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Abstract A general expression to describe particle density
distribution in tephra fall deposits is essential to improve
fallout tephra mass determination and numerical modelling
of tephra dispersion. To obtain particle density distributions
in tephra fall deposits, we performed high-resolution com-
ponentry and particle density analyses on samples from the
2006 subplinian eruption of Tungurahua volcano in Ecua-
dor. Six componentry classes, including pumice and scoria,
have been identified in our sample collection. We deter-
mined the class of 300 clasts in each 0.5¢ fractions from
—4.5¢ to 3.5¢ and carried out water pycnometry density
measurements on selected size fractions. Results indicate
that the mean particle density increases with ¢ up to a
plateau of ~2.6 g/cm’ for clasts finer than 1.5¢. The density
of scoria and pumice increases between —3 and 1¢, while
dense particle density is sub-constant with grainsize. We
show that the mean particle density p of the vesicular
fractions is a function of grainsize i (¢ scale) given by a
sigmoidal law: (i) = K + B/(1 + ae™""), where K, f3, «
and r are constants. These sigmoidal distributions can be
used to determine accurately the load of each componentry
class and should be applicable to many tephra deposits and
for modelling purposes.
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Introduction

Characterizing the size of explosive eruptions is important
for hazard studies and requires determining magnitude and
intensity in terms of volume or mass. This can be achieved
from analyses of tephra deposits and numerical modelling
approaches, which require documenting grainsize and parti-
cle density distributions, and tephra dispersal pattern (Pyle
2000; Costa et al. 2006; Barsotti and Neri 2008). Notably, a
general formulation for particle density distribution in teph-
ra fall deposit is essential to convert particle volume frac-
tions—e.g. from componentry analyses—to mass
proportions (e.g. Taddeucci et al. 2002; Andronico et al.
2009; Arafia-Salinas et al. 2010), enabling improved erup-
tion size determinations. In addition, particle density distri-
butions, which depend on grain size and vesicularity, control
terminal settling velocity and depositional patterns, and a
thorough documentation of these is required to improve
current numerical models (e.g. Bonadonna and Phillips
2003; Costa et al. 2006; Barsotti and Neri 2008). However,
a general expression of particle density distribution in tephra
fall deposits is still lacking. Previous attempts considered
simple distributions with constant density values in a range
of grainsize (e.g. Taddeucci et al. 2002; Costa et al. 2006;
Folch et al. 2008; Andronico et al. 2009; Arafia-Salinas et al.
2010) and a linear density variation between extreme pla-
teau values for coarse (—4 to —1¢) and fine (>7¢) grainsize
end-members (Bonadonna and Phillips 2003; Alfano et al.
2011), a representation that has not been confirmed from
extended analyses of volcanic deposits. Based on high-
resolution componentry and density analyses of a
subplinian scoria fall layer from the August 16, 2006 erup-
tion of Tungurahua volcano, Ecuador, we show here that
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density distributions of different componentry classes can be
precisely described by a sigmoidal law. We infer that it can
be used for eruption size evaluation and modelling of tephra
dispersal and sedimentation patterns.

Tungurahua is a 5,023 m-high andesitic stratovolcano
located in the Eastern Andean Cordillera of Ecuador
(Fig. 1a). It is frequently active and reawakened in 1999
after 80 years of dormancy (Le Pennec et al. 2012). Since
then, ongoing activity has comprised phases of uneven
intensity, size (VEI 1 to VEI 3) and style (strombolian,
vulcanian, subplinian). The paroxysmal phase occurred on
August 16-17, 2006 and lasted for about 6 hours: a tephra
column rose more than 15 km above the crater and the
plume deposited a dark scoria and ash fall layer to the west
in the InterAndean highlands, while numerous pyroclastic
scoria flows descended the flanks of the volcano (Kelfoun et
al. 2009) (Fig. 1b). This eruption produced a bulk tephra
volume in the range of 47-67x10° m? and ranked as VEI 3
(Eychenne et al. 2012).

Methodology

The deposit was sampled at 22 sites (Fig. 1b) on flat surfa-
ces of known area a (all symbols used here and below are
reported in Table 1). The samples were dried in the labora-
tory, weighed and sieved at a 0.5¢ interval ( = —log,d, §
being the particle diameter in mm) in the range —4.5-4¢
(22.4 mm-63 pm) (Eychenne et al. 2012). The mass m; of
each grainsize fraction i was measured on a high-precision
balance (1072 g).

Fig. 1 a Location map of

Componentry analyses

Based on textural criteria (shape, colour, vesicularity), six
pyroclast classes have been distinguished in our sample
collection. (1) The Scoria class (S): ragged, dark to brown
juvenile vesicular particles with homogeneous andesitic
composition (57.6-58.9 wt.% SiO,; Samaniego et al.
2011). (2) The Pumice class (P): light-toned, highly vesicu-
lar 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) The Free Crys-
tal class (C): mainly euhedral plagioclase and pyroxene,
with irregular glass coating. (4) The Dense Lithic class
(D): dark blocky, micro-crystalline non-vesicular clasts. (5)
The Crystalline Aggregate class (A): assemblages of plagio-
clase and pyroxene crystals with little or no interstitial glass.
(6) The Reddish Scoria class (R): sub-rounded, moderately
vesicular grains with cavities and vesicles, about 100—
50 um in diameter, showing weathering and vapour-phase
minerals on their surface.

We determined the volume proportions of the compo-
nentry classes by particle identification and counting in
each grainsize fraction from —4.5¢ to 3.5¢. The fraction
was distributed as a circle on a flat surface, and carefully
homogenized by mixing up the grains with a thin spatula
from the edge to the centre. We then isolated half of the
material in a half-circle to begin particle determination
and counting from its centre to its edge. The analyses
were carried out by the naked eye below 0.5¢ and under
a binocular microscope at higher ¢. Above —1¢, the
counting operation was performed independently two to

Tungurahua volcano in the F.x Tephra fall sample
Andean Cordillera of Ecuador.
b Shaded relief map of
Tungurahua edifice and the area
of tephra fall (on the Quero
Plateau) and pyroclastic flow
(dark grey area) deposits.
Isopachs are in centimeters
(grey curves, from Eychenne et
al. (2012)). Small dots are
sampling sites for grainsize
studies (F/—F22 are sample
numbers), and large open
circles identify sites of samples
analysed in this study
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Table 1 Summary of the nota-

tions used in this study Symbol Definition (unit)

Sampling area (m?)
@ Constant parameter of the sigmoidal function
5] Constant parameter of the sigmoidal function
cjj Percentage of particles of the componentry class j in the grainsize fraction i
) Particle diameter (mm)

Unit for grainsize calculated as ¢ = —log,d
i Grainsize in a half-¢ scale
J Componentry class (from S (Scoria class) to R (Reddish Scoria class))
K Constant parameter of the sigmoidal function
md;; Mass per unit area of particles from the componentry class ; in the grainsize fraction i (g/m?)
m; Mass of particles in the grainsize fraction 7 (g)
mj; Mass of particles in the componentry class j of the grainsize fraction 7 (g)
i Mean particle density in the grainsize fraction i (g/cm®)
(i) Continuous function describing the variations of the particle density with ¢ in the samples
fhij Mean particle density in the componentry class j of the grainsize fraction i (g/cm®)
particle% Percentage of particles
r Constant parameter of the sigmoidal function
v; Total particle volume in the grainsize fraction i (cm?)
Vi Volume of particles in the componentry class j of the grainsize fraction i (cm®)

four times by two operators, depending on the stability
and reproducibility of the results. Results in a single
grainsize fraction 7 are expressed as c;, the percentage
of particles (particle %) in each componentry class j (j
from S to R) of the grainsize fraction i. For a given
grainsize fraction we calculated the mean and the standard
deviation of all the componentry results in particle %
obtained after the counting operations. Counting results
out of the interval defined by “mean + standard deviation”
were discarded for a standard deviation higher than 2.
Repeated counting on test-samples indicated that 250+
20 particle determinations are required to obtain stable
componentry proportions, i.e. varying in an interval of
3 % of particle proportions. Thus, we counted at least
300 grains, or the whole grainsize fraction population
when it contained less than 300 grains.

Particle density measurements

Water pycnometry was used to measure ji;, the mean particle
density in the grainsize fraction 7, and j;, the mean particle
density in the componentry class j of the grainsize fraction i,
given respectively by:

i = m;/vi (1)

g = my [ vy (2)

where v; is the total particle volume in the grainsize fraction
i, and v;; and m;; are the volume and the mass of particles in
the componentry class j in the grainsize fraction i,

respectively. The measurements were performed on a high-
precision balance (10~ g) with 0.1 and 0.5 dm? boro-silicate
pycnometers, using distilled and degassed water. The water
was observed to wrap the particles—previously dried—
without filling the pores in the studied grainsize range
(—2.5-3@), due to relatively high water surface tension and
small bubble size in the particles. Weighing was performed
rapidly after particle incorporation (<3 min) and we thus
assume negligible water incorporation in the clasts during
pycnometry analyses. The soundness of this assumption is
supported by the variation trend of the resulting data (see
“Particle densities” section) and the reproducibility of the
measurements (see below).

The mean particle density in the grainsize fraction i, p;,
was measured using 1 to 4 g of particles in selected grainsize
fractions from eight tephra samples collected along the main
dispersal axis (“near-to-axis”) and laterally on the margins
of the deposit (“off-axis”) (Fig. 1b). u; measurements were
performed three times in each grainsize fraction of sample
F7 to evaluate the reproducibility of pycnometry analyses.
The standard deviation of the results of these measurements
is between 0.02 and 0.04.

The mean particle density of the componentry class j in
the grainsize fraction i, 1;;, was determined for pumice (14,p),
scoria (u;5) and dense lithic (u;p) classes using several
particles (from 10 to 100) of each componentry class isolat-
ed from selected grainsize fractions in the range —2.5-1¢, in
four near-to-axis tephra samples (Fig. 1b). p; was not mea-
sured in grainsize fractions finer than 1¢ due to the diffi-
culty in separating the different types of clasts. For grainsize
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fractions with too few particles in a single componentry
class (e.g. pumices and dense lithics), we merged several
fractions to obtain a mass of grains large enough to ensure
reliable pycnometry weighing.

Results
Size-dependent componentry proportions

The results are represented as the numerical proportions
of the 6 componentry classes in particle % vs. grainsize
(Fig. 2a) for three near-to-axis samples (F5, F7 and F11,
Fig. 1b). They all show similar proportion variations: (1)
S and C are dominant classes; (2) S proportions are >90
particle % in fractions coarser than —1.5¢ and decrease
with ¢, reaching a minimum between 0 and 1¢, and
increasing again in fine fractions up to ~2.5 ¢; (3) C
occurs in fractions finer than —2¢ and displays a negative
correlation to S; (4) in the studied size range the A
proportion is <5 particle %, peaking between 0 and 1d;
(5) R occurs above 0¢ and increases regularly with ¢; (6)
P is sub-constant around 1 particle %; (7) D is concen-
trated in the coarse size range (<—2.5¢) for proximal
samples (F5 and F7) and shows stable proportions <2

Particle densities

In our sample collection, the mean particle density, pu;,
varies with grainsize i following similar trends (Fig. 3a):
w; increases with ¢, and stabilizes near a maximum
constant value above 1.5-2¢. While the samples show,
in the coarse size range, a wide range of u; values (for
instance p-;4 is between 1.04 and 1.88 g/em?), the
density range narrows with increasing ¢, and pu; con-
verges to a sub-constant value close to ~2.6 g/em’. In
near-to-axis samples, p, decreases with distance from
the vent in coarse grainsizes (—1, 0 and 1d) and is
constant in 2 and 3¢ fractions (Fig. 3b). The densities
measured in the classes P, S and D show (Fig. 3c): (1)
wip values are in the range 2.61-2.73 g/cm’ and show
no correlation to grainsize; (2) p;s increases with ¢; and
(3) for each grainsize fraction u;p < ;s by at least
0.20 g/em’.

Size-dependent particle density distributions

In all samples, the variation of the density p; vs. grainsize i
is fitted well by a sigmoidal function of the form:

N —ri
particle % in finer grainsizes. pi) =K +B/(1+ae™) (3)
Fig. 2 a Plots of componentry a b
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Fig. 3 a and b Plots of mean particle densities in the grainsize
fractions /;; (in g/cm®) obtained using water pycnometry analyses vs.
grainsize and distance from vent. Symbol size is larger than the error
bar defined as +the standard deviation (1o; evaluated from the results
of three sets of measurements performed on sample F7). ¢ Plots of the

where K, 3, a and r are constants (Fig. 4). Pycnom-
etry analyses show that p,p results are sub-constant
with grainsize (Fig. 3c). Because of physical and
chemical grain homogeneity in D, R, C and A classes,
we set f;p, g, Mic and p;4 as constant within the
grainsize range and independent of sampling location.
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Fig. 4 Sigmoidal fit (solid curve) of u; data points (the mean particle
densities in the grainsize fractions measured by pycnometry; black
dots) for the height tephra samples analysed in this study. Equations
of the best sigmoidal fit for each sample are reported on the plots. F-
labels are sample numbers (see Fig. 1 for location)

Grainsize i (Phi)

particle density in the componentry classes j; (in g/em®) vs. grainsize,
obtained by water pycnometry analyses in selected grainsize fractions
or merged grainsize fractions. D Dense Lithics; S Scoriae; P Pumices.
F-labels are sample numbers (see Fig. 1 for location)

w;p 1s calculated as the mean of the pycnometry
results (2.68 g/em’, Fig. 3c), and jur, fric and fi4
values are set to 2.60, 2.90 and 2.90 g/cm’, respec-
tively, based on petrological constraints (Samaniego et
al. 2011) and additional data from the literature (Clark
1966).

As S is by far the dominant clast population in the
deposit (Fig. 2a), the sigmoidal pattern of u; vs. grain-
size i (Fig. 3a and 4) is mainly controlled by js.
Results of S density measurements show that pu;g
increases with grainsize i in the range —-2.5-1¢
(Fig. 3c). No data were obtained in the fine fraction
beyond 1.5¢, we thus assume a constant variation of
Wis in grainsize fractions >2d¢, based on the variations
of the mean particle density p;; We set the plateau
density value to that of a pore-free andesitic glass
(2.47 g/em®; Clark 1966) and calculated a sigmoidal
fit to a dataset that includes the measured densities
and the plateau value beyond 1.5¢. As vesicle textures
of P and S are similar, we surmise that the variation of
P density vs. grainsize also follows a sigmoidal trend.
As glass composition in P is rhyolitic (Samaniego et al.
2011), we can use the same interpolation method with a
plateau density value close to that of a pore-free rhyo-
litic glass (2.37 g/em®; Clark 1966). The reconstructed
mean particle density in the grainsize fraction (u;") is
calculated from i, assuming that in a given grainsize
fraction the particles have similar size and using the
following equation:

i = ch‘jﬂzj
J

where c¢;; is the proportion of the componentry class j in
the grainsize fraction i in particle %. The results are in
good agreement with the sigmoidal fit of the density
measurements (u(7)) (Fig. 5).

(4)
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Volume-to-mass conversion of componentry
distributions

Here, we use the sigmoidal law to convert componentry
results from particle % to mA, the mass per unit area.
Considering that all particles at each sampling site in a given
size fraction have the same size, the proportion of the
componentry class j in the grainsize fraction i in particle %
(cj, Fig. 2a) can be converted to mass per unit area of the
componentry class j in the grainsize fractions i (m4;;) using
the equation:

mA; = (15 ¢ me) /(1 o) (5)

where m; is the mass of each grainsize fraction 7 and a
is the sampling area. Thus, continuous expressions of
particle density distributions (for the grainsize fractions
and the componentry classes) are required for mass
conversion over the full grainsize range. We use the
sigmoidal approach inferred above for p; and py; to
convert the componentry results for three near-to-axis
samples (F5, F7 and F11, Fig. 1b). Figure 2b illustrates
the three resulting componentry distributions in terms of
mass per unit area. Among the classes mA,;s shows the
highest values (maxima between 2.25x10° and 1.00x
10° g/mz), which decrease away from vent. md,c varies
in a narrow grainsize range (—1¢-2¢) along a bell-
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Fig. 5 Plots of (i), the mean particle density function in the grainsize
fractions determined by sigmoidal interpolation of water pycnometry
data, and ', the mean particle densities in grainsize fractions recon-
structed using a linear combination of the componentry densities vs.
grainsize i (¢).y; and g;” in g/em>. F-labels are sample numbers (see
Fig. 1 for location)
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shaped trend whose amplitude decreases distally. The
mass per unit areca of other componentry classes are
small and sub-constant, on the order of 1 to 600 g/m?.

Discussion
Origin of the sigmoidal density distribution

The sigmoidal pattern evidenced for 1;5 and p;p vs. grainsize i
is interpreted here as a consequence of size-dependant vesicu-
larity distributions in the clast populations: pore-free particles
(e.g. glass shards and bubble walls) tend to be the dominant
material when clast size is smaller than that of vesicles, as
documented in basaltic ash and silicic pumice particles (e.g.
Heiken and Wohletz 1985; Manville et al. 2002). The plateau
values reached by ;5 and pi,;p in the fine size range above 1.5—
2¢, at ~2.5 and ~2.4 g/em®, respectively, represent the solid
density of scoria and pumice grains, which is close to the
density of the groundmass silicate glass. The mean particle
density variations (1) reflect the sigmoidal distribution of the
dominant S class. The y; plateau value (~2.6 g/cm’) is an
averaged solid density for all grains of the deposit and is higher
than the scoria’s solid density, implying that average densities
are higher for the other componentry classes.

Implication of the sigmoidal density distribution pattern

Particle density data are essential to calculate particle settling
velocities and are thus required in numerical tephra dispersion
models. Most current models use two or three particle density
values increasing with ¢ (Costa et al. 2006; Scollo et al. 2007;
Folch et al. 2008). Based on literature surveys, Bonadonna
and Phillips (2003) have proposed particle density models
based on different chemical magma compositions, which
assume constant pumice density from —4¢ to —1¢, a linear
increase with ¢, and a plateau value equal to a lithic density
for grainsizes >7¢. This study indicates that the grainsize—
density relationship, at least in the 2006 Tungurahua scoria
fall layer, is more accurately described by a sigmoidal law, and
the plateau value in the least dense fine tail end-member is
reached for coarser particles, around 2 ¢.

Further studies on well-preserved tephra fall deposits are
required to assess whether the sigmoidal expression
evidenced here for the August 2006 Tungurahua tephra layer
is generally applicable. Suggesting that it may be, the August
2006 Tungurahua deposit is an archetypal subplinian scoria
fall layer with componentry content and vesicularity distribu-
tion patterns of juvenile clasts similar to that of violent strom-
bolian eruptions (e.g. Arrighi et al. 2001; Pioli et al. 2008). We
thus surmise that the density distribution pattern evidenced at
Tungurahua is most likely applicable to many other tephra fall
deposits. This sigmoidal law can be easily parameterized
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using a few density measurements in different grainsize frac-
tions, given that the critical grainsize at which the density
stabilizes in the fine range can be roughly constrained know-
ing the size of the minimum vesicle diameter in the samples
(Manville et al. 2002).

The empirical sigmoidal law inferred from Tungurahua’
scoria fall layer offers a promising way to obtain high-
resolution mass budgets for the whole August 2006 deposit
and to improve magnitude-intensity determinations of the
event. [t may also prove useful when revisiting mass estimates
of previous tephra studies (e.g. Taddeucci et al. 2002;
Andronico et al. 2009; Arafia-Salinas et al. 2010) and improv-
ing mass budget calculations from Doppler radar signals
(Goubhier and Donnadieu 2008; Valade and Donnadieu 2011).

Conclusion

High-resolution density and componentry analyses in the
scoria fall deposit from the August 2006 eruption of Tung-
urahua volcano, Ecuador, reveals sigmoidal dependence of
particle density against grainsize. This pattern essentially
reflects vesicularity distribution in porous clast subpopula-
tions, and can be used to determine the mass componentry
distributions at all sampling sites. These findings obtained at
Tungurahua suggest that the sigmoidal law is applicable to
other scoria, and possibly pumice fall layer of basaltic and
andesitic compositions. In summary, this study offers a
potentially widely applicable new expression to more accu-
rately evaluate the mass of pyroclastic fall deposits and the
size of explosive eruptions, and to improve numerical mod-
els of tephra dispersal pattern.
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