) of about 360 m>/s. Considering S, C, P
and A as pure juvenile material, the VER of non-vesiculated
magma is 350 m>/s.

6. Discussion
6.1. Mass distributions in the tephra fall deposit

The thinning rate of the 2006 Tungurahua deposit is described
by an exponential law with two breaks-in-slope (Eychenne et al.,
2012). Similar decay patterns are also documented at other
tephra fall deposits worldwide, e.g. Askja 1875 (Carey et al.,
2009), Novarupta 1912 (Bonadonna et al., 1998; Fierstein and
Hildreth, 1992); Ruapehu 1996 (Bonadonna and Houghton, 2005).
Bonadonna et al. (1998) proposed that the segmentation of the
thinning rate results from different air-flow regimes (i.e. laminar
vs. turbulent), which control proximal and distal sedimentation
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Table 4

Magnitude and intensity of the eruption, considering an eruption duration of 6 h, determined for five different total mass of the tephra layer calculated by: (1) conversion
using the mean of the 22 bulk density measurements performed over the deposit (980 kg/m?>; Table 2); (2) conversion using the slope of the line linking the mass per unit
area to the thickness at each sampling location (1160 kg/m?; Fig. 3A in SEM); (3) conversion using the lowest bulk density measured (770 kg/m? at location 1; Table 2), (4)
conversion using the highest bulk density measured (1360 kg/m® at location 2; Table 2) and (5) addition of the componentry mass (Table 3).

1 2 3 4 5
M; (kg) 4.11E+10 4.87E+10 3.23E+10 5.72E+10 1.95E+10
Magnitude 3.6 3.7 3.5 3.8 33
Mass eruption rate (kg/s) 1.90E+06 2.26E+06 1.49E+06 2.65E+06 9.04E+05
Intensity 9.3 9.4 9.2 9.4 9.0

patterns. Our results show that the shape of the Scoria mass decay
rate (Fig. 5) is similar to the overall thinning rate of the deposit
(Eychenne et al., 2012), because of dominant scoriae abundance.
The breaks-in-slope occur at similar distances: at ~6-7 km and at
~16-17 km from the vent (Fig. 5). Thus, the sedimentation of the
Scoriae clast population controls the segmentation pattern of the
2006 Tungurahua fall deposit thickness.

As far as we know, the lateral distribution of particle density
has not been documented in previous works. Here we demon-
strate that the mean particle density (u,) broadly decreases with
median diameter (Fig. 4B) — i.e. toward the vent — a result which
seems counterintuitive. At each sampling location, the mean
particle density varies with grainsize along a sigmoidal trend,
which reflects increasing scoriae vesicularity with grainsize
(Eychenne and Le Pennec, 2012). Therefore, because grain sorting
improves away from vent as median grainsize decreases
(Eychenne et al., 2012), distal samples contain dominantly dense
particles. Consequently, the mean particle density increases with
distance and its variations at the scale of the whole deposit are
controlled by grainsize distributions.

6.2. Clast packing

The above results on volume and mass distributions bring valu-
able information on clast arrangement and packing, and on lateral
bulk density distribution in the deposits, an issue that has been rarely
documented in previous volcanological studies (Sarna-Wojcicki, et al.,
1981; Sheridan and Ragan, 1976). Complex lateral variations of the
bulk density (pp) in the 2006 Tungurahua deposit (see Section 5.1)
likely result from the interplay of several processes. Fig. 4Ca suggests
that the proportion of free inter-particle space in the deposit increases
with ¢ and thus with distance. This is interpreted here as an effect of
different particle packing. In proximal areas the deposit is coarse
grained (—2<Mdpcs<0¢p) and moderately to well sorted
(1.5 < 65 < 2.0, Eychenne et al., 2012), a combination of factors that
favours a dense packing, with small inter-particle space. In finer, more
distant deposits, the sorting improves (o¢s < 1.0) resulting in a looser
grain packing. These findings imply that the amount of free inter-
particle space has a stronger impact on bulk tephra density than the
mean particle density, a significant result that has never been
reported before, to our knowledge.

We note in Fig. 4Ca that near-to- and off-axis samples plot
along two sub-parallel trends, which suggests that packing is
denser near-to- than off-axis. Examination of the map in Fig. 1B
reveals that the weight fraction of fine-grained ash which settled
from the Co-PF clouds (xgs) is the highest ( > 40%) below the main
dispersal axis. In this area, we interpret that the high amount of
fine-grained particles from Co-PF clouds filled the free space
between the lapilli which fell down from the main tephra plume,
leading to denser grain packing. Conversely, packing is loose in
areas uncontaminated by Co-PF ash, i.e. out of the main dispersal
axis. This effect accounts for the different bulk density trends
near-to- and off-axis (Fig. 4Aa). These results highlight the

significant influence of the sedimentation of Co-PF particles on
bulk density distribution in a tephra fall deposit. Mass conversion
of the volume of pyroclastic fall deposits from subplinian to
plinian eruptions accompanied by Co-PF clouds — e.g. at Mon-
tserrat (Bonadonna et al., 2002), Volcan de Fuego (Rose et al.,
2008), Colima (Evans et al., 2009) — can thus be highly mislead-
ing when the dispersal area of Co-PF cloud coincides with that
of the main tephra cloud. With the bulk density value used above
for the volume-to-mass conversion, the error on the mass
estimate can be as high as 45% (Table 4). Therefore, applying this
conversion method to strongly heterogeneous deposits (e.g.
affected by aggregations processes, Co-PF ash contamination)
can lead to large over- or under-estimation of the mass of tephra
deposits.

6.3. Density-driven particle fractionation within the plume

Previous physical models of tephra dispersion and sedimenta-
tion have considered grainsize- over density-driven fractionation
(Bonadonna et al.,, 1998; Carey and Sparks, 1986; Rose, 1993;
Sparks et al., 1992, 1997; Walker et al., 1971). Our results show,
however, that density fractionation is an essential process which
depends on the initial componentry classes in the emitted
products. The effect of this process on mass distributions in
tephra fall deposits has not been addressed thoroughly in pre-
vious studies. Studies of maximum size of pumices and lithics in
tephra fall deposits (e.g. Nawotniak and Bursik, 2010; Pistolesi
et al,, 2011; Pyle, 1989; Rosi et al., 1999; Rossotti et al., 2006;
Walker, 1980) have shown that pumice clasts are transported
further away than lithics of similar size, evidencing higher pumice
floatability due to a lower density. Detailed componentry analysis
of the May 18th, 1980 Mount St. Helens tephra deposit illustrates
a general increase of pumices and glass shard vs. crystals and
lithics fractions away from vent (Carey and Sigurdsson, 1982).
Our results (Figs. 5 and 6) reveal that the componentry density
controls the shape of the iso-mass contours and the mass decay
rate, thus evidencing different mass-dependant dispersion pat-
terns within the plume. The westward elongated iso-mass curves
of Scoriae, Pumices and Red scoriae point out a strong effect of the
wind, while this latter is weaker for free Crystals, crystalline
Aggregates and Dense lithics, as indicated by sub-circular iso-
mass contours (Fig. 5). High-density clasts are thus less influenced
by wind during transport in the umbrella cloud than light
particles (Pumices and Scoriae). Furthermore, the mass decay
rates of the densest components (C, D, A) are steeper than those of
S, P and R (Fig. 6). These results illustrate different sedimentation
behaviours owed to their dissimilar floatability, leading to a
fractionation process of each componentry class within the plume
and to uneven lateral mass distribution of the components within
the deposit. These findings yield a much more detailed view of
tephra layer structure than the classical maximum pumice and
lithic sizes, whose deposition may be partly influenced by ballistic
transport, resulting in more circular isopleth contour shape
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(Rossotti et al., 2006; Walker, 1980; Walker and Croasdale, 1971).
Our approach brings a high-resolution perspective of componen-
try and mass distribution at the scale of the proximal and median
deposits at an unprecedented level of detail, and demonstrates
that density-driven fractionation processes within the plume
needs to be better accounted for numerical modelling of tephra
dispersion.

6.4. Magnitude and intensity of the August 2006 eruption

With Pyle’s (2000) definitions, our results point to a mass
magnitude of ~3.6 and an intensity of ~9.2, and thus a VER of
magma of about 350 m?/s. Calculations using broader input data
(Table 4) suggest that these values are accurate within a range of
0.3 for magnitude and 0.2 for intensity. These results are con-
sistent with a VEI of 3, as inferred from tephra volume estimates
(Eychenne et al., 2012), and differ from the VEI 4 inferred from
satellite-based plume height monitoring (Fee et al., 2010; Steffke
et al., 2010). The calculated magnitude and intensity are signifi-
cantly higher than those of typical violent Strombolian eruptions
characterised by intensities between 7 and 8 (Arrighi et al., 2001;
Pioli et al., 2008; Pyle, 2000), and rather support a Subplinian
style, with magnitudes of 4 and intensities in the ranges of 9-10
(Arrighi et al., 2001; Bower and Woods, 1996; Cioni et al., 2000).
For comparison, the August 2006 Tungurahua eruption is similar
in magnitude and intensity to the 1992 Subplinian eruptions of
Mount Spurr volcano, Alaska (magnitude ~3.6 and intensity
~9.4; McGimsey et al., 2001), and weaker than typical Plinian
eruptions like those of Mount Pinatubo in 1991 (magnitude ~6
and intensity ~11.6) and Mount St. Helens in 1980 (magnitude
~4.8 and intensity ~10.3) (Pyle, 2000). However, the 2006
Tungurahua paroxysm plots as Plinian (Eychenne et al., 2012) in
current classification schemes which are based on dispersion-
fragmentation parameters (Pyle, 1989; Walker, 1973). This dis-
crepancy between eruptive type inferred from dispersal and
grainsize data, and mass-based eruption type appraisal, suggests
that current classification schemes might need to be revisited on
mass-based scales.

This relatively high magnitude makes the 2006 event as the
most explosive and violent phase of the ongoing eruptive period
at the time we write. The size of the August 2006 event is
seemingly similar to that of past millennium eruptions (Le
Pennec et al.,, 2008), but significantly smaller than some pre-
Columbian andesitic and dacitic events, as those of ~1.2 ka BP
and ~3 ka BP (Hall et al., 1999; Le Pennec et al., 2006). Yet, our
results incorporate neither the amount of ballistic tephra depos-
its, whose influence on overall mass and magnitude determina-
tions is significant at Tungurahua and other volcanoes (e.g. Le
Pennec et al., 2012; Valade and Donnadieu, 2011), nor that of PF
deposits (5-10 x 10° m? according to Hall et al., 2007 and Kelfoun
et al., 2009) and lavas (~7 x 10 m?). These limitations illustrate
the difficulty to obtain accurate eruption magnitude and intensity
indexes for complex eruptions (e.g. including lava flows, PF,
tephra falls and ballistics) when the determination is based solely
on volume and mass estimates of tephra fall deposits.

The discrepancy between the total mass (Mr) obtained from
conversion of the bulk tephra layer volume and from the sum of
each component mass (}>_M;) raises questions about the mass
determination method. This difference, which varies from 1.3 to
3.8 x 10 kg (Table 4), might be due to the difficulty in setting a
constant value of the bulk density for the conversion, although
the lowest measured density (770 kg/m?) yields a total mass still
0.6 times higher than My calculated as >~M;. The bulk volume is
calculated using the same integration method as M; (Eychenne
et al,, 2012). Yet, while the thickness decay rate is known as far as
60 km (because some thickness measurements were obtained

beyond the sampling area; Eychenne et al., 2012), the mass decay
rates are not documented beyond 20 km (Figs. 5 and 6), leading to
underestimate the total tephra mass when calculated as >"M;,
notwithstanding the distal ash particles are denser on average
(Fig. 4Ba).

6.5. Triggering mechanism of the August 2006 paroxysm

One main goal of our study is to decipher the origin of sudden
strongly explosive events at open-system andesitic volcanoes. The
mass decay rates allow us to unfold density-driven fractionation
effects at the scale of the whole layer, and to infer high-resolution
eruptive mass budgets of each componentry class at the vent. This
brings relevant insights to pinpoint the cause of the August 2006,
pyroclastic flow-forming paroxysm at Tungurahua. The mass
fraction of silicic pumice clasts is much too small ( < 0.4% of total
juvenile mass — very small proportion which contrasts with the
apparent high quantity appraised at first sight in the field soon
after the eruption) to explain the elevated August 2006 explosiv-
ity by massive magma mixing at depth in the system, in a context
of open-vent behaviour since 1999. On the other hand, the
high juvenile content (98% of the erupted mass; Table 3) and
the density distribution patterns of the juvenile fraction
(Eychenne and Le Pennec, 2012) point to a violent eruptive style
essentially driven by magmatic processes. This is consistent with
the modest mass fraction of xenolitic materials (1.8% of the total
mass; Table 3), which suggests minor or no magma-water
interaction contributing to the explosivity (Heiken and Wohletz,
1985; Taddeucci et al., 2002). This is also supported by the
progressive increase of the eruption intensity during several
hours before culminating in the pyroclastic flow-forming parox-
ysm. Altogether, our results lend support to those of the petro-
logical investigation (Samaniego et al., 2011), and depict the
ongoing Tungurahua activity as an andesitic open-system fre-
quently fed by injections of deep magma batches that rise to the
surface on a timescale of weeks to a few months. Gas-rich batches
of larger size are highly mobile and their rapid ascent and intense
fragmentation can cause enhanced erosion of the upper conduit,
and trigger violent eruptive styles at the vent (Scandone et al.,
2007). Such intermittent deep magma recharges have been
evidenced at Arenal to explain its unsteady sub-continuous
activity (Streck et al., 2002). The 2006 Tungurahua paroxysm
should thus be regarded as an extreme event in the continuous
size-frequency spectra of the successive eruptive phases wit-
nessed since 1999.

6.6. Conduit processes inferred from componentry masses

The componentry mass estimates offer relevant information
on the shallow plumbing system and conduit processes, which
have remained poorly known at andesitic open systems, and
notably at Tungurahua. In the context of the 2006 event, the
silicic pumice fraction (Table 3) might represent an isolated body
of cooling and crystallising, possibly non-eruptible magma
stocked at depth as a small-size residual batch from previous
historical or pre-historical eruptions. The rapidly ascending 2006
magma batch would have remobilised this differentiated magma
pocket. This suggests that the entrainment potential of the August
2006 rising magma batch was much higher than that of previous
recharges which fed the intermittent open-vent activity at Tun-
gurahua since 1999 (Samaniego et al., 2011), and this may be
related to a higher magma ascent rate (Wright et al., 2012).

The colour and surface texture of the Reddish Scoriae suggest
an origin from the hydrothermal system surrounding the active
conduit. This componentry class has been frequently reported in
Tungurahua’s ash fall deposits since the beginning of the
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magmatic activity in 1999, although in fairly limited proportions
(e.g. ~4vol% in the August 2001 ash fall layer; Le Pennec et al.,
2012). The dark angular lithics have not been described prior to
the 2006 eruption. We propose that these unaltered xenoclasts
were incorporated during eruption from erosion of conduit walls
inside the volcanic edifice, suggesting that the intensity and
erosive power of the event were high enough to carve unaltered
wall-rocks further than the pre-existing active conduit walls,
which are hydrothermally more altered. The absence of xenoclas-
tic material from the metamorphic basement, which is known
from geological studies and seismic tomography data to rise up to
~3 km a.s.l. inside the volcano (Molina et al., 2005), implies that
magmatic fragmentation and conduit erosion occurred essentially
in the upper ~2km of the plumbing system. Seismological
monitoring in the course of the ongoing eruptive period reveals
that most long period events have their sources located along a
narrow vertical pipe below the crater (Kumagai et al., 2011).
Given the DRE volume of non-juvenile products (D and R:
1.5 x 10° m®) and assuming a 2 km-high, 10 m-radius cylinder-
shaped conduit (diameter estimated from repeated airborne
observations of the active vent inside Tungurahua’s crater) and
uniform erosion rate over the whole length of the conduit, yields a
mean erosion velocity of 8.6 x 10~> m/s (i.e. 31 cm/h) for the 6 h-
long paroxysm. It is likely, however, that erosion occurred chiefly
in the very upper levels of the conduit where fragmentation and
jet ejection occurred (e.g. Carey and Houghton, 2010; Fierstein
et al,, 1997).

7. Conclusion

A detailed investigation of the August 2006 Tungurahua
deposit reveals the subtle mass distribution architecture of a
scoria fall layer, and brings new lights on the origin of a
subplinian event at an open-vent, andesitic volcano. Our high-
resolution analysis of tephra dispersal and weight distributions
documents regular componentry-dependant mass decay rates,
which allows integration over wide areas and size ranges. In
comparison to classical volume-to-mass conversions obtained
using a single bulk deposit density, our mass budget analysis
yields improvements for magnitude-intensity estimation and a
significantly different view of eruption processes, as it accounts
for uneven density distribution in the deposit. It also yields
evidence of complex and subtle controls of componentry propor-
tions, clast packing patterns, and fractionation processes on actual
lateral mass distribution in a typical scoria fall layer. In addition,
it is applicable in the context of eruptive crises, as it allows with a
few reasonable assumptions rapid and fairly accurate mass and
eruption size determinations, without requiring heavy instru-
mental deployment or close approach to the active vents.

As a result, we show that the August 2006 eruptive paroxysm
at Tungurahua is the consequence of a voluminous, gas-rich
magma recharge at depth that rapidly ascended to the surface,
while the volcano was already erupting under open-vent beha-
viour. These conclusions raise concerns in terms of volcano
monitoring at Tungurahua because such infrequent but danger-
ous paroxysms are not preceded by clear geophysical and geo-
chemical precursors, whose interpretation is usually difficult at
continuously active systems. Notably, the deep origin of this
eruptive behaviour poses serious worries in terms of evacuation
decision in areas where populations are threatened by potential
pyroclastic flows. These outcomes are most likely applicable to
other hazardous explosive andesitic edifices worldwide, where
strong eruptive phases occur during long-lived mild intensity
eruptions (Colima in Mexico, Sakurajima in Japan, Arenal in
Costa-Rica, Merapi and Semeru in Indonesia, and Sangay in

Ecuador) and elsewhere. They should motivate future research
to get better understanding of volcanic processes and to identify
potential precursors of sudden violent eruptive phases at perma-
nently active andesitic volcanoes.
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