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Received: 3 March 2017 : Numerical modeling of ash plume dispersal is an important tool for forecasting and mitigating potential
Accepted: 5 July 2017 . hazards from volcanic ash erupted during explosive volcanism. Recent tephra dispersal models have
Published online: 07 August 2017 . been expanded to account for dynamic ash aggregation processes. However, there are very few studies
. onrates of disaggregation during transport. It follows that current models regard ash aggregation as
irrevocable and may therefore overestimate aggregation-enhanced sedimentation. In this experimental
study, we use industrial granulation techniques to artificially produce aggregates. We subject these to
impact tests and evaluate their resistance to break-up processes. We find a dependence of aggregate
stability on primary particle size distribution and solid particle binder concentration. We posit that
our findings could be combined with eruption source parameters and implemented in future tephra
dispersal models.

Numerous investigations, using field'~>, numerical®” and experimental®~'> approaches have extended our under-
standing of the generation of volcanic ash aggregates. The control of volcanic ash aggregation on ash plume dis-
persal has also been demonstrated by field studies'*-!° and is now a common component in numerical modeling
of volcanic ash dispersal'®""?. However, an understanding of aggregate preservation potential during transport
and sedimentation processes is not yet fully understood. Ash is exposed to strongly variable transport condi-
tions that may control aggregation rates (e.g. wind speed, temperature, humidity, acidity, glass content of the
ash, particle-particle interaction rates). Nevertheless, the same factors can also control aggregate preservation
potential. Disaggregation processes resulting from the elastic mechanical stresses associated with particle-particle
interactions may occur both during transport (aggregate-aggregate or aggregate-particle) as well as during sed-
imentation (aggregate-substrate). There are two key controls on aggregate stability: (1) the properties of the ash
particles that form aggregates (i.e. primary particle size, morphology and the aggregate binder agent?*-??) and
(2) aggregate size, shape and roughness. Aggregates fail to remain intact and cohesive if extrinsic elastic stress is
higher than the tensile strength of inter-particle contact areas. Analysis of large volcanic aggregates (i.e. mm- to
cm-size) from several locations has shown secondary mineral phases like NaCl, MgSO, or CaSO,>8 1% 23-25 that
act as binding agents between particles Crack initiation in such solid salt bridges may lead to either internal fail-
ure of the solid bridge (cohesive failure) or failure of the contact line between solid bridge and particle (adhesive
failure?®). Depending on the initial impact energy, particles may be chipped off from the aggregate surface (low
impact energy), the aggregate may fragment into several parts (moderate impact energy) or the aggregate may

. wholly disaggregate into primary particles (high impact energy®’). Any size reduction process will liberate indi-

© vidual ash particles that subsequently respond in their dispersal behavior based on the aerodynamic properties

. of single ash shards whose density and drag coefficients differ from those of the prior aggregates. Clearly then,
ash aggregation cannot be solely considered as irreversible process that progressively contributes to depletion of
airborne ash. The probability of disaggregation processes and resultant influence of locally increased ash concen-
trations on bulk ash plume dispersal remains unexplored and is not explicitly implemented in tephra dispersal
models.

Recent experimental studies have shown the influence of density instabilities and ash particle concentration
(loose, not aggregated) on dispersal and settling behavior (distance from vent and velocity) of volcanic ash%.
From a computational point of view, model results of tephra dispersal and deposition is crucially modified by
ash aggregation processes. Neglecting aggregation within a tephra dispersal model may lead to a tephra load-
ing underestimate in proximal area (tens to hundreds of kilometers of distance from the vent) and an overesti-
mate in distal regions®*. The removal of ash particles from the plume in aggregation events, and the re-release
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of those ash particles during disaggregation events affects the dispersal and the tephra fallout deposit thick-
ness variations down-wind. Although a variable ash dispersal pattern has been observed and reported for sev-
eral eruptions and attributed to aggregation processes”>'~*3, this is not necessarily reflected in the fall deposits
of the eruption, because disaggregation during deposition can remove the evidence that particles aggregated
in the first place®. While the latest models of ash dispersal take ash aggregation into account by solving for
advection-diffusion-sedimentation equations in defined meteorological conditions and using input eruption
source parameters (e.g., eruption duration, column height, total erupted mass, mass eruption rate, and total
grainsize distribution)'***, no plume model incorporates post-aggregation disaggregation processes. Such plume
models incorporate aggregation as an effective aggregated class of particles in the plume (characterized by a
diameter d, and a density p,) in different ways. For example, the Cornell model®* fills the class with 50% of the
63-44 pum ash particles, 75% of the 44-31 um and 90% of the smaller than 31 um. The Sulpizio model*® considers
a constant aggregated fraction defined by the user. And the Costa et al. model'” !* is more complex and solves for
the first order of the Smoluchowski equation® to estimate the fractions of each gain-size class to remove from the
primary particle classes. Software packages such as FPlume' and FALL3D'®* % have implemented each of these
techniques. From these constraints, among the eruption source parameters, aggregation processes are likely to
affect the total grain size distribution most substantially, and especially the fine-ash tail of the distribution. This
highlights the need to assess the total size distribution, which is representative of bulk tephra deposits.

It’s clear that aggregation models are incorporated into plume models. But it is also important to implement
disaggregation processes based on both observational and experimental data. Aggregate growth and stability
characteristics can be estimated by coupling observations from deposits with in-situ observations during erup-
tions through the application of monitored eruption source parameters*, such as total grain size distribution
or mass eruption rate. We can envisage end member scenarios for the aggregation-disaggregation process in
plumes. First, efficient aggregation occurs. This can be because aggregation is efficient while disaggregation is
inefficient such that particle fall deposits are modified by the progressive coarsening of the plume load. Second,
no net aggregation occurs, which can be because aggregation is inefficient or because disaggregation is more effi-
cient than aggregation. This scenario would result in particle size classes that are either unaffected during classic
plume transport, or they are variably aggregated and disaggregated in-plume causing additional complexity in
ash dispersal patterns.

Here, we present the results of an experimental campaign in which aggregates, bound by salt bridges at
particle-particle contact points*!, have been subjected to impact events at a range of constrained energies. We
identify the failure modes and estimate the strength of the aggregates of particles which are crucial parameters for
future incorporation of disaggregation processes into tephra dispersal models.

Methods

Production of sample materials. Experimentally-generated aggregates of 1) soda-lime silicate glass beads
and 2) phonolitic Laacher See volcanic ash (Eifel, Germany), were used for the experiments; the granulometry
of selected samples was determined using a Coulter LS-230 laser diffraction particle size analyser (Fraunhofer
optical model, imaginary/real refractive indices of 0.001/1.52 for glass beads and 0.1/1.52 for volcanic ash; see
Table 1 and Supplementary Material for detailed grain size distribution of experimental materials). Aggregates
were produced at Glatt Ingenieurtechnik GmbH, Weimar, Germany, by applying fluidization bed techniques with
the Glatt ProCell Lab®. Particle aggregation was achieved in two steps. First, particles were placed in a vessel
and transformed from a deposited state at rest to a fluid-like state in motion through an upwards directed gas-
stream, generating a fluidized bed. This lead to effective particle concentrations of 0.003 gcm™?, which relates
to dilute and downwind areas of volcanic plumes or lofted plumes coincident with pyroclastic density currents.
Humidity was controlled by spraying NaCl-H,O mixture of various concentration into the fluidized sample via
anozzle (1.0 bar pressure and 8 ml.min~"! spray rate) at low spray rate, the NaCl brine is only wetting the parti-
cle surfaces, but did not lead to aggregation. At well-controlled temperatures of 25-110 °C, evaporation of the
liquid resulted in precipitation of NaCl crystals on particle surfaces with regular, isotropic distribution. Then,
de-ionized H,O was sprayed into the fluidized bed at a significantly higher spray-rate of 50 ml. min~"'. Aerosolized
liquid droplets deposited on particle surfaces and partially dissolved the previously deposited NaCl crystals. The
high amount of liquid in the second step allowed for particles to cluster for longer periods and for aggregates to
grow bigger. Capillary forces allowed for the movement of the surficial NaCl brine to particle-particle contact
points*!. Upon drying, solid NaCl bridges crystallized and cemented the aggregates. Aggregates strong enough
to survive the drying and collection process were able to be collected and analyzed for this study. (See ref. 12 for
a detailed description of the aggregate production process). Spraying brine liquids simplifies and accelerates the
aggregation. When water or acid aerosols condense on ash particles, leaching will cause various elements to be
transported to the surface of the grains where they will form precipitates and bind aggregates. While these two
processes (acid-driven leaching and salt precipitation and brine evaporation driven salt precipitation) are subtly
different, they both produce salt-bound aggregates.

Several types of aggregates can be produced by the above method (Table 1). Glass bead aggregates are com-
posed of primary particle sizes of <50 um, 40-70 um or <70 um and are bound with NaCl concentrations of 2,
5 or 15g.kg™ !, respectively. Volcanic ash aggregates are comprised of primary particle sizes <40 pm, 40-90 pm
or <90 um and are bound with NaCl concentrations of 5, 10, 15 or 20 g.kg™", respectively. Efficient binding of
volcanic ash was found to be impossible at concentrations of 2 g.kg™! due to the higher specific surface area of
the starting material'2 For further experimental details, please refer to ref. 12, 41. Salt concentrations up to a few
g.kg! are likely to be found on ash surfaces that were transported in volcanic plumes of magmatic eruptions.
Concentrations of up to 60 g.kg™! have been described for ash particles related to hydrothermal eruptions*2.

NaCl concentration (g.kg ') of artificial aggregates used for stability experiments were determined by aque-
ous leaching. The leaching protocol requires a solid solution mass ratio of 1:10 and measured the effective NaCl
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Primary particle | min/max/mode

Primary particle material | size distribution | [um] NaCl [gkg']
Laacher See Ash <40 pm 0.41/101.1/24.95 5
Laacher See Ash <40 um 0.41/101.1/24.95 10
Laacher See Ash <40 pm 0.41/101.1/24.95 20
Laacher See Ash 40-90 um 0.87/146.8/76.42 20
Laacher See Ash <90 pum 0.45/133.7/76.42 10
Laacher See Ash <90 pm 0.45/133.7/76.42 15
Laacher See Ash <90um 0.45/133.7/76.42 20
Soda-lime glass beads <50 um 0.41/92.09/43.67 5
Soda-lime glass beads <50pm 0.41/92.09/43.67 15
Soda-lime glass beads 40-70 um 22.73/121.81/57.77 2
Soda-lime glass beads 40-70 um 22.73/121.81/57.77 5
Soda-lime glass beads 40-70 um 22.73/121.81/57.77 15
Soda-lime glass beads <70um 4.24/101.1/57.77 2
Soda-lime glass beads <70 um 4.24/101.1/57.77 5
Soda-lime glass beads <70pum 4.24/101.1/57.77 15

Table 1. Overview of physical characteristics of artificially produced aggregates used for impact experiments.

concentration of particle surfaces via electrical conductivity measurements with an inoLab Cond 730®, man-
ufactured by Wissenschaftliche Technische Werkstditten GmbH, Germany. The instrument was calibrated using
H,0-NaCl solutions of known concentration. NaCl coating of particle surfaces and hence NaCl concentrations
of ProCell Lab® aggregates are reproducible within 3% error'2. Scanning Electron Microscopy (SEM) was carried
out at LMU Munich using a Hitachi SU 5000 and at the HT-HP lab of INGV Rome, using a JEOL JSM-6500F.

Impact testing. Two experimental setups were designed to investigate the modes of breaking behavior of
aggregates and the aggregate strength. Setup 1 was built at the Mars Laboratory Simulation Laboratory at Aarhus
University, Denmark. An over-pressurized nozzle (50-400kPa) propelled individual volcanic ash aggregates
(particle sizes <90 um with 20 g.kg ™! NaCl) against a vertical target wall aligned perpendicular to the aggre-
gate flight path. The impact was recorded with a Phantom v710 high-speed camera (Fig. 1a). Varying the over-
pressure condition at the nozzle, we investigated a range of impact velocities for which we observed different
modalities of aggregate breakup upon impact such as surface chipping, fragmentation and total disintegration
(Fig. 1b). Setup 2, built at LMU Munich, Germany, aimed at investigating the aggregate strength by free-fall
experiments. Individual aggregates were dropped from a height / onto a metal plate (Fig. 1c). These experiments
were designed to evaluate the effect of particle size distribution (PSD), shape and surface morphology of primary
particles and binder concentration on aggregate stability. We performed these experiments on artificial aggre-
gates only as young natural ash aggregates are rare and even the youngest* have likely already undergone further
post-depositional (re-)crystallization, e.g. by growth of zeolites.

Following a pre-established framework** allowed us to parameterize the potential, kinetic and
loss-during-flight (atmospheric) energies of particles during both horizontal (Setup 1) and vertical (Setup 2)
experiments. For a quantitative approach, potential energies E, of the aggregates were calculated and used to
estimate kinetic energies Ey of the samples during impact. During fall, samples will lose energy due to drag, an
energy loss which we term a loss energy E;. These energy scalings are given by Eq. 1:

Ep = mgh
1 5
Egli—y, = 5
p 2
E, = Ac,~V;
L w2 i (1)

where m; is the initial sample mass, g is the acceleration due to gravity, v; is the impact velocity of the sample, A
is the cross sectional area of sample, c,, is the drag coefficient and p is sample density. Here, we define /=1, as the
distance in flight from the launch position to the position at which impact occurs. Impact velocities were meas-
ured by analysis of high-speed video-records. Calculated atmospheric loss energies E; lead to a median loss of
initial potential energies of about 11.5% for glass bead aggregates and about 15.7% for volcanic ash aggregates,
which is in good agreement with atmospheric losses of about 15% reported by others** during drop experiments
of larger volcanic clasts.

For each of the 14 aggregate groups displayed on Table 1, 20 drop experiments with 20 aggregates were per-
formed. Impact velocities varied between 1 and 6 m.s~!. Maximum fall height h (between 0.05m and 2m) was
chosen according to aggregate stability. If a sample was disintegrated completely, i was not increased further.
Mass m; of each sample was evaluated before the fall experiment with a Sartorius MC 210P balance with an accu-
racy of 10-*kg. Aggregates for each experimental setup selected to be in a mass range of £10wt%. After impact,
the mass m, of the largest remaining aggregate fragment was evaluated and compared with the initial mass of
the aggregate by m7/m;. Based on this ratio, aggregates were categorized into three groups, ‘chipping surface’ (i.e.
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Figure 1. (a) Pressurized air-gun setup at Aarhus University, Denmark. Aggregates were shot with overpressure
against a vertical metal wall. Applied overpressures ranged between 0.5 and 4 bar, resulting in impact velocities
0f2.9-7.8m.s™ L. (b) Impact setup at LMU Munich, Germany. Aggregates were dropped from heights between

5 and 200 cm onto a metal plate. Impact speed was monitored with a high-speed camera and used to calculate
impact energy. (c) Modes of break-up that were observed throughout experiments: surface chipping (<10 wt%
loss of material from parent aggregate), fragmentation (10-90 wt% material loss from parent aggregate) and
total disintegration (>90 wt% material loss from parent aggregate).

mdm;=0.9), fragmented’ (i.e. 0.1 <m,/m;<0.9) and ‘total disintegration’ (i.e. mg/m; <0.1). See Appendix for the
complete dataset.

Results

A total of 280 aggregates for the drop experiments were chosen to be consistent in mass to facilitate dataset
comparison. On average, the aggregate mass m; was 1.4 mg with a standard deviation of 0.16 mg. High-speed
videos reveal different break-up behavior as a function of impact velocity ranging between 2.9-7.8 m.s~! as sum-
marized in Fig. 2. Experiments with a nozzle overpressure of 50 kPa lead to surface chipping (Fig. 2a), with
the aggregate remaining mostly intact after impact. Experiments with 200 kPa overpressure resulted in further
fragmentation of the aggregate, with largest fragments showing up to 5wt.% of the parental aggregate (Fig. 2b).
Overpressure experiments of 400 kPa led to total disintegration of the aggregate, no fragments could be observed
in the high-speed video or recovered from the ground after the experiment (Fig. 2¢).

We used our data to evaluate and isolate the effects of binder (NaCl) concentration, particle-size and of par-
ticle roughness on the energy required to break-up aggregates. In general, larger primary particle sizes produced
stronger aggregates that required higher break up energies. Figure 3a shows glass bead aggregates bound with
5g.kg™! NaCl. In this dataset, higher impact energies were necessary to fragment aggregates consisting of coarse
glass bead sizes (40-70 um) compared with those consisting of fine glass bead sizes. Equivalent results can be seen
for the volcanic ash aggregates (Fig. 3b), in which samples with coarse particle fractions (40-90 um and <90 um)
needed higher impact energies to fragment than the volcanic ash aggregates of the same salt concentration but a
primary particle size distribution of <40 um. Further, volcanic ash aggregates with coarse primary particles either
show surface chipping (left gray field) or fragmentation (center gray field), whereas volcanic ash aggregates with
only fine primary particles mainly show total disintegration and at lower impact energies. Overall a clear positive
effect of larger particle size distribution on aggregate stability could be observed for both glass bead and volcanic
ash aggregates. We report the complete dataset in the Appendix.

In a second experimental suite, we compared the stability of aggregates bound by different NaCl concentra-
tions but having the same primary particle size distribution. Higher NaCl concentrations in the bridges between
particles conferred greater stability to the aggregates. Glass bead aggregates of the same primary particle sizes
(<70 um) require higher impact energies in order to breakup if there is more NaCl binding the particles (Fig. 3c).
Trends become even more clear for the volcanic ash aggregates (Fig. 3d). Here, not only higher impact ener-
gies are required to break aggregates with higher NaCl concentrations, but also the breakup behavior changes.
Approximately 75% of the tested samples with high binder concentration (20 g.kg™") exhibit surface chipping
upon impact, whereas samples with comparatively low NaCl content (10 g.kg ') undergo fragmentation or total
disintegration. We conclude that the salt budget available for particle-particle binding increased aggregate stabil-
ity against breakup processes.

A final suite of drop experiments was conducted to investigate in the effect of surface morphology of pri-
mary particles on aggregate strength. No clear effect was empirically obvious. Stability of glass bead aggregates
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Figure 2. Sequence of photos taken with a high-speed camera; aggregates impact on metal wall of the Aarhus
setup. (a) Sequence shows surface chipping of aggregate, (b) fragmentation and (c) total disintegration.

a) Glassbeads 5 g NaClkg' b) Laacher S. ash 20 g NaClkg' c) Glassbeads <70um
@ 100
3 ® <50 um 300 ® <40 um ®15 g NaCl kg °
2 g ®.]®40-70um| 250 e ©40-90 ym|  307e 5gNaClkg'[ T
5 © <70 pum © <90 um e 2 g NaCl| kg[S
= 200 °
x 60 204--2 ()
> y 150" O U 1
&) ° O Y ot
o 40 ) & ()
& oo © o 100 ° © 10%-00 e -
— ® o o .w J
8 20 Y 50 & = | % __,\0 oe o °.
(o] < =

E‘ 0&:‘& MD 9 o 0 s Ce_° 'y O‘.’%) S®o %o o°

1 08 06 04 02 0 1 08 06 04 02 0 1 08 06 04 02 0

Aggregate mass after impact [%)]
d) Laacher See ash <90um e) 15 g NaCl kg

S teop e20gNaCikg| °[eGB<70m L
S . ®15g NaCl kg' ® LS <90 um
© -1
5 120 010 g NaCl kg 60
x ® °
5 80 e 4073
2 3.° o *
L Y 9. [ )
. 40, P & 20 oe “.o. 4 . L
3 °® o ° % ® oo ®
£ 0 © o8P con @ Cbé 0 oo ® O

1 08 06 04 02 0 1 08 06 04 02 0

Aggregate mass after impact [%]

Aggregate mass after impact [%]

Figure 3. (a,b) The influence of particle size on aggregate stability. (c,d) The influence of NaCl binder
concentration on aggregate stability. (d) The influence of primary particle surface morphology on aggregate

stability.

(spherical primary particles) and volcanic ash aggregates (angular, irregular primary particles) with the same
NaCl concentrations do not reveal any difference in the breakup behaviour or impact energies required for

| 7: 7440 | DOI:10.1038/541598-017-07927-w



www.nature.com/scientificreports/

T,
intact solid bridge

INGV SEI 15.0kvV  X1,500 10pm GV SEI 15.0kV  X2,300 10um WD 9.2mm

cohesive failure

INGV SEI 150kV  X8,000 Tum WD 9.0mm INGV SEI 15.0kV  X3,000 1mn_ WD 9.2mm

Figure 4. (a) An intact solid NaCl bridge connecting two glass beads. (b) A failed solid NaCl bridge with the
once connected glass bead missing. (c) Cohesive failure within a solid NaCl bridge. (d) Adhesive failure between
a solid NaCl bridge and a glass bead.

breakup (Fig. 3e). We conclude here that particle morphology is a second order control on aggregate stability and
that spherical assumptions can be made for the mechanical stability of volcanic ash aggregation.

Scanning electron microscopy (SEM) provides insights into the size and geometry of NaCl crystals as well as
their failure mode upon breakup. This analysis shows (i) intact bridges (Fig. 4a), (ii) failed bridges (Fig. 4b), (iii)
bridges with cracks (i.e. cohesive failure, Fig. 4c) or (iv) cracks between bridge and solid particle (i.e. adhesive
failure, Fig. 4d). Salt bridge volumes were estimated by measuring visible horizontal and vertical axes assuming
cuboid growth valid for NaCl crystals. In reality there are deviations from cuboid geometry, conferring minor
error on our salt bridge volume estimates. Nevertheless, we observed a positive correlation between salt crystal
length and particle radius suggesting that bridge thickness scales with average particle size (Fig. 5).

Analysis and discussion. Once formed, aggregates can break up in three different micromechanical ways:
(1) surface chipping, (2) fragmentation into smaller aggregate pieces, or (3) total disintegration into particle
sizes comparable to the primary ones. In volcanic ash plumes, total disintegration, the most efficient process in
releasing primary particles back into the plume, could result in re-entrainment of fine ash particles in the plume
dispersal trajectory. We show that the mode of aggregate break-up depends on both bulk stability of the aggregate
and on the impact energy. Previous discrete element method simulations, as well as experiments, have shown
that aggregates impacting a solid wall generate multiple branches of cracks that dynamically propagate inside the
aggregate, causing break up of solid bridges between primary particles*. The propagation of the cracks depends
primarily on the impact energy. While the propagating master cracks cause the aggregate to break-up into frag-
ments, areas of high crack density are also the regions from which primary particles are released.

Impact energies between two aggregates or an aggregate and a clast cannot be easily predicted for volcanic
plume conditions. A readily calculable constraint of impact energy for volcanic particles or aggregates in a plume
is the energy at terminal velocity v,, which depends on the mass of particles or clasts via Eq. 2:

2mg
\ c.pA ()

with the mass m, gravity g, drag coefficient c,,, aggregate or particle density p and cross sectional area of aggregate
or particle A. Terminal fall velocities were reached or exceeded only in our experimental setup 1, and not in setup
2, due to insufficient fall distances. Nevertheless, total disintegration was routinely observed at impact velocities
below v,.

Our experimental results illustrate that aggregates with small primary particle sizes (e.g. <50 um) are less
stable than aggregates with large primary particle sizes (e.g. 40-70 um). Aggregation in natural volcanic envi-
ronments rarely exceeds an upper limit in particle size of 200-250 um™ *%; however, primary particles larger than
200 um have been shown to incorporate in oversaturated (wet) pockets of the solid/liquid mixture, simulating
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Figure 5. Solid NaCl bridge volumes evaluated from SEM analysis are plotted against total available surface
of the two particles connected through the solid bridge. Maximum salt bridge volumes show exponential
dependence on available particle surface area.
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Figure 6. SEM image of aggregated glass beads. The two glass beads (a) and (b) are connected with each other
through a smaller solid NaCl bridge than they are to glass bead (c). Glass bead (c) is larger in volume and
therefore surface and allows for the establishment of more voluminous bridges.

mud drops’. Our SEM observations of solid salt bridges cementing analogue glass bead aggregates shows a
clear dependence of salt bridge volume on available primary particle surface area (Fig. 5). This relationship can
be explained in the context of previous work*! that shows how surface liquids such as H,0 may dissolve salt
crystals and create a salt brine. The capillary forces at the contact line between the liquid and the particle cause
migration of the salt brine to liquid bonding points between two particles, bunching the liquid in collars around
particle-particle contacts. The amount of re-mobilized surficial salt deposits depends on the available catchment
area, i.e. the cumulative surface of primary particles. Large, voluminous salt bridges can be formed if the catch-
ment area is significantly large and the number of contact points is small. Two 50 um glass beads can be cemented
by one much larger salt bridge than two glass beads with 10 um diameter (see also Fig. 6). Generally speaking, the
size of salt bridges depends on the connection density, i.e. whether there are many or just few other glass beads
connected with each other. This also translates into a higher probability of large salt bridges in aggregates formed
from a monodisperse starting particle size distribution and explains why aggregates containing very fine particles
(0-40 um) relative to the mean particle size (highly polydisperse distributions) proved to be comparatively less
stable upon impact. In the case in which a large glass bead is connected with many other glass beads, the total
available surface salt is probably separated into several contact points, where, at comparable available salt volume,
smaller individual salt bridges will crystallize. Salt will also be re-mobilized on ash particles; however, given the
more irregular shapes of ash grains, the number of contact points is probably higher than between spheres, pro-
ducing a relatively weaker connection. However, the effect of complex surface morphologies allows for mechani-
cal interlocking of ash grains adding to the bulk mechanical strength. Indeed, we observed comparable aggregate
strengths for ash and glass-bead aggregates with similar binder concentration and particle-size distribution (see
Fig. 3).

SCIENTIFICREPORTS |7: 7440 | DOI:10.1038/s41598-017-07927-w 7



www.nature.com/scientificreports/

@) 14 oo D) 14
E‘ 12 1 'E 124 "” """""""""""""""" ;'_’iﬂ‘f """"""
=0 3 | J et
a _Q10 T "" """""""""""""""""""
7] ) PAd
-~ « 4 Re
n 81 _ . w 81 '[’ """"""" Pl
= 0, = 0.2 MPa (tensile) =] K o7 0,, = 30 MPa (compressive)
T 61 e =08 ST B TS SO £ =08
g o R
4 . d0--
% 4 o,, = 0.2 MPa (tensile) 36 4 :',' 0,, = 30 MPa (compressive)
[} ] e =05 W] e =05
c 2N g 2y
3 b
0 . . . . . . 0 . . . .
0 20 40 60 80 100 120 0 4 8 12 16
aggregate strength o, [Pa] aggregate strength o, [kPa]

Figure 7. Aggregate strength o, of artificial aggregates have been computed, following the models of Johnson
et al.*® and Rumpf*. Solid salt bridge neck radii represent SEM analysis results or our artificial aggregates. (a)
shows aggregate strengths for tensile stress case and aggregate porosities € of 0.5 and 0.8. (b) shows aggregate
strengths for compressive stress case and aggregate porosity of 0.5 and 0.8.

The strength of aggregates can be calculated based on forces required to separate two particles connected
through a solid bridge for a given size, volume and strength. Models, such those proposed by other authors*”> 4
assume breakage of solid salt bridges to occur at the neck of a bridge — the area with the smallest diameter — which
is termed cohesive failure. Contrastingly, adhesive failure occurs by the separation of the contact point between
the solid bridge and the primary particle (Fig. 4). The diameter of the bridge neck increases with time as capillary
forces drive more brine liquid to the contact zone, bunching up a collar of liquid which, upon drying, precipitates
a binding crystal assemblage. Therefore, the force F required to separate two particles connected by a solid bridge
increases with an increasing neck diameter and can be calculated with a simple micromechanical scaling®:

2
R M0y (3)

where r;, is the radius of the narrowest bridge part (the neck) and o, is the neck strength?!. Bonding strengths
of various salts, o, including NaCl have been experimentally investigated®. Average tensile and compressive
bonding strengths of crystallized NaCl compounds are reported to be between 0.2 MPa (tensile) and 30 MPa
(compressive)*’. The force required to break the neck region F, can then be applied to the model*® in which the
overall aggregate strength is calculated by scaling neck strengths to the porosity ¢ of the aggregate

p
4 @
where d, is the whole aggregate diameter and z is a function dependent on porosity ¢, given in turn by*”:

z(e) = (1 — ¢)/e (5)

Other authors?' pointed out that the major challenge in applying micromechanical views of disaggregation
processes lies in the uncertainty in neck diameters of the solid bridge. Here, we directly observe maximum bridge
length scales and compare them with particle radius (Fig. 5). Using the constraints from our experimental sam-
ples, we demonstrate end-member solutions to Eqs 3-5, in which we show how the strength scales with neck
radius (100nm and 12.5 um evaluated from SEM data, Fig. 5) in some scenarios of two different aggregate porosi-
ties of 0.8 and 0.5 which reflect the densities measured for our artificial samples. Lowest aggregate strengths of up
to 25 Pa are calculated for the tensile stress and high porosity (0.8) case, whereas the highest aggregate strength of
up to 15kPa can be computed for a compressive stress and the low porosity (0.5) case (Fig. 7). Although the calcu-
lated aggregate strengths are based on glass bead aggregates and their solid bridge values, we assume very similar
strength values for ash aggregates. Low aggregate strengths (1 mPa to a few Pa) are typical of aggregates with fine
primary particle sizes (<40 um for ash and <50 um for glass beads), and with high strengths are consistent with
aggregates composed of coarse primary particle sizes (up to 90 um) that are capable of generating larger solid salt
bridges. Consequently, one implication is that aggregation of fine ash alone will produce the weakest aggregates
and therefore it is fine-grained material is most likely to be disaggregated upon impact and re-suspended in
dynamic plumes. Also, accretionary lapilli containing ash particles <40 um (as used in the experiments) have
never been documented in nature which supports the theory that they either don’t survive the plume or they don't
last long enough after sedimentation to be measured.

Relevance to natural processes and implications. Aggregation models in plume simulations are
not based on either the physical description of aggregation growth'”!® or the bulk approach?®® 3% 3%, which is
focused on the field deposit. The full description of the aggregation processes confers a high computational cost.
To reduce the computational cost, the models are set up to calculate the aggregate contribution and its distribu-
tion by pre-aggregating the erupted mixture. While the models are used to fit deposits, they often require tuning
via inversion methods to capture the aggregated contribution observed. This implies that the tuning procedure

SCIENTIFICREPORTS |7: 7440 | DOI:10.1038/s41598-017-07927-w 8



www.nature.com/scientificreports/

applied in modelling plume aggregation is an approximate method of accounting for the bulk effect of aggre-
gation and disaggregation. A full implementation of disaggregation within tephra dispersal models requires a
constitutive understanding of how aggregation and post-aggregation disaggregation occurs during eruptions.
This study aims to highlight the feasibility of developing a first such constitutive law for disaggregation impact
energies at experimental Reynolds numbers <500 (ref. 12), velocity of the bulk airflow 0.15-0.22 m/s (ref. 12),
environmental temperature of 40-60 °C, and bulk ash density 900 kg/m?>. At these conditions, impacts lead to sur-
face chipping, fragmentation and total disintegration within the plume. To go towards the full characterization of
the tephra transport and its sedimentation, it would be useful to assess disaggregation rates in real meteorological
conditions (e.g. wind, temperature, air moisture profiles) and at real mass eruption rates, eruption durations and
airborne ash mass.

While this study highlights the importance of considering aggregation processes within a model of plume
dispersion and sedimentation, we have demonstrated that aggregates can disintegrate if impact energies are suf-
ficient®. Other studies'® indeed show that tephra fall deposits from the 2010 Eyjafjallajokull eruption (Iceland)
were found to be enriched with fine ash in proximal areas, in combination with deposited aggregates, suggesting
that upon aggregation-induced sedimentation from the plume, aggregate break-up on impact skewed the particle
size distributions measured.

In this study, we have presented insights into the influence of primary particle size distribution, surface mor-
phology and binder concentration on aggregate stability. Other authors'? have additionally described the effect of
primary particle size distribution, effective particle concentration, humidity and binder concentration on aggre-
gation efficiency. Together these experimental datasets illustrate that fine particles (e.g. ash <40 pm) are much
more efficient (up to 100%) in their aggregation rate than coarse particles (e.g. ash 40-90 um), but are also much
more prone to subsequent break-up due to their low comparative stability.

Conclusion

This study evaluated the stability of aggregates produced artificially from analogue soda-lime silicate glass beads
and natural volcanic ash. NaCl was used as binding agent. Impact experiments demonstrated the influence of
(1) primary particle size distribution, (2) particle surface area and morphology and (3) binder concentration on
aggregate stability. Salt bridge volumes of glass bead aggregates obtained via Scanning Electron Microscopy were
used for numerical calculations of aggregate strength, computed to be in the range of <1 Pa up to several 100 Pa.
Notably, coarse-grained aggregates (made of primary particles >50 um) exhibit a significantly increased stability
compared with fine-grained aggregates. Aggregates with small primary particle size (<50 um) are up to one order
of magnitude weaker than aggregates with larger primary particle size (>50 um). Current tephra dispersal models
regard aggregation of ash as irrevocable leading to sedimentation and removal from the atmosphere'® without
explicitly estimating the disaggregation contribution. Here, we have presented quantitative data on disaggrega-
tion that can be used for further work investigating potential links with eruption source parameters which are
required for numerical ash plume dispersal forecasting. In combination with other experimental studies, it is now
possible to attribute disaggregation processes to eruption parameters such as mass eruption rate, eruption inten-
sity, total grain-size distribution, degassing rate and magma composition, or to meteorological parameters such as
air moisture and temperature, or to other particle parameters such as primary particle size distribution, effective
particle concentration, binder concentration, Reynolds number of the solid/gas system and exposure time.

References
1. Schumacher, R. & Schmincke, H. U. Internal structure and occurrence of accretionary lapilli - a case study at Laacher See Volcano.
Bull. Volcanol. 53, 612-634 (1991).
2. Brown, R. ], Branney, M. J., Maher, C. & Davila-Harris, P. Origin of accretionary lapilli within ground-hugging density currents:
Evidence from pyroclastic couplets on Tenerife. Bull. Geol. Soc. Am. 122, 305-320 (2010).
3. Taddeucci, J. et al. Aggregation-dominated ash settling from the Eyjafjallajokull volcanic cloud illuminated by field and laboratory
high-speed imaging. Geology 39, 891-894 (2011).
4. Van Eaton, A. R. & Wilson, C. J. N. The nature, origins and distribution of ash aggregates in a large-scale wet eruption deposit:
Oruanui, New Zealand. J. Volcanol. Geotherm. Res. 250, 129-154 (2013).
5. Brown, R.]., Bonadonna, C. & Durant, A. J. A review of volcanic ash aggregation. Phys. Chem. Earth 45-46, 65-78 (2012).
6. Textor, C. et al. Volcanic particle aggregation in explosive eruption columns. Part I: Parameterization of the microphysics of
hydrometeors and ash. J. Volcanol. Geotherm. Res. 150, 359-377 (2006).
7. Telling, J., Dufek, J. & Shaikh, A. Ash aggregation in explosive volcanic eruptions. Geophys. Res. Lett. 40, 2355-2360 (2013).
8. Gilbert, J. S. & Lane, S. J. The origin of accretionary lapilli. Bull. Volcanol. 56, 398-411 (1994).
9. Schumacher, R. & Schmincke, H. U. Models for the origin of accretionary lapilli. Bull. Volcanol. 56, 626-639 (1995).
0. Van Eaton, A. R., Muirhead, J. D., Wilson, C. J. N. & Cimarelli, C. Growth of volcanic ash aggregates in the presence of liquid water
and ice: An experimental approach. Bull. Volcanol. 74, 1963-1984 (2012).
11. Telling, J. & Dufek, J. An experimental evaluation of ash aggregation in explosive volcanic eruptions. J. Volcanol. Geotherm. Res.
209-210, 1-8 (2012).
12. Mueller, S. B., Kueppers, U., Ayris, P. M., Jacob, M. & Dingwell, D. B. Experimental volcanic ash aggregation: Internal structuring of
accretionary lapilli and the role of liquid bonding. Earth Planet. Sci. Lett. 433, 232-240 (2016).
13. Durant, A. ], Rose, W. I, Sarna-Wojcicki, A. M., Carey, S. & Volentik, A. C. M. Hydrometeor-enhanced tephra sedimentation:
Constraints from the 18 May 1980 eruption of Mount St. Helens. J. Geophys. Res. 114, 1-21 (2009).
14. Watt, S. F. L., Pyle, D. M., Mather, T. A, Martin, R. S. & Matthews, N. E. Fallout and distribution of volcanic ash over Argentina
following the May 2008 explosive eruption of Chaiten, Chile. J. Geophys. Res. Solid Earth 114, 1-11 (2009).
15. Bonadonna, C. et al. Tephra sedimentation during the 2010 Eyjafjallajkull eruption (Iceland) from deposit, radar, and satellite
observations. J. Geophys. Res. Solid Earth 116, B12202 (2011).
16. Costa, A., Macedonio, G. & Folch, A. A three-dimensional Eulerian model for transport and deposition of volcanic ashes. Earth
Planet. Sci. Lett. 241, 634-647 (2006).
17. Costa, A., Folch, A. & Macedonio, G. A model for wet aggregation of ash particles in volcanic plumes and clouds: 1. Theoretical
formulation. J. Geophys. Res. Solid Earth 115, 1-14 (2010).
18. Folch, A., Costa, A., Durant, A. & Macedonio, G. A model for wet aggregation of ash particles in volcanic plumes and clouds: 2.
Model application. J. Geophys. Res. Solid Earth 115, 1-16 (2010).

SCIENTIFICREPORTS |7: 7440 | DOI:10.1038/s41598-017-07927-w 9



www.nature.com/scientificreports/

19. Folch, A., Costa, A. & Macedonio, G. FPLUME-1.0: An integral volcanic plume model accounting for ash aggregation. Geosci. Model
Dev. 9, 431-450 (2016).

20. Thornton, C. & Liu, L. How do agglomerates break? Powder Technol. 143-144, 110-116 (2004).

21. Bika, D., Tardos, G. L., Panmai, S., Farber, L. & Michaels, J. Strength and morphology of solid bridges in dry granules of
pharmaceutical powders. Powder Technol. 150, 104-116 (2005).

22. Adi, S. et al. Agglomerate strength and dispersion of pharmaceutical powders. J. Aerosol Sci. 42, 285-294 (2011).

23. Sheridan, M. F. & Wohletz, K. H. Origin of accretionary lapilli from the Pompeii and Avellino deposits of Vesuvius in Microbeam
Analysis-1983 (ed. Gooley, R.) 35-38 (San Francisco Press, 1983).

24. Tomita, K., Kanai, T. & Kobayashi, T. Accretionary lapilli formed by the eruption volcano of Sakurajima. J. Japan. Assoc. Min. Petr.
Econ. Geol. 80,49-54 (1985).

25. Scolamacchia, T. & Dingwell, D. B. Sulfur as a binding agent of aggregates in explosive eruptions. Bull. Volcanol. 76(10), 871 (2014).

26. Mullier, M. A,, Seville, J. P. K. & Adams, M. J. A fracture mechanics approach to the breakage of particle agglomerates. Chem. Eng.
Sci. 42, 667-677 (1987).

27. Walker, G. P. L., Hayashi, J. N. & Self, S. Travel of pyroclastic flows as transient waves: implications for the energy line concept and
particle-concentration assessment. J. Volcanol. Geophys. Res. 66, 265-282 (1995).

28. Del Bello, E. et al. Effect of particle volume fraction on the settling velocity of volcanic ash particles: Insights from joint experimental
and numerical simulations. Sci. Rep. 7, 39620 (2017).

29. Scollo, S., Bonadonna, C. & Manzella, I. Settling-driven gravitational instabilities associated with volcanic clouds: new insights from
experimental investigations. Bull. Volcanol. 79(6) (2017).

30. Mastin, L. G., Van Eaton, A. R. & Durant, A. J. Adjusting particle-size distributions to account for aggregation in tephra-deposit
model forecasts. Atmosph. Chem. Phys. 16,9399-9420 (2016).

31. Brazier, S., Davis, A. N., Sigurdsson, H. & Sparks, R. S. J. Fall-out and deposition of volcanic ash during the 1979 explosive eruption
of the soufriere of St. Vincent. J. Volcanol. Geotherm. Res. 14, 335-359 (1982).

32. Durant, A. J., Bonadonna, C. & Horwell, C. J. Atmospheric and environmental impacts of volcanic particulates. Elements 6, 235-240
(2010).

33. Mastin, L. G., Van Eaton, A. R. & Durant, A. J. Adjusting particle-size distributions to account for aggregation in tephra-deposit
model forecasts. Atmos. Chem. Phys. 16,9399-9420 (2016).

34. Poret, M. et al. Integrating tephra dispersal models with field, airspace and airborne data: the case of the 23™ February 2013 Etna
paroxysm. J. Geophys. Res. 2016JB013910 in review (2017)

35. Cornell, W,, Carey, S. & Sigurdsson, H. Computer simulation of transport and deposition of Campanian Y-5 ash. J. Volcanol.
Geotherm. Res. 17, 89-109 (1983).

36. Sulpizio, R., Folch, A., Costa, A., Scaini, C. & Dellino, P. Hazard assessment of far-range volcanic ash dispersal from a violent
Strombolian eruption at Somma-Vesuvius volcano, Naples, Italy: Implications on civil aviation. Bull. Volcanol. 74, 2205-2218
(2012).

37. Smoluchowski, M. Veruch einer mathematischen Theorie der Koagulationkinetic kolloider Losungen. Z. Phys. Chem. 92, 128-168
(1917).

38. Folch, A., Costa, A. & Macedonio, G. FALL3D: A computational model for transport and deposition of volcanic ash. Comp. Geosci.
35, 1334-1342 (2009).

39. Folch, A., Costa, A. & Basart, S. Validation of the FALL3D ash dispersion model using observations of the 2010 Eyjafjallajokull
volcanic ash clouds. Atmos. Env. 48, 165-183 (2012).

40. Mastin, L. G. et al. A multidisciplinary effort to assign realistic source parameters to models of volcanic ash-cloud transport and
dispersion during eruptions. J. Volcanol. Geotherm. Res. 186, 10-21 (2009).

41. Mueller, S. M. et al. Ash aggregation enhanced by deposition and redistribution of salt on the surface of volcanic ash in eruptions
plumes. In Revision at Sci. Rep. (2017).

42. Witham, C. S., Oppenheimer, C. & Horwell, C. J. Volcanic ash-leachates: a review and recommendations for sampling methods. J.
Volcanol. Geotherm. Res. 141, 299-326 (2004).

43. Burns, F. A, Bonadonna, C,, Pioli, L. & Stinton, A. Ash aggregation during the 11 February 2010 partial dome collapse of the
Soufriere Hills Volcano, Montserrat. J. Volcanol. Geotherm. Res. 335, 92-112 (2017).

44. Mueller, S. B., Lane, S. ]. & Kueppers, U. Lab-scale ash production by abrasion and collision experiments of porous volcanic samples.
J. Volcanol. Geotherm. Res. 302, 163-172 (2015).

45. Antonyuk, S., Khanal, M., Tomas, J., Heinrich, S. & Moérl, L. Impact breakage of spherical granules: Experimental study and DEM
simulation. Chem. Eng. Process. Process Intensif. 45, 838-856 (2006).

46. Cole, P. D, Guest, J. E., Duncan, A. M. & Pacheco, ]. M. Capelinhos 1957-1958, Faial, Azores: depostis fomed by an emergent
surseyan eruption. Bull. Volcanol. 63, 204-220 (2001).

47. Jeremic, M. L. Composition of salt in Rock Mechanics in Salt Mining (ed. Balkema, A. A.) 60-77 (CRC Press, Rotterdam, 1994).

48. Rumpf, H. The characteristics of systems and their changes of state in Particle Technology (Ed. Scarlett, B.) 8-54 (Chapman and Hall,
London, 1975).

49. Johnson, K. L., Kendall, K. & Roberts, A. D. Surface Energy and the Contact of Elastic Solids. Proc. R. Soc. A Math. Phys. Eng. Sci.
324,301-313 (1971).

50. Bonadonna et al. Tephra fallout in the eruption of Soufriere Hills Volcano, Montserrat in The eruption of Soufriere Hills Volcano,
Montserrat, from 1995 to 1999 (Eds Druitt, T. H. & Kokelaar, B. P.), 483-516 (Geol. Soc. London, London, 2002).

Acknowledgements

This work is supported by the Marie Curie Initial Training Network ‘VERTIGO), funded through the European
Seventh Framework (FP7 2007-2013) under Grant Agreement number 607905. We are indebted to Jacopo
Taddeucci for acquiring SEM images and to Glatt Ingenieurtechnik GmbH, particularly to Michael Jacob, Ulrich
Walter and Katja Oppermann for their support. The Laacher See ash used in this study was provided by ROTEC
GmbH & Co. KG (Miihlheim-Kirlich, Germany). C.C. acknowledges the support of the AXA Research Fund
grant ‘Risk from volcanic ash in the Earth system’’. D.B.D. acknowledges the support of the European Research
Council Advanced Grant 247076 ‘EVOKES’ (Explosive volcanism in the Earth System).

Author Contributions

S.B. Mueller and U. Kueppers produced artificial aggregates. S.B. Mueller, J. Ametsbichler, U. Kueppers and J.P.
Merrison performed impact experiments. S.B. Mueller and C. Cimarelli carried out SEM analysis. S.B. Mueller,
U. Kueppers, J. Ametsbichler, C. Cimarelli, ].P. Merrison, M. Poret, F. Wadsworth, D.B. Dingwell interpreted the
data and worked on the finalization of the manuscript.

SCIENTIFICREPORTS |7: 7440 | DOI:10.1038/s41598-017-07927-w 10



www.nature.com/scientificreports/

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07927-w

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

M | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 7440 | DOI:10.1038/s41598-017-07927-w 11


http://dx.doi.org/10.1038/s41598-017-07927-w
http://creativecommons.org/licenses/by/4.0/

	Stability of volcanic ash aggregates and break-up processes

	Methods

	Production of sample materials. 
	Impact testing. 

	Results

	Analysis and discussion. 
	Relevance to natural processes and implications. 

	Conclusion

	Acknowledgements

	Figure 1 (a) Pressurized air-gun setup at Aarhus University, Denmark.
	Figure 2 Sequence of photos taken with a high-speed camera aggregates impact on metal wall of the Aarhus setup.
	Figure 3 (a,b) The influence of particle size on aggregate stability.
	Figure 4 (a) An intact solid NaCl bridge connecting two glass beads.
	Figure 5 Solid NaCl bridge volumes evaluated from SEM analysis are plotted against total available surface of the two particles connected through the solid bridge.
	Figure 6 SEM image of aggregated glass beads.
	Figure 7 Aggregate strength σcr of artificial aggregates have been computed, following the models of Johnson et al.
	Table 1 Overview of physical characteristics of artificially produced aggregates used for impact experiments.




