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Abstract
Explosive volcanic eruptions can produce vast amounts of volcanic ash made up mainly of fragments of magmatic glass, 
country rock and minerals < 2 mm in size. Ash particles forming from magma fragmentation are generated by several pro-
cesses when brittle response accommodates (local) deformation stress that exceeds the capability of the bulk material to 
respond by viscous flow. These processes span a wide range of temperatures, can occur inside or outside the volcanic edifice 
and can involve all melt compositions. Ash is then dispersed by volcanic and atmospheric processes over large distances 
and can have global distributions. Explosive eruptions have repeatedly drawn focus to studying volcanic ash. The continued 
occurrence of such eruptions worldwide and their widespread impacts motivates the study of the chemical and physical pro-
cesses involved in the lifecycle of volcanic ash (e.g. magma fragmentation, particle aggregation), as well as the immediate 
to long-term effects (e.g. water and air pollution, soil fertilization) and consequences (e.g. environmental, economic, social) 
associated with ashfall. In this perspectives article, we reflect on the progress made over the last two decades in understand-
ing (1) volcanic ash generation; (2) dispersion, sedimentation and erosion; and (3) impacts on the atmosphere, hydrosphere, 
biosphere and modern infrastructure. Finally, we discuss open questions and future challenges.
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Introduction

Commonly, scientific progress goes hand-in-hand with tech-
nological advances. Alternatively, events with significant 
societal impacts may cause a temporal shift in focus and 
draw the attention of researchers, government institutions and 
funding agencies. Volcanology, and its subfield of volcanic 
ash studies, is no exception. The first detailed efforts to better 
understand processes leading to explosive volcanic eruptions 
trace back to the 1970s (McBirney and Murase 1970; Sparks 
1978). However, it was not until the 1980 explosive eruption 
of Mt. St. Helens (USA) that volcanic ash studies gained 

momentum. During this event, (i) ash dispersal was moni-
tored in real-time, allowing for immediate correlation with 
the impact on the environment, people and infrastructure 
(Blong 1984; Miller and Hoblitt 1981); (ii) satellite images 
were used to track the motion of volcanic clouds and retrieve 
data on its ascent and radial expansion (Sparks et al. 1986; 
Holasek and Self 1995); and (iii) models on ash transport and 
deposition were developed (Carey and Sparks 1986; Harris 
et al. 1981). The 1990s were then marked by the emergence 
of experimental volcanology, providing new insights into 
explosive eruptions and ash generation processes (Mader 
et al. 1994; Alidibirov and Dingwell 1996).

In the early 2000s, ash-related studies benefited from the 
sophistication of computational capacities, analytical tech-
niques and remote sensing technologies (Ersoy et al. 2006; 
Shea et al. 2009). Despite the progress achieved up to this 
point, the relatively small (VEI 3) eruption of Eyjafjalla-
jökull in Iceland in April 2010 exposed the vulnerability of 
modern societies and the need for additional efforts to face 
the challenge of understanding and mitigating the impact of 
volcanic ash on the environment and society.

Editorial responsibility: K.V. Cashman

This paper constitutes part of a topical collection: 

Looking Backwards and Forwards in Volcanology: A Collection 
of Perspectives on the Trajectory of a Science

 *	 Joali Paredes‑Mariño 
	 joa.paredes.marino@auckland.ac.nz

Extended author information available on the last page of the article

http://orcid.org/0000-0002-5103-5452
http://crossmark.crossref.org/dialog/?doi=10.1007/s00445-022-01557-5&domain=pdf


	 Bulletin of Volcanology           (2022) 84:51 

1 3

   51   Page 2 of 12

Here, we summarize key aspects of ash-related research 
since 2000 CE based on its lifecycle through (i) ash genera-
tion processes; (ii) dispersion, sedimentation and erosion; 
and (iii) impact of volcanic ash on the atmosphere, hydro-
sphere, biosphere and infrastructure. Finally, we look into 
the next decade (the 2020s) for prospective research direc-
tions and challenges.

Volcanic ash generation

Volcanic ash comprises fragments of magmatic glass, coun-
try rock and minerals of < 2 mm in diameter that are emit-
ted during explosive volcanic events. Magma fragmentation 
is the fundamental mechanism behind ash generation and 
it results from a transition between a melt with dispersed 
gas bubbles (± crystals) to a continuous gas phase with 
suspended magma fragments (pyroclasts) (Fig. 1). During 
the ‘90s, several mechanisms and criteria were proposed 
to explain the brittle failure of magma, such as the strain-
induced by magma acceleration as well as volatile expansion 
due to decompression with ascent (e.g. Mader et al. 1994; 
Dingwell 1996; Papale 1999).

Post-2000, characterization of ash particles has pro-
vided key information on the state of magma before frag-
mentation (Lloyd et al. 2013). Microtextural analysis of 
volcanic ash (i.e. vesicularity, componentry, crystallinity 

degree, shape; e.g. Wright et al. 2012; Cassidy et al. 2015; 
Matsumoto and Geshi 2021), along with grain size analy-
ses and decompression and fragmentation experiments 
(e.g. Kueppers et al. 2006; Paredes-Mariño et al. 2017; 
Forte and Castro 2019), has proven helpful in constraining 
the complex dynamics of magma ascent and fragmenta-
tion, as well as in estimating decompression rates and frag-
mentation efficiency. Volcanic ash also holds information 
about eruptive style transitions, as shown by textural, mor-
phological and chemical studies (e.g. Ersoy et al. 2006; 
Castro et al. 2014; Liu et al. 2017). However, volcanic ash 
is the lowest end member of a wide spectrum of particle 
sizes; therefore, to fully understand eruptive processes and 
fragmentation mechanisms, the integration of the physical, 
chemical and textural properties of lapilli and blocks is 
also important (e.g. Eychenne and Le Pennec 2012; Pioli 
and Harris 2019; Trafton and Giachetti 2021).

There is general consensus that volcanic ash is also gen-
erated during secondary processes above the fragmenta-
tion level (Fig. 1), i.e., (i) within the conduit, (ii) in vol-
canic plumes or (iii) during transport in pyroclastic density 
currents (e.g. Dufek and Manga 2008; Jones et al. 2016; 
Paredes-Mariño et al. 2019) and (iv) by break-up during 
sedimentation (Mueller et al. 2017). Secondary fragmenta-
tion leads to particle size reduction and shape alteration 
due to mechanical interactions of variable energy (Jones 
and Russell 2017; Hornby et al. 2020).

Fig. 1   Volcanic ash lifecycle. From 1 to 7, some of the most relevant 
processes within the cycle are highlighted: (1) magma fragmenta-
tion, (2) secondary ash generation within volcanic conduit, (3) vol-
canic lightning in the eruptive column, (4) volcanic ash transport by 
pyroclastic density current, (5) ash aggregation in the volcanic plume 
(umbrella section), (6) ash deposition blanketing the landscape and 

(7) ash remobilization by wind and water. The style of Figs.  1 and 
2 presented in this article has been set intentionally, so they can be 
used for outreach and education purposes. This type of conceptualiza-
tion has been previously used in different publications (Jenkins et al. 
2015; Van Wyk de Vries et al. 2018)
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Volcanic ash dispersion, sedimentation 
and erosion

Explosive eruptions inject large quantities of gas and ash 
particles of different sizes, shapes and chemistries into the 
atmosphere. Given the small size and high surface area 
of very fine ash (< 30 µm), such particles have the poten-
tial to be transported hundreds to thousands of kilometres 
away from the source (Rose and Durant 2009). The past 
two decades have witnessed significant improvements in 
our capacity of measuring (Flentje et al. 2010; Guéhen-
neux et al. 2015) and modelling ash transport and deposi-
tion (Costa et al. 2006; Bonadonna et al. 2012) over such 
spatial scales. The development of increasingly high-
resolution cameras—and even the extended use of smart-
phones—has provided ample and high-quality footage of 
eruption plumes, further supporting the study of eruption 
dynamics (Schipper et al. 2013, Giordano and De Astis 
2021), volcanic plume evolution (Mastin 2014; Tourni-
gand et al. 2017) and lightning discharges (e.g. Aizawa 
et al. 2016; Cimarelli et al. 2016; Behnke et al. 2018).

In addition to the local wind field, the ascent of a vol-
canic plume, as well as the dispersion and deposition 
of tephra, plus their sedimentation rate, depends on air 
entrainment and the physical characteristics of the ejected 
volcanic pyroclasts (Folch et al. 2016). In this regard, the 
use of shape descriptors instead of a spherical approxima-
tion for ash particles shape has, for example, been encour-
aged to increase the accuracy of calculated volcanic ash 
sedimentation rates (Saxby et al. 2020a). Additionally, 
scanning electron microscopy, stereoscopic imaging and 
micro-computed tomography techniques have proved valu-
able in estimating the surface area of the irregular shapes 
of volcanic ash (Ersoy et al. 2010; Umo et al. 2021). At the 
same time, experimental studies have constrained bound-
ary conditions for ash aggregation (Van Eaton et al. 2012; 
Mueller et al. 2016; Fig. 1), a process that is known to 
affect fallout patterns and dispersal dynamics (Taddeucci 
et al. 2011; Poret et al. 2017). However, it has also been 
recognized that this is a reversible process as mechanical 
forces, or evaporation, can cause partial disintegration of 
aggregates (Bonadonna et al. 2011).

The use of satellite-based instruments and images, as 
well as ground-based video obtained in the visible and 
infrared range, has been shown to allow the constraint 
of the evolution of plumes, while also allowing source 
conditions to be derived (e.g. Pardini et al. 2017; Tourni-
gand et al. 2017; Poret et al. 2018). Such measurements 
are important in identifying temporal changes in erup-
tion intensity or style (Harris and Ripepe 2007; Lopez 
et al. 2015). Furthermore, these advances in satellite and 
ground-based remote sensing have improved the ability 

to forecast the potential impact of volcanic clouds on 
airspace so as to promote the development of strategies 
for determining volcanic ash presence in the atmosphere 
(Dacre et al. 2011; Pavolonis et al. 2018).

Since 2000 tephra stratigraphy mapping of recent vol-
canic events has also benefited from improved remote sens-
ing technologies and the expansion of volcano monitoring 
networks, making it possible to relate event dynamics (i.e. 
dispersion, sedimentation and timing) with the associated 
deposits (Alfano et al. 2011; Pistolesi et al. 2015). In turn, 
methods for near real-time sampling of tephra fallout have 
helped to validate dispersion models, and stand as useful 
tools for prompt hazard assessment. For example, direct 
sampling by aircraft can determine ash concentration for air 
traffic safety (Weber et al. 2012), while dense networks of 
low-cost homemade “ashmeters” can improve ash field-data 
collection, especially for “small” explosive eruptions and 
thin distal fallout from larger events (Bernard 2013). There 
has also been renewed interest in cryptotephra preserved 
in lake- and ice-cores, study of which has contributed to 
recognizing and analyzing distal deposits (Cashman and 
Rust 2019; Hartman et al. 2019). Based on the study of such 
deposits, multidisciplinary approaches—combining satellite 
remote sensing data, dispersion modelling and characteriza-
tion of the optical/physical properties of crytotephras—have 
been tested to understand discrepancies in volcanic ash dis-
persion models (Stevenson et al. 2015; Saxby et al. 2020b).

Finally, rain and wind can easily erode deposits of ash 
(Fig. 1) and disperse vast quantities of ash into initially 
unaffected areas. Rainfall and snowmelt events can cause 
surface runoff of volcanic deposits and the occurrence of 
debris flows, precluding ash incorporation into a new soil 
profile (Hayes et al. 2002; Tarasenko et al. 2019). Rainfall 
can also cause the opposite effect and impede the erosion 
due to the wetting and cementation of the deposit (Ayris and 
Delmelle 2012). Moreover, and under certain weather condi-
tions, aeolian ash remobilization can repeatedly take place 
for years, decades and even centuries (Hadley et al. 2004; 
Dominguez et al. 2020). Our understanding of ash resus-
pension processes has evolved as a result of experimental 
studies using wind tunnels and high-speed camera imaging 
(e.g. Etyemezian et al. 2019; Del Bello et al. 2018, 2021).

Volcanic ash impacts

Understanding the multifaceted nature of the processes 
involved in volcanic ash formation helps to better under-
stand its potential impacts on human populations and 
ecosystems (Fig. 2), thereby allowing possible mitigation 
actions to be implemented. Post-eruption field observations 
carried out over the last 20 years have built knowledge on the 
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consequences of volcanic ash dispersion and fallout. This, 
integrated with experimental work and quantitative mod-
elling, has permitted the causes and ramifications of ash-
related impacts to be explored (Barsotti et al. 2010; Jenkins 
et al. 2015).

The effects of human exposure to fine ash can range from 
short-term breathing problems and eye/skin irritation, to 
potential long-term health issues (Horwell and Baxter 2006). 
Health concerns extend beyond the duration of an eruption 
since human activity (e.g. ash clean-up, road traffic) aids 
remobilization of ash deposits and leads to an additional and 
prolonged exposure (Andronico and Del Carlo 2016). Since 
2003 and the creation of the International Volcanic Health 
Hazard Network (IVHHN1), several methods for determina-
tion of health-relevant characteristics of ash samples and 
health impact assessment of ash inhalation have been devel-
oped (e.g. Le Blond et al. 2009; Damby et al. 2017; Mueller 
et al. 2020). Extensive ash characterization work and in vitro 
bioanalytical studies represent an important step forward in 
understanding the potential effects of ash on human health 
(e.g. Tesone et al. 2018; Tomašek et al. 2019, 2021).

Research has also contributed to understand volcanic ash 
impacts on buildings and critical infrastructure (Wardman 
et al. 2014; Blake et al. 2017). The consequences can range 
from roof collapse, blockage of roads, modern technology 
damage to the entire shutdown of community facilities and 
disruption of supply chains (Wilson et al. (2012); Fig. 2). 
Regarding aviation infrastructure, between 2000 and 2010, 
efforts were strongly focused on strengthening volcanic ash 
warning system, ensuring an accurate forecast of the vol-
canic activity (Guffanti et al. 2005; Webley et al. 2009). Back 
then, a global strategy of ash avoidance was followed as the 

procedure to guarantee flight safety (Casadevall 1994), until 
the 2010 Eyjafjallajökull eruption. This procedure severely 
affected civil aviation, triggering unexpected economic reper-
cussions (Mazzocchi et al. 2010), and causing a reassessment 
of warning systems and communication protocols (Stewart 
et al. 2016; Reichardt et al. 2018). Consequently, the assess-
ment and reduction of volcanic ash impacts on aviation have 
become one of the main research areas in the last decade 
(Song et al. 2014; Lechner et al. 2017).

Blong (1984) also stressed how ash fallout can impact 
fauna, flora, cultivated land and soils, leading to crop fail-
ure and livestock starvation. This point has been followed-up 
upon by studies such as those of Cronin et al. (2003) and Ayris 
and Delmelle (2012). Aeolian remobilization of ash can 
extend the spatial and temporal scale of such impacts (Wilson 
et al. 2011; Forte et al. 2018), possibly inducing large-scale 
ecosystem destruction via burial of land to stimulate deserti-
fication (Arnalds et al., 2001), and interaction of rainfall, as 
well as snow melt events can cause erosion, surface runoff of 
volcanic deposits and even lahar initiation (e.g. Torres et al. 
2004; Pierson and Major 2014; Kataoka et al. 2018).

While short-term impacts of ash fall have been shown to 
be negative, some long(er)-term effects may be beneficial 
(Ayris and Delmelle 2012); Fig. 2). Weather conditions and 
time have been shown to lead to the degradation of volcanic 
ash to form fertile soils so as to increase agricultural pro-
ductivity (Ugolini and Dahlgren 2002). In turn, the degrada-
tion of volcanic ash can influence atmospheric conditions by 
sequestering CO2 out of the atmosphere (Fiantis et al. 2016). 
When deposited in water bodies, fresh volcanic ash can 
induce physical, chemical and biological effects by releas-
ing soluble elements and increasing turbidity, with negative 
consequences to the ecosystem and altering the quality of the 
water supplies (Stewart et al. 2006; Di Prinzio et al. 2021). 
However, addition of ash can also aid in the “fertilization” 

Fig. 2   Volcanic ash impacts. 
Schematic representation of 
expected short- and long-term 
impacts due to a moderate-to-
large explosive eruption. By 
no means this cartoon claims 
to represent all the identified 
impacts associated with vol-
canic ash. For a more complete 
list of the impacts, please refer 
to the main text on the manu-
script

1  www.​ivhhn.​org

http://www.ivhhn.org
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of the ocean surface, which can boost marine primary pro-
ductivity by injecting bio-available iron (e.g. Langmann 
et al. 2010; Witt et al. 2017; Vergara-Jara et al. 2021). Fur-
ther studies have shown that the chemical alteration that 
ash particles undergo within eruption plumes and during 
atmospheric transport may as well determine beneficial or 
detrimental impacts on the deposition systems (e.g. de Moor 
et al. 2005; Maters et al. 2016; Delmelle et al. 2018).

We end by noting that volcanic ash also has several indus-
trial applications (see Dehn and McNutt 2015). Works from 
Kupwade-Patil et al. (2016) and Ilham et al. (2020) have 
shown how volcanic ash as a “fresh” (absorptive properties, 
chemical reactivity) or weathered (bentonite, pozzolanic 
component for cement and concrete) material can be used 
for construction and manufacturing. Such use of ash can 
constitute a solution for areas regularly affected by ashfall.

Future challenges

The past 20 years have been crucial for enlightening and inte-
grating several aspects of the volcanic ash lifecycle. From 
the mechanisms involved in its generation to the subsequent 
dispersion, deposition and remobilization processes, all these 
research topics have benefited from the sophistication of 
already existing tools as well as from new technologies and 
more accurate analytical techniques. Yet, due to the inac-
cessibility of the processes related to the generation of vol-
canic ash, and despite the hard work done in these last two 
decades, many questions remain unanswered, and new ones 
continue to emerge. For instance, although much progress has 
been made in the understanding of eruptive style transitions 
(Cassidy et al. 2018), the processes controlling simultane-
ous explosive-effusive activity need to be better constrained. 
Experimental studies will continue trying to reproduce, as 
closely as possible, conditions at different depths, to inform 
on the dynamics and processes of volcanic ash generation.

Statistically robust analysis of ash deposits remains a 
challenge. Ash characteristics vary with eruptive styles and 
distance from the vent for any single event. For such con-
ditions, models to determine an optimal sampling strategy 
are essential to represent the whole deposit (Spanu et al. 
2016; Pioli et al. 2019). Small-size explosive events pose 
a challenge by their own, as poor stratigraphic records can 
lead to degrees of high uncertainty on estimating of eruptive 
volumes (Engwell et al. 2013). Collecting, analyzing and 
integrating large amounts of fresh samples, representative 
of the whole deposit, will become a crucial input for more 

complex, near-real-time and efficient numerical models for 
ash dispersion and deposition (Freret-Lorgeril et al 2022).

Advances in the statistical modelling and analysis of ash 
deposits will lead to a more accurate definition of possible 
impact scenarios for future volcanic events (Connor et al. 
2001), and improvements to hazard communication and 
mitigation tools, such as provisioning better-constrained ash 
hazard maps. Tools such as machine learning, data assimila-
tion and inverse modelling are promising directions to follow 
in improving the forecast accuracy for volcanic ash transport 
or constraint of vent conditions, using satellite data (Prata 
2009), aircraft observation (Weber et al 2012) or muography 
(Nomura et al 2020).

It is known that volcanic ash fallout can strongly affect 
Earth system and its components or sub-systems: atmos-
phere, hydrosphere, biosphere and technosphere, the latter 
representing man-made component. The elements (and sub-
elements) within these components or sub-systems (black 
and blue hexagons respectively, Fig. 3) are intensely inter-
connected, with a vast degree of interdependency, and create 
a system or global network. This has, of course, resulted 
in great progress for our society but at the same time has 
reinforced its vulnerability (Mani et al. 2021). Elements and 
sub-elements represent the nodes in the system, and the fail-
ure of one of them can trigger cascading effects, severely 
affecting and pushing other elements of the system towards 
and beyond tipping points. In the terminology of Chorley 
and Kennedy (1971), this is a “process-response system”. 
A volcanic eruption can create such disruption to a process-
response system, and Fig. 3 illustrates possible cascading 
effects (Gasparini and Garcia-Aristizabal 2014) due to 
volcanic ash impacts on Earth systems. Raising awareness 
among all parts of the system involved in, and affected by, 
an eruptive event is one of the biggest challenges of the 
next decade. As part of this process-response system, imple-
menting mitigation measures is essential, and these need to 
respect the culture and necessities of the communities at risk 
(Lowe et al. 2002; Pardo et al. 2015). One way to construc-
tively involve and empower local communities is by training 
citizen scientists in reporting observations and collecting 
samples in near-real-time (Wallace et al 2015), as well as 
building resilience through education (Mei et al. 2020).

Volcanic ash studies increasingly need combined and 
complementary perspectives from computational, physical, 
natural and social sciences to avoid getting stuck in con-
ventional views and conceptual models. We hope that the 
coming decade will further improve our understanding of 
the life cycle of volcanic ash.



	 Bulletin of Volcanology           (2022) 84:51 

1 3

   51   Page 6 of 12

1st Order
Nodes

2nd Order
Nodes

3rd Order
Nodes

3rd Order
Nodes

3rd Order
Nodes

Elements within 
Earth sub-systems

Sub-elements

Cascading 
impacts*

Cascading impacts 
repeated for better 
layout

Cascading positive 
impacts 

Link between Earth sub-systems and the elements 
within
Link between Elements within the sub-systems and their 
sub-elements

Link between elements and sub-elements within Earth 
sub-systems to the cascading impacts of volcanic ash 

Interdependency of cascading impacts

* Category based on Mani 
et al. 2021

Legend

Transport

Humans

Atmospheric 
conditions

Oceans

Animals

Soil

Waterways

Infrastructure

Health

and fauna

Crops

Livestock

Wild fauna

Power/Water 
supply

Buildings

Road/Rail 
networks

Seawage 
treatment

Communication 
networks

Consumption
Water 

contamination

Mobility 
collapse

Economy

Physical 

Inhibit 
solar radition/

Cooling the 
Earth

Diseases and 
death

Fertilization/ 
Phytoplancton

Mental

Failure

Diseases and 
death

Trade/Supply 
of goods/ 
Industrial 

production

Enhanced 
agricultural 
productivity

Volcanic 
Ash

Te
ch

no
sphere

Hydrosphere

Bi
os

ph
er

e

Atmosphere



Bulletin of Volcanology           (2022) 84:51 	

1 3

Page 7 of 12     51 

Acknowledgements  All the authors are grateful to the Marie Curie Ini-
tial Training Network “VERTIGO”, funded through the European Sev-
enth Framework Programme (FP7 2007–2013) under Grant Agreement 
number 607905. JPM acknowledges the funding support of the MBIE 
Endeavour Programme “Transitioning Taranaki to a Volcanic Future” 
UOAX1913. PF acknowledges the support of the Consejo Nacional 
de Investigaciones Científicas y Técnicas (CONICET). VC acknowl-
edges the support of the Deutsche Forschungsgemeinschaft (project 
CI306/2-1). IT acknowledges the support received from the Agence 
Nationale de la Recherche of the French government through the pro-
gramme “Investissements d’Avenir” (16-IDEX-0001 CAP 20-25). PYT 
acknowledges the support of the Research Foundation Flanders (grant 
FWOTM996). We sincerely thank Paula Franco Hantzsch for graphic 
design of Figs. 1 and 2, and Gerd Sielfeld for helping with the layout of 
Fig. 3. We thank Thomas Jones and Thomas Giachetti for their review 
comments, which greatly improved the manuscript, and also to Prof. 
Kathy Cashman for her comments and support as editor. As well, we 
thank Andrew Harris for his final editing, which helped in shaping our 
manuscript into its final version. Finally, we would like to express our 
gratitude to Jon Fink, Kathy Cashman and Freysteinn Sigmundsson for 
the invitation to contribute to this special issue.

Funding  Open Access funding enabled and organized by CAUL and 
its Member Institutions

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, 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 Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted 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 licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Aizawa K, Cimarelli C, Alatorre-Ibargüengoitia MA, Yokoo A, 
Dingwell DB, Iguchi M (2016) Physical properties of volcanic 

lightning: constraints from magnetotelluric and video obser-
vations at Sakurajima volcano, Japan. Earth Planet Sci Lett 
444:45–55. https://​doi.​org/​10.​1016/j.​epsl.​2016.​03.​024

Alfano F, Bonadonna C, Volentik AC, Connor CB, Watt SF, Pyle 
DM, Connor LJ (2011) Tephra stratigraphy and eruptive vol-
ume of the May, 2008, Chaitén eruption, Chile. Bull Volcanol 
73(5):613–630. https://​doi.​org/​10.​1007/​s00445-​010-​0428-x

Andronico D, Del Carlo P (2016) PM 10 measurements in urban 
settlements after lava fountain episodes at Mt. Etna, Italy: 
pilot test to assess volcanic ash hazard to human health. Nat 
Hazards Earth Syst Sci 16:29–40. https://​doi.​org/​10.​5194/​
nhess-​16-​29-​2016

Arnalds O, Gisladottir FO, Sigurjonsson H (2001) Sandy deserts of 
Iceland: an overview. J Arid Environ 47:359–371

Ayris PM, Delmelle P (2012) The immediate environmental effects of 
tephra emission. Bull Volcanol 74(9):1905–1936

Barsotti S, Andronico D, Neri A, Del Carlo P, Baxter PJ, Aspinall WP, 
Hincks T (2010) Quantitative assessment of volcanic ash hazards 
for health and infrastructure at Mt. Etna (Italy) by numerical 
simulation. J Volcanol Geotherm Res 192(1–2):85–96

Behnke SA, Edens HE, Thomas RJ, Smith CM, McNutt SR, Van Eaton 
AR et al (2018) Investigating the originof continual radio fre-
quencyimpulses during explosivevolcanic eruptions. J Geophys 
Res Atmos 123:4157–4174. https://​doi.​org/​10.​1002/​2017J​D0279​
90

Bernard B (2013) Homemade ashmeter: a low-cost, high-efficiency 
solution to improve tephra field-data collection for contemporary 
explosive eruptions. J Appl Volcanol 2(1):1–9. https://​doi.​org/​10.​
1186/​2191-​5040-2-1

Blake DM, Deligne NI, Wilson TM, Wilson G (2017) Improving vol-
canic ash fragility functions through laboratory studies: exam-
ple of surface transportation networks. J Appl Volcanol 6(16). 
https://​doi.​org/​10.​1186/​s13617-​017-​0066-5

Blong RJ (1984) Volcanic hazards: a sourcebook on the effects of erup-
tions. Academic Press, Sydney

Bonadonna C, Genco R, Gouhier M, Pistolesi M, Cioni R, Alfano F, 
Hoskuldsson A, Ripepe M (2011) Tephra sedimentation during 
the 2010 Eyjafjallajökull eruption (Iceland) from deposit, radar, 
and satellite observations. J Geophys Res 116:B12202. https://​
doi.​org/​10.​1029/​2011J​B0084​62

Bonadonna C, Folch A, Loughlin S, Puempel H (2012) Future devel-
opments in modelling and monitoring of volcanic ash clouds: 
outcomes from the first IAVCEI-WMO workshop on Ash Dis-
persal Forecast and Civil Aviation. Bull Volcanol 74(1):1–10. 
https://​doi.​org/​10.​1007/​s00445-​011-​0508-6

Carey S, Sparks RSJ (1986) Quantitative models of the fallout and 
dispersal of tephra from volcanic eruption columns. Bull Vol-
canol 48:109–125. https://​doi.​org/​10.​1007/​BF010​46546

Casadevall TJ (Ed.) (1994) Volcanic ash and aviation safety: pro-
ceedings of the first international symposium on volcanic ash 
and aviation safety. Bull US Geol Surv Bulletin 2047:450. 
https://​pubs.​er.​usgs.​gov/​publi​cation/​b2047

Cashman KV, Rust AC (2019) Far-travelled ash in past and future 
eruptions: combining tephrochronology with volcanic studies. 
J Quat Sci 35(1–2):11–22. https://​doi.​org/​10.​1002/​jqs.​3159

Cassidy M, Cole PD, Hicks KE, Varley NR, Peters N, Lerner AH 
(2015) Rapid and slow: varying magma ascent rates as a 
mechanism for Vulcanian explosions. Earth Planet Sci Lett 
420:73–84. https://​doi.​org/​10.​1016/j.​epsl.​2015.​03.​025

Cassidy M, Manga M, Cashman K, Bachmann O (2018) Controls 
on explosive-effusive volcanic eruption styles. Nat Commun 
9:2839. https://​doi.​org/​10.​1038/​s41467-​018-​05293-3

Castro JM, Bindeman IN, Tuffen H, Schipper CI (2014) Explosive 
origin of silicic lava: textural and δD–H2O evidence for pyro-
clastic degassing during rhyolite effusion. Earth Planet Sci Lett 
405:52–61

Fig. 3   Synoptic outline representing possible cascading effects due to 
volcanic ash impacts on Earth system and its components (or sub-sys-
tems). These sub-systems are represented at the core of the diagram, 
including the atmosphere, hydrosphere, biosphere and technosphere, 
the latter representing man-made sub-systems. This schematic figure 
does not pretend to represent all possible effects related to ash fall-
out and interconnections between the elements on Earth sub-systems, 
instead attempts to show the fragility of modern society when fac-
ing the collapse of some of these system elements (or nodes) due to 
volcanic ash fallout. There are two orders of nodes, 1st order (black 
hexagons): Elements within the sub-systems, coexisting in society 
and making it function as we know it; 2nd order (blue hexagons): is 
the category resulting from breaking down the Elements, the Sub-ele-
ments that are directly vulnerable to an ash fallout. The red and green 
circles represent the cascading impacts, resulting from the failure of 
primary and secondary nodes (elements and sub-elements respec-
tively). Red ones are the negative cascading impacts and green ones 
are the positive ones. The different line types depict the link between 
sub-systems, elements, sub-elements and cascading impacts

◂

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.epsl.2016.03.024
https://doi.org/10.1007/s00445-010-0428-x
https://doi.org/10.5194/nhess-16-29-2016
https://doi.org/10.5194/nhess-16-29-2016
https://doi.org/10.1002/2017JD027990
https://doi.org/10.1002/2017JD027990
https://doi.org/10.1186/2191-5040-2-1
https://doi.org/10.1186/2191-5040-2-1
https://doi.org/10.1186/s13617-017-0066-5
https://doi.org/10.1029/2011JB008462
https://doi.org/10.1029/2011JB008462
https://doi.org/10.1007/s00445-011-0508-6
https://doi.org/10.1007/BF01046546
https://pubs.er.usgs.gov/publication/b2047
https://doi.org/10.1002/jqs.3159
https://doi.org/10.1016/j.epsl.2015.03.025
https://doi.org/10.1038/s41467-018-05293-3


	 Bulletin of Volcanology           (2022) 84:51 

1 3

   51   Page 8 of 12

Chorley RJ, Kennedy BA (1971) Physical geography: a systems 
approach. Prentice-Hall International, London

Cimarelli C, Alatorre-Ibargüengoitia MA, Aizawa K, Yokoo A, 
Díaz-Marina A, Iguchi M, Dingwell DB (2016) Multipara-
metric observation of volcanic lightning: Sakurajima Volcano, 
Japan. Geophys Res Lett 43(9):4221–4228. https://​doi.​org/​10.​
1002/​2015G​L0674​45

Connor CB, Hill BE, Winfrey B, Franklin NM, La Femina PC (2001) 
Estimation of volcanic hazards from tephra fallout. Nat Haz-
ards Rev 2(1):33–42

Costa A, Macedonio G, Folch A (2006) A three-dimensional Eule-
rian model for transport and deposition of volcanic ashes. 
Earth Planet Sci Lett 241:634–647. https://​doi.​org/​10.​1016/j.​
epsl.​2005.​11.​019

Cronin SJ, Neall V, Lecointre J, Hedley M, Loganathan P (2003) 
Environmental hazards of fluoride in volcanic ash: a case study 
from Ruapehu volcano, New Zealand. J Volcanol Geotherm 
Res 121(3):271–291

Dacre HF, Grant ALM, Hogan RJ, Belcher SE, Thomson DJ, Deven-
ish BJ, Marenco F, Hort MC, Haywood JM, Ansmann A, Mat-
tis I, Clarisse L (2011) Evaluating the structure and magnitude 
of the ash plume during the initial phase of the 2010 Eyjafjal-
lajökull eruption using lidar observations and NAME simula-
tions. J Geophys Res Atmos 116(D00U03). https://​doi.​org/​10.​
1029/​2011J​D0156​08

Damby DE, Horwell CJ, Larsen G, Thordarson T, Tomatis M, Fubini 
B, Donaldson K (2017) Assessment of the potential respiratory 
hazard of volcanic ash from future Icelandic eruptions: a study 
of archived basaltic to rhyolitic ash samples. Environ Health 
16(1):98. https://​doi.​org/​10.​1186/​s12940-​017-​0302-9

de Moor JM, Fischer TP, Hilton DR, Hauri E, Jaffe LA, Camacho JT 
(2005) Degassing at Anatahan volcano during the May 2003 
eruption: Implications from petrology, ash leachates, and SO2 
emissions. J Volcanol Geotherm Res 146:117–138

Dehn J, McNutt SR (2015) Volcanic materials in commerce and 
industry. In: Sigurdsson H, Houghton BF, McNutt SR, Rymer 
H, Stix J (eds) The encyclopedia of volcanoes, 2nd edn. Else-
vier, Oxford, pp 1285–1294

Del Bello E, Taddeucci J, Merrison JP, Alois S, Iversen JJ, Scarlato 
P (2018) Experimental simulations of volcanic ash resuspen-
sion by wind under the effects of atmospheric humidity. Sci 
Rep 8(1):1–11. https://​doi.​org/​10.​1038/​s41598-​018-​32807-2

Del Bello E, Taddeucci J, Merriso JP, Rasmussen KR, Andronico 
D, Ricci T, Scarlato P, Iversen JJ (2021) Field-based meas-
urements of volcanic ash resuspension by wind. Earth Planet 
Sci Lett 554:116684. https://​doi.​org/​10.​1016/j.​epsl.​2020.​
116684

Delmelle P, Wadsworth FB, Maters EC, Ayris PM (2018) High tem-
perature reactions between gases and ash particles in volcanic 
eruption plumes. Rev Miner Geochem 84(1):285–308. https://​
doi.​org/​10.​2138/​rmg.​2018.​84.8

Di Prinzio CY, Penaluna B, Grech MG, Manzo LM, Miserendino LM, 
Casaux R (2021) Impact of Chaitén Volcano ashfall on native 
and exotic fish recovery, recolonization, and abundance. Sci 
Total Environ 752:141864. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2020.​141864

Dingwell DB (1996) Volcanic dilemma–flow or blow? Science 
273(5278):1054–1055. https://​doi.​org/​10.​1126/​scien​ce.​273.​
5278.​1054

Dominguez L, Rossi E, Mingari L, Bonadonna C, Forte P, Panebianco 
JE, Bran D (2020) Mass flux decay timescales of volcanic parti-
cles due to aeolian processes in the Argentinian Patagonia steppe. 
Sci Rep 10(1):1–15

Dufek J, Manga M (2008) In situ production of ash in pyroclastic flows. 
J Geophys Res 113:B09207. https://​doi.​org/​10.​1029/​2007J​B0055​
55

Engwell SL, Sparks RSJ, Aspinall WP (2013) Quantifying uncertain-
ties in the measurement of tephra fall thickness. J Appl Volcanol 
2:5. https://​doi.​org/​10.​1186/​2191-​5040-2-5

Ersoy O, Chinga G, Aydar E, Gourgaud A, Cubukcu HE, Ulusoy I 
(2006) Texture discrimination of volcanic ashes from different 
fragmentation mechanisms: a case study, Mount Nemrut strato-
volcano, eastern Turkey. Comput Geosci 32(7):936–946. https://​
doi.​org/​10.​1016/j.​cageo.​2005.​10.​013

Ersoy O, Sen E, Aydar E, Tatar I, Celik HH (2010) Surface area and 
volume measurements of volcanic ash particles using micro-
computed tomography (micro-CT): a comparison with scanning 
electron microscope (SEM) stereoscopic imaging and geomet-
ric considerations. J Volcanol Geotherm Res 196(3–4):281–286. 
https://​doi.​org/​10.​1016/j.​jvolg​eores.​2010.​08.​004

Etyemezian V, Gillies JA, Mastin LG, Crawford A, Hasson R, Van 
Eaton AR, Nikolich G (2019) Laboratory experiments of 
volcanic ash resuspension by wind. J Geophys Res Atmos 
124(16):9534–9560. https://​doi.​org/​10.​1029/​2018J​D0300​76

Eychenne J, Le Pennec JL (2012) Sigmoidal particle density dis-
tribution in a subplinian scoria fall deposit. Bull Volcanol 
74:2243–2249

Flentje H, Claude H, Elste T, Gilge S, Köhler U, Plass-Dülmer C, Stein-
brecht W, Thomas W, Werner A, Fricke W (2010) The Eyjafjal-
lajökull eruption in April 2010 – detection of volcanic plume 
using in-situ measurements, ozone sondes and lidar-ceilometer 
profiles. Atmos Chem Phys 10:10085–10092. https://​doi.​org/​10.​
5194/​acp-​10-​10085-​2010

Fiantis D, Nelson M, Shamshuddin J, Goh TB, Ranst EV (2016) Ini-
tial carbon storage in new tephra layers of Mt Talang in Suma-
tra as affected by pioneer plants. Commun Soil Sci Plant Anal 
47(15):1792–1812. https://​doi.​org/​10.​1080/​00103​624.​2016.​
12087​55

Folch A, Costa A, Macedonio G (2016) FPLUME-1.0: an integral 
volcanic plume model accounting for ash aggregation. Geosci 
Model Dev 9:431–450. https://​doi.​org/​10.​5194/​gmd-9-​431-​2016

Forte P, Castro JM (2019) H2O-content and temperature limit the 
explosive potential of rhyolite magma during Plinian eruptions. 
Earth Planet Sci Lett 506:157–167. https://​doi.​org/​10.​1016/j.​epsl.​
2018.​10.​041

Forte P, Domínguez L, Bonadonna C, Gregg CE, Bran D, Bird D, 
Castro JM (2018) Ash resuspension related to the 2011–2012 
Cordón Caulle eruption, Chile, in a rural community of Patago-
nia, Argentina. J Volcanol Geotherm Res 350:18–32. https://​
doi.​org/​10.​1016/j.​jvolg​eores.​2017.​11.​021

Freret-Lorgeril V, Bonadonna C, Corradini S, Guerrieri L, Lemus J, 
Donnadieu F, Scollo S, Gurioli L, Rossi E (2022) Tephra char-
acterization and multi-disciplinary determination of Eruptive 
Source Parameters of a weak paroxysm at Mount Etna (Italy). J 
Volcanol Geotherm Res 421:107431. https://​doi.​org/​10.​1016/j.​
jvolg​eores.​2021.​107431

Gasparini P, Garcia-Aristizabal (2014). Seismic risk assessment, 
cascading effects. In: Beer M, Patelli E, Kougioumtzoglou I, 
Au I (Ed.) Encyclopedia of Earthquake Engineering, Springer 
Reference, p 1–20. Springer-Verlag Berlin Heidelberg. ISBN: 
978–3–642–36197–5. https://​doi.​org/​10.​1007/​978-3-​642-​
36197-5_​260-1 (18)

Giordano G, De Astis G (2021) The summer 2019 basaltic Vulcan-
ian eruptions (paroxysms) of Stromboli. Bull Volcanol 83:1. 
https://​doi.​org/​10.​1007/​s00445-​020-​01423-2

Guéhenneux Y, Gouhier M, Labazuy P (2015) Improved space 
borne detection of volcanic ash for real-time monitoring using 
3-Band method. J Volcanol Geotherm Res 293:25–45. https://​
doi.​org/​10.​1016/j.​jvolg​eores.​2015.​01.​005

Guffanti M, Ewert JW, Gallina GM, Bluth GJS, Swanson GL (2005) 
Volcanic-ash hazard to aviation during the 2003–2004 eruptive 
activity of Anatahan volcano, Commonwealth of the Northern 

https://doi.org/10.1002/2015GL067445
https://doi.org/10.1002/2015GL067445
https://doi.org/10.1016/j.epsl.2005.11.019
https://doi.org/10.1016/j.epsl.2005.11.019
https://doi.org/10.1029/2011JD015608
https://doi.org/10.1029/2011JD015608
https://doi.org/10.1186/s12940-017-0302-9
https://doi.org/10.1038/s41598-018-32807-2
https://doi.org/10.1016/j.epsl.2020.116684
https://doi.org/10.1016/j.epsl.2020.116684
https://doi.org/10.2138/rmg.2018.84.8
https://doi.org/10.2138/rmg.2018.84.8
https://doi.org/10.1016/j.scitotenv.2020.141864
https://doi.org/10.1016/j.scitotenv.2020.141864
https://doi.org/10.1126/science.273.5278.1054
https://doi.org/10.1126/science.273.5278.1054
https://doi.org/10.1029/2007JB005555
https://doi.org/10.1029/2007JB005555
https://doi.org/10.1186/2191-5040-2-5
https://doi.org/10.1016/j.cageo.2005.10.013
https://doi.org/10.1016/j.cageo.2005.10.013
https://doi.org/10.1016/j.jvolgeores.2010.08.004
https://doi.org/10.1029/2018JD030076
https://doi.org/10.5194/acp-10-10085-2010
https://doi.org/10.5194/acp-10-10085-2010
https://doi.org/10.1080/00103624.2016.1208755
https://doi.org/10.1080/00103624.2016.1208755
https://doi.org/10.5194/gmd-9-431-2016
https://doi.org/10.1016/j.epsl.2018.10.041
https://doi.org/10.1016/j.epsl.2018.10.041
https://doi.org/10.1016/j.jvolgeores.2017.11.021
https://doi.org/10.1016/j.jvolgeores.2017.11.021
https://doi.org/10.1016/j.jvolgeores.2021.107431
https://doi.org/10.1016/j.jvolgeores.2021.107431
https://doi.org/10.1007/978-3-642-36197-5_260-1
https://doi.org/10.1007/978-3-642-36197-5_260-1
https://doi.org/10.1007/s00445-020-01423-2
https://doi.org/10.1016/j.jvolgeores.2015.01.005
https://doi.org/10.1016/j.jvolgeores.2015.01.005


Bulletin of Volcanology           (2022) 84:51 	

1 3

Page 9 of 12     51 

Mariana Islands. J Volcanol Geotherm Res 146(1–3):241–255. 
https://​doi.​org/​10.​1016/j.​jvolg​eores.​2004.​12.​011

Hadley D, Hufford GL, Simpson JJ (2004) Resuspension of relic 
volcanic ash and dust from Katmai: still an aviation hazard. 
Weather Forecast 19(5):829–840. https://​doi.​org/​10.​1175/​
1520-​0434(2004)​019%​3c0829:​RORVAA%​3e2.0.​CO;2

Harris A, Ripepe M (2007) Temperature and dynamics of degassing 
at Stromboli. J Geophys Res 112:B03205. https://​doi.​org/​10.​
1029/​2006J​B0043​93

Harris DM, Rose WI, Roe R, Thompson MR (1981) Radar observa-
tions of ash eruptions. In: Lipman PW, Mullineaux DR (eds) 
The 1980 eruptions of Mount St Helens, Washington. US Geol 
Surv Prof Paper 1250:323–333

Hartman LH, Kurbatov AV, Winski DA, Cruz-Uribe AM, Davies 
SM, Dunbar NW, Iverson NA, Aydin M, Fegyveresi JM, 
Ferris DG, Fudge TJ, Osterberg EC, Hargreaves GM, Yates 
MG (2019) Volcanic glass properties from 1459 C.E. vol-
canic event in South Pole ice core dismiss Kuwae caldera as 
a potential source. Sci Rep 9:14437. https://​doi.​org/​10.​1038/​
s41598-​019-​50939-x

Hayes SK, Montgomery DR, Newhall CG (2002) Fluvial sediment 
transport and deposition following the 1991 eruption of Mount 
Pinatubo. Geomorphology 45:211–224

Holasek RE, Self S (1995) GOES weather satellite observations and 
measurements of the May 18, 1980, Mount St. Helens eruption. 
J Geophys Res Solid Earth 100(B5):8469–8487. https://​doi.​org/​
10.​1029/​94JB0​3137

Hornby A, Kueppers U, Maurer B, Poetsc C, Dingwell D (2020) 
Experimental constraints on volcanic ash generation and clast 
morphometrics in pyroclastic density currents and granular 
flows. Volcanica 3(2):263–283. https://​doi.​org/​10.​30909/​vol.​
03.​02.​263283

Horwell CJ, Baxter PJ (2006) The respiratory health hazards of vol-
canic ash: a review for volcanic risk mitigation. Bull Volcanol 
69:1–24. https://​doi.​org/​10.​1007/​s00445-​006-​0052-y

Ilham DJ, Kautsar FR, Januarti J, Anggarini U, Fiantis D (2020) The 
potential use of volcanic deposits for geopolymer materials. IOP 
Conf Ser Earth Environ Sci 497:012035. https://​doi.​org/​10.​1088/​
1755-​1315/​497/1/​012035

Jenkins SF, Wilson T, Magill C, Miller V, Stewart C, Blong R, Marzoc-
chi W, Boulton M, Bonadonna C, Costa A (2015) Volcanic ash 
fall hazard and risk. In: Loughlin SC, Sparks RSJ, Brown SK, 
Jenkins SF, Vye-Brown C (eds) Global volcanic hazards and risk. 
Cambridge University Press, Cambridge

Jones TJ, McNamara K, Eychenne J, Rust AC, Cashman KV, Scheu 
B, Edwards R (2016) Primary and secondary fragmentation of 
crystal-bearing intermediate magma. J Volcanol Geotherm Res 
327:70–83. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2016.​06.​022

Jones TJ, Russell JK (2017) Ash production by attrition in volcanic 
conduits and plumes. Sci Rep 7:5538. https://​doi.​org/​10.​1038/​
s41598-​017-​05450-6

Kueppers U, Scheu B, Spieler O, Dingwell DB (2006) Fragmentation 
efficiency of explosive volcanic eruptions: a study of experi-
mentally generated pyroclasts. J Volcanol Geotherm Res 153(1–
2):125–135. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2005.​08.​006

Kupwade-Patil K, Al-Aibani AF, Abdulsalam MF, Mao C, Bumajdad 
A, Palkovic SD, Büyüköztürk O (2016) Microstructure of cement 
paste with natural pozzolanic volcanic ash and portland cement 
at different stages of curing. Constr Build Mater 113:423–441. 
https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2016.​03.​084

Kataoka KS, Matsumoto T, Saito T, Kawashima K, Nagahashi Y, Iyobe 
T, Sasaki A, Susuki K (2018) Lahar characteristics as a func-
tion of triggering mechanism at a seasonally snow-clad volcano: 
contrasting lahars following the 2014 phreatic eruption of Ontake 
Volcano, Japan. Earth Planets Space 70:113. https://​doi.​org/​10.​
1186/​s40623-​018-​0873-x

Langmann B, Zakšek K, Hort M, Duggen S (2010) Volcanic ash as 
fertiliser for the surface ocean. Atmos Chem Phys 10:3891–3899. 
https://​doi.​org/​10.​5194/​acp-​10-​3891-​2010

Le Blond JS, Cressey G, Horwell CJ, Williamson BJ (2009) A rapid 
method for quantifying single mineral phases in heterogeneous 
natural dust using X-ray diffraction. Powder Diffract 24:17–23

Lechner P, Tupper A, Guffanti M, Loughlin S, Casadevall T (2017) 
Volcanic ash and aviation—the challenges of real-time, global 
communication of a natural hazard. In: Fearnley C.J., Bird D.K., 
Haynes K., McGuire W.J., Jolly G. (eds) Observing the Volcano 
World. Advances in Volcanology (An Official Book Series of the 
International Association of Volcanology and Chemistry of the 
Earth’s Interior – IAVCEI, Barcelona, Spain). Springer, Cham. 
https://​doi.​org/​10.​1007/​11157_​2016_​49

Liu EJ, Cashman KV, Rust AC, Höskuldsson A (2017) Contrasting 
mechanisms of magma fragmentation during coeval magmatic 
and hydromagmatic activity: the Hverfjall Fires fissure erup-
tion, Iceland. Bull Volcanol 79:68. https://​doi.​org/​10.​1007/​
s00445-​017-​1150-8

Lloyd AS, Plank T, Ruprecht P, Hauri EH, Rose W (2013) Volatile loss 
from melt inclusions in pyroclasts of differing sizes. Contribut 
Miner Petrol 165(1):129–153

Lopez T, Thomas HE, Prata AJ, Amigo A, Fee D, Moriano D (2015) 
Volcanic plume characteristics determined using an infrared 
imaging camera. J Volcanol Geotherm Res 300:148–166. https://​
doi.​org/​10.​1016/j.​jvolg​eores.​2014.​12.​009

Lowe DJ, Newnham RM, McCraw JD (2002) Volcanism and early 
Māori society in New Zealand. In: Torrence R, Grattan J (eds) 
Natural disasters and cultural change. Routledge, London, pp 
126–161

Mader HM, Zhang Y, Phillips JC, Sparks RSJ, Sturtevant B, Stolper 
E (1994) Experimental simulations of explosive degassing of 
magma. Nature 372(6501):85–88. https://​doi.​org/​10.​1038/​37208​
5a0

Mastin LG (2014) Testing the accuracy of a 1-D volcanic plume 
model in estimating mass eruption rate. J Geophys Res Atmos 
119(5):2474–2495. https://​doi.​org/​10.​1002/​2013J​D0206​04

Mani L, Tzachor A, Cole P (2021) Global catastrophic risk from lower 
magnitude volcanic eruptions. Nat Commun 12:4756. https://​doi.​
org/​10.​1038/​s41467-​021-​25021-8

Maters EC, Delmelle P, Bonneville S (2016) Atmospheric processing 
of volcanic glass: effects on iron solubility and redox specia-
tion. Environ Sci Technol 50(10):5033–5040. https://​doi.​org/​
10.​1021/​acs.​est.​5b062​81

Matsumoto K, Geshi N (2021) Shallow crystallization of eruptive 
magma inferred from volcanic ash microtextures: a case study 
of the 2018 eruption of Shinmoedake volcano, Japan. Bull 
Volcanol 83:31. https://​doi.​org/​10.​1007/​s00445-​021-​01451-6

Mazzocchi M, Hansstein F, Ragona M (2010) The 2010 volcanic ash 
cloud and its financial impact on the European airline industry, 
CESifo Forum, ISSN 2190-717X, ifo Institut für Wirtschafts-
forschung an der Universität München, München, Vol. 11, Iss. 
2, pp. 92-100

McBirney AR, Murase T (1970) Factors governing the formation of 
pyroclastic rocks. Bull Volcanol 34(2):372–384

Mei ETW, Putri RF, Sadali MI, Febrita D, Yuladari ED, Anggri-
ani M, Niam RA, Rasyida FZO, Wardhani AG, Paramita 
TP (2020) Building volcanic disaster resilience community 
through school and education. IOP Conf Ser Earth Environ Sci 
451:012014. https://​doi.​org/​10.​1088/​1755-​1315/​451/1/​012014

Miller D, Hoblitt RP (1981) Volcano Monitoring by closed-circuit 
television. In: Lipman PW, Mullineaux DR (eds) The 1980 
eruptions of Mount St Helens, Washington. US Geol Surv Prof 
Paper 1250:335–341

Mueller SB, Kueppers U, Ayris PM, Jacob M, Dingwell DB (2016) 
Experimental volcanic ash aggregation: internal structuring 

https://doi.org/10.1016/j.jvolgeores.2004.12.011
https://doi.org/10.1175/1520-0434(2004)019%3c0829:RORVAA%3e2.0.CO;2
https://doi.org/10.1175/1520-0434(2004)019%3c0829:RORVAA%3e2.0.CO;2
https://doi.org/10.1029/2006JB004393
https://doi.org/10.1029/2006JB004393
https://doi.org/10.1038/s41598-019-50939-x
https://doi.org/10.1038/s41598-019-50939-x
https://doi.org/10.1029/94JB03137
https://doi.org/10.1029/94JB03137
https://doi.org/10.30909/vol.03.02.263283
https://doi.org/10.30909/vol.03.02.263283
https://doi.org/10.1007/s00445-006-0052-y
https://doi.org/10.1088/1755-1315/497/1/012035
https://doi.org/10.1088/1755-1315/497/1/012035
https://doi.org/10.1016/j.jvolgeores.2016.06.022
https://doi.org/10.1038/s41598-017-05450-6
https://doi.org/10.1038/s41598-017-05450-6
https://doi.org/10.1016/j.jvolgeores.2005.08.006
https://doi.org/10.1016/j.conbuildmat.2016.03.084
https://doi.org/10.1186/s40623-018-0873-x
https://doi.org/10.1186/s40623-018-0873-x
https://doi.org/10.5194/acp-10-3891-2010
https://doi.org/10.1007/11157_2016_49
https://doi.org/10.1007/s00445-017-1150-8
https://doi.org/10.1007/s00445-017-1150-8
https://doi.org/10.1016/j.jvolgeores.2014.12.009
https://doi.org/10.1016/j.jvolgeores.2014.12.009
https://doi.org/10.1038/372085a0
https://doi.org/10.1038/372085a0
https://doi.org/10.1002/2013JD020604
https://doi.org/10.1038/s41467-021-25021-8
https://doi.org/10.1038/s41467-021-25021-8
https://doi.org/10.1021/acs.est.5b06281
https://doi.org/10.1021/acs.est.5b06281
https://doi.org/10.1007/s00445-021-01451-6
https://doi.org/10.1088/1755-1315/451/1/012014


	 Bulletin of Volcanology           (2022) 84:51 

1 3

   51   Page 10 of 12

of accretionary lapilli and the role of liquid bonding. Earth 
Planet Sci Lett 433:232–240. https://​doi.​org/​10.​1016/j.​epsl.​
2015.​11.​007

Mueller SB, Kueppers U, Ametsbichler J, Cimarelli C, Merrison J, 
Poret M, Wadsworth FB, Dingwell DB (2017) Stability of vol-
canic ash aggregates and break-up processes. Sci Rep 7:7440. 
https://​doi.​org/​10.​1038/​s41598-​017-​07927-w

Mueller W, Cowie H, Horwell CJ, Hurley F, Baxter P (2020) 
Health impact assessment of volcanic ash inhalation: a 
comparison with outdoor air pollution methods. GeoHealth 
4:e2020GH000256. https://​doi.​org/​10.​1029/​2020G​H0002​56

Nomura Y, Nemoto M, Hayashi N, Hanaoka S, Murata M, Yoshikawa 
T, Masutani Y, Maeda E, Abe O, Tanaka HKM (2020) Pilot 
study of eruption forecasting with muography using convo-
lutional neural network. Sci Rep 10:5272. https://​doi.​org/​10.​
1038/​s41598-​020-​62342-y

Pardini F, Burton M, de’ Michieli Vitturi M, Corradini S, Salerno 
G, Merucci L, Di Grazia G (2017) Retrieval and intercom-
parison of volcanic SO2 injection height and eruption time 
from satellite maps and ground-based observations. J Volcanol 
Geotherm Res 331(79):91. https://​doi.​org/​10.​1016/j.​jvolg​eores.​
2016.​12.​008

Papale P (1999) Strain-induced magma fragmentation in explosive 
eruptions. Nature 397:425–428. https://​doi.​org/​10.​1038/​17109

Pardo N, Wilson H, Procter JN, Lattughi E, Black T (2015) Bridging 
Māori indigenous knowledge and western geosciences to reduce 
social vulnerability in active volcanic regions. J Appl Volcanol 
4:5. https://​doi.​org/​10.​1186/​s13617-​014-​0019-1

Paredes-Mariño J, Dobson KJ, Ortenzi G, Kueppers U, Morgavi D, 
Petrelli M, Hess K-U, Laeger K, Porreca M, Pimentel A, Perugini 
D (2017) Enhancement of eruption explosivity by heterogene-
ous bubble nucleation triggered by magma mingling. Sci Rep 
7:16897. https://​doi.​org/​10.​1038/​s41598-​017-​17098-3

Paredes-Mariño J, Scheu B, Montanaro C, Arciniega-Ceballos A, 
Dingwell DB, Perugini D (2019) Volcanic ash generation: effects 
of componentry, particle size and conduit geometry on size-
reduction processes. Earth Planet Sci Lett 514:13–27. https://​
doi.​org/​10.​1016/j.​epsl.​2019.​02.​028

Pavolonis MJ, Sieglaff J, Cintineo J (2018) Automated detection of 
explosive volcanic eruptions using satellite-derived cloud verti-
cal growth rates. Earth Space Sci 5(12):903–928. https://​doi.​org/​
10.​1029/​2018E​A0004​10

Pierson TC, Major JJ (2014) Hydrogeomorphic effects of explosive 
volcanic eruptions on drainage basins. Annu Rev Earth Planet 
Sci 42:469–507

Pioli L, Harris AJL (2019) Real-time geophysical monitoring of par-
ticle size distribution during volcanic explosions at Stromboli 
Volcano (Italy). Front Earth Sci 7:52. https://​doi.​org/​10.​3389/​
feart.​2019.​00052

Pioli L, Bonadonna C, Pistolesi M (2019) Reliability of total grain-
size distribution of tephra deposits. Sci Rep 9:10006. https://​
doi.​org/​10.​1038/​s41598-​019-​46125-8

Pistolesi M, Cioni R, Bonadonna C, Elissondo M, Baumann V, 
Bertagnini A, Chiari L, Gonzales R, Rosi M, Francalanci L 
(2015) Complex dynamics of small-moderate volcanic events: 
the example of the 2011 rhyolitic Cordón Caulle eruption, 
Chile. Bull Volcanol 77(1):1–24. https://​doi.​org/​10.​1007/​
s00445-​014-​0898-3

Poret M, Costa A, Folch A, Martí A (2017) Modelling tephra dispersal 
and ash aggregation: the 26th April 1979 eruption, La Soufrière 
St. Vincent. J Volcanol Geotherm Res 347:207–220. https://​doi.​
org/​10.​1016/j.​jvolg​eores.​2017.​09.​012

Poret M, Costa A, Andronico D, Scollo S, Gouhier M, Cristaldi A 
(2018) Modeling eruption source parameters by integrating field, 
ground-based, and satellite-based measurements: the case of the 

23 February 2013 Etna paroxysm. J Geophys Res Solid Earth 
123:5427–5450. https://​doi.​org/​10.​1029/​2017J​B0151​63

Prata AJ (2009) Satellite detection of hazardous volcanic clouds and 
the risk to global air traffic. Nat Hazards 51(2):303–324. https://​
doi.​org/​10.​1007/​s11069-​008-​9273-z

Reichardt U, Ulfarsson GF, Pétursdóttir G (2018) Volcanic ash and 
aviation: recommendations to improve preparedness for extreme 
events. Transp Res A Policy Pract 113:101–113. https://​doi.​org/​
10.​1016/j.​tra.​2018.​03.​024

Rose WI, Durant AJ (2009) Fine ash content of explosive eruptions. 
J Volcanol Geotherm Res 186:32–39. https://​doi.​org/​10.​1016/j.​
jvolg​eores.​2009.​01.​010

Saxby J, Rust A, Beckett F, Cashman K, Rodger H (2020a) Estimating 
the 3D shape of volcanic ash to better understand sedimentation 
processes and improve atmospheric dispersion modelling. Earth 
Planet Sci Lett 534(15):116075. https://​doi.​org/​10.​1016/j.​epsl.​
2020.​116075

Saxby J, Cashman K, Rust A, Beckett F (2020b) The importance of grain 
size and shape in controlling the dispersion of the Vedde cryptote-
phra. J Quat Sci 35(1–2):175–185. https://​doi.​org/​10.​1002/​jqs.​3152

Schipper CI, Castro JM, Tuffen H, James MR, How P (2013) Shallow 
vent architecture during hybrid explosive–effusive activity at 
Cordón Caulle (Chile, 2011–12): evidence from direct observa-
tions and pyroclast textures. J Volcanol Geotherm Res 262:25–
37. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2013.​06.​005

Shea T, Houghton BF, Gurioli L, Cashman KV, Hammer JE, Hobden 
BJ (2009) Textural studies of vesicles in volcanic rocks: an inte-
grated methodology. J Volcanol Geotherm Res 190(3–4):271–
289. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2009.​12.​003-%​3e

Song W, Hess K-U, Damby DE, Wadsworth FB, Lavallée Y, Cimarelli 
C, Dingwell DB (2014) Fusion char- acteristics of volcanic ash 
relevant to aviation hazards. Geophys Res Lett 41:2326–2333. 
https://​doi.​org/​10.​1002/​2013G​L0591​82

Spanu A, de’ Michieli Vitturi M, Barsotti S (2016) Reconstructing 
eruptive source parameters from tephra deposit: a numerical 
study of medium-sized explosive eruptions at Etna. Bull Vol-
canol 78:59. https://​doi.​org/​10.​1007/​s00445-​016-​1051-​21

Sparks RSJ (1978) The dynamics of bubble formation and growth in 
magmas: a review and analysis. J Volcanol Geotherm Res 3(1–
2):1–37. https://​doi.​org/​10.​1016/​0377-​0273(78)​90002-1

Sparks RSJ, Moore JG, Rice CJ (1986) The initial giant umbrella cloud 
of the May 18th, 1980, explosive eruption of Mount St Helens. 
J Volcanol Geotherm Res 28(3–4):257–274. https://​doi.​org/​10.​
1016/​0377-​0273(86)​90026-0

Stevenson JA, Millington SC, Beckett FM, Swindles GT, Thordar-
son T (2015) Big grains go far: understanding the discrepancy 
between tephrochronology and satellite infrared measurements 
of volcanic ash. Atmos Meas Tech 8:2069–2091. https://​doi.​org/​
10.​5194/​amt-8-​2069-​2015

Stewart C, Johnston DM, Leonard GS, Horwell CJ, Thordarson T, 
Cronin S (2006) Contamination of water supplies by volcanic 
ashfall: A literature review and simple impact modelling. J 
Volcanol Geotherm Res 158(3–4):296–306. https://​doi.​org/​10.​
1016/j.​jvolg​eores.​2006.​07.​002

Stewart C, Wilson TM, Sword-Daniels V, Wallace KL, Magill CR, 
Horwell CJ, Leonard GS, Baxter PJ (2016) Communication 
demands of volcanic ashfall events. In: Fearnley C.J., Bird D.K., 
Haynes K., McGuire W.J., Jolly G. (eds) Observing the Volcano 
World. Advances in Volcanology (An Official Book Series of the 
International Association of Volcanology and Chemistry of the 
Earth’s Interior – IAVCEI, Barcelona, Spain). Springer, Cham. 
https://​doi.​org/​10.​1007/​11157_​2016_​19

Taddeucci J, Scarlato P, Montanaro C, Cimarelli C, Del Bello E, Freda 
C, Andronico D, Gudmundsson MT (2011) Dingwell DB (2011) 
Aggregation-dominated ash settling from the Eyjafjallajökull 

https://doi.org/10.1016/j.epsl.2015.11.007
https://doi.org/10.1016/j.epsl.2015.11.007
https://doi.org/10.1038/s41598-017-07927-w
https://doi.org/10.1029/2020GH000256
https://doi.org/10.1038/s41598-020-62342-y
https://doi.org/10.1038/s41598-020-62342-y
https://doi.org/10.1016/j.jvolgeores.2016.12.008
https://doi.org/10.1016/j.jvolgeores.2016.12.008
https://doi.org/10.1038/17109
https://doi.org/10.1186/s13617-014-0019-1
https://doi.org/10.1038/s41598-017-17098-3
https://doi.org/10.1016/j.epsl.2019.02.028
https://doi.org/10.1016/j.epsl.2019.02.028
https://doi.org/10.1029/2018EA000410
https://doi.org/10.1029/2018EA000410
https://doi.org/10.3389/feart.2019.00052
https://doi.org/10.3389/feart.2019.00052
https://doi.org/10.1038/s41598-019-46125-8
https://doi.org/10.1038/s41598-019-46125-8
https://doi.org/10.1007/s00445-014-0898-3
https://doi.org/10.1007/s00445-014-0898-3
https://doi.org/10.1016/j.jvolgeores.2017.09.012
https://doi.org/10.1016/j.jvolgeores.2017.09.012
https://doi.org/10.1029/2017JB015163
https://doi.org/10.1007/s11069-008-9273-z
https://doi.org/10.1007/s11069-008-9273-z
https://doi.org/10.1016/j.tra.2018.03.024
https://doi.org/10.1016/j.tra.2018.03.024
https://doi.org/10.1016/j.jvolgeores.2009.01.010
https://doi.org/10.1016/j.jvolgeores.2009.01.010
https://doi.org/10.1016/j.epsl.2020.116075
https://doi.org/10.1016/j.epsl.2020.116075
https://doi.org/10.1002/jqs.3152
https://doi.org/10.1016/j.jvolgeores.2013.06.005
https://doi.org/10.1016/j.jvolgeores.2009.12.003-%3e
https://doi.org/10.1002/2013GL059182
https://doi.org/10.1007/s00445-016-1051-21
https://doi.org/10.1016/0377-0273(78)90002-1
https://doi.org/10.1016/0377-0273(86)90026-0
https://doi.org/10.1016/0377-0273(86)90026-0
https://doi.org/10.5194/amt-8-2069-2015
https://doi.org/10.5194/amt-8-2069-2015
https://doi.org/10.1016/j.jvolgeores.2006.07.002
https://doi.org/10.1016/j.jvolgeores.2006.07.002
https://doi.org/10.1007/11157_2016_19


Bulletin of Volcanology           (2022) 84:51 	

1 3

Page 11 of 12     51 

volcanic cloud illuminated by field and laboratory high-speed 
imaging. Geology 39(9):891–894. https://​doi.​org/​10.​1130/​
G32016.1

Tarasenko I, Bielders CL, Guevara A, Delmelle P (2019) Surface crust-
ing of volcanic ash deposits under simulated rainfall. Bull Vol-
canol 81:30. https://​doi.​org/​10.​1007/​s00445-​019-​1289-6

Tesone AI, Vitar RML, Tau J, Maglione GA, Llesuy S, Tasat DR, Berra 
A (2018) Volcanic ash from Puyehue-Cordón Caulle Volcanic 
Complex and Calbuco promote a differential response of pro-
inflammatory and oxidative stress mediators on human conjunc-
tival epithelial cells. Environ Res 167:87–97. https://​doi.​org/​10.​
1016/j.​envres.​2018.​07.​013Get

Tomašek I, Damby DE, Horwell CJ, Ayris PM, Delmelle P, Ottley CJ, 
Cubillas P, Casas A, Bisig C, Petri-Fink A, Dingwell DB, Clift 
MJD, Drasler B, Rothen-Rutishauser B (2019) Assessment of 
the potential for in-plume sulphur dioxide gas-ash interactions 
to influence the respiratory toxicity of volcanic ash. Environ Res 
179:108798

Tomašek I, Damby DE, Andronico D, Baxter PJ, Boonen I, Claeys P, 
Denison MS, Horwell CJ, Kervyn M, Kueppers U, Romanias 
MN, Elskens M (2021) Assessing the biological reactivity of 
organic compounds on volcanic ash: implications for human 
health hazard. Bull Volcanol 83:30. https://​doi.​org/​10.​1007/​
s00445-​021-​01453-4

Torres R, Mouginis-Mark P, Self S, Garbeil H, Kallianpur K, Qui-
ambao R (2004) Monitoring the evolution of the Pasig-Potrero 
alluvial fan, Pinatubo Volcano, using a decade of remote sensing 
data. J Volcanol Geotherm Res 138(3–4):371–392. https://​doi.​
org/​10.​1016/j.​jvolg​eores.​2004.​08.​005

Tournigand PY, Taddeucci J, Gaudin D, Peña Fernández JJ, Del Bello 
E, Scarlato P, Kueppers U, Sesterhenn J, Yokoo A (2017) The 
initial development of transient volcanic plumes as a function of 
source conditions. J Geophys Res Solid Earth 122:9784–9803. 
https://​doi.​org/​10.​1002/​2017J​B0149​07

Trafton KR, Giachetti T (2021) The morphology and texture of Plin-
ian pyroclasts reflect their lateral sourcing in the conduit. Earth 
Planet Sci Lett 562:116844. https://​doi.​org/​10.​1016/j.​epsl.​2021.​
116844

Ugolini FC, Dahlgren RA (2002) Soil development in volcanic ash. 
Global Environ Res 6:69–82

Umo NS, Ullrich R, Maters EC, Steinke I, Benker N, Höhler K, Wag-
ner R, Weidler PG, Hoshyaripour GA, Kiselev A, Kueppers U, 
Kandler K, Dingwell DB, Leisner T, Möhler O (2021) The influ-
ence of chemical and mineral compositions on the parameteriza-
tion of immersion freezing by volcanic ash particles. J Geophys 
Res Atmos 126:e2020JD033356. https://​doi.​org/​10.​1029/​2020J​
D0333​56

Van Eaton AR, Muirhead JD, Wilson CJN, Cimarelli C (2012) Growth 
of volcanic ash aggregates in the presence of liquid water and ice: 

an experimental approach. Bull Volcanol 74:1963–1984. https://​
doi.​org/​10.​1007/​s00445-​012-​0634-

Van Wyk De Vries B, Jerram D, Rapprich V, Harris A, Martin D (2018) 
Geomojis – a symbolic alphabet to communicate Earth Sciences, 
EGU General Assembly 2018, Vienna, Austria, EGU2018–2951

Vergara-Jara M, Hopwood MJ, Browning TJ, Rapp I, Torres R, Reid B, 
Achterberg EP (2021) Iriarte JL (2021) A mosaic of phytoplank-
ton responses across Patagonia, the southeast Pacific and the 
southwest Atlantic to ash deposition and trace metal release from 
the Calbuco volcanic eruption in 2015. Ocean Sci 17:561–578. 
https://​doi.​org/​10.​5194/​os-​17-​561-​2021

Wallace K, Snedigar S, Cameron C (2015) ‘Is Ash Falling?’, an online 
ashfall reporting tool in support of improved ashfall warnings 
and investigations of ashfall processes. J Appl Volcanol 4:5. 
https://​doi.​org/​10.​1186/​s13617-​014-​0022-6

Wardman JB, Wilson TM, Hardie S, Bodger P (2014) Influence of 
volcanic ash contamination on the flashover voltage of HVAC 
outdoor suspension insulators. IEEE Trans Dielectr Electr 
Insul 21(3):1189–1197. https://​doi.​org/​10.​1109/​TDEI.​2014.​
68322​65

Weber K, Eliasson J, Vogel A, Fischer C, Pohl T, van Haren G, Meier 
M, Grobéty B, Dahmann D (2012) Airborne in-situ investigations 
of the Eyjafjallajökull volcanic ash plume on Iceland and over 
north-western Germany with light aircrafts and optical particle 
counters. Atmos Environ 48:9–21. https://​doi.​org/​10.​1016/j.​
atmos​env.​2011.​10.​030

Webley PW, Dehn J, Lovick J, Dean KG, Bailey JE, Valcic L (2009) 
Near-real-time volcanic ash cloud detection: experiences from 
the Alaska Volcano Observatory. J Volcanol Geotherm Res 
186(1–2):79–90. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2009.​02.​
010

Wilson TM, Cole JW, Stewart C, Cronin SJ, Johnston DM (2011) Ash 
storms: impacts of wind-remobilised volcanic ash on rural com-
munities and agriculture following the 1991 Hudson eruption, 
southern Patagonia, Chile. Bull Volcanol 73:223–239. https://​
doi.​org/​10.​1007/​s00445-​010-​0396-1

Wilson TM, Stewart C, Sword-Daniels V, Leonard GS, Johnston DM, 
Cole JW, Wardman J, Wilson G, Barnard ST (2012) Volcanic ash 
impacts on critical infrastructure. Phys Chem Earth Part A/B/C 
45–46:5e23. https://​doi.​org/​10.​1016/j.​pce.​2011.​06.​006

Witt V, Ayris PM, Damby DE, Cimarelli C, Kueppers U, Dingwell DB, 
Wörheide G (2017) Volcanic ash supports a diverse bacterial 
community in a marine mesocosm. Geobiology 15(3):453-463. 
https://​doi.​org/​10.​1111/​gbi.​12231

Wright HM, Cashman KV, Mothes PA, Hall ML, Ruiz AG, Le Pen-
nec JL (2012) Estimating rates of decompression from textures 
of erupted ash particles produced by 1999–2006 eruptions of 
Tungurahua volcano, Ecuador. Geology 40(7):619–622. https://​
doi.​org/​10.​1130/​G32948.1

Authors and Affiliations

Joali Paredes‑Mariño1,2,3   · Pablo Forte4,5 · Stefano Alois6,7,8 · Ka Lok Chan9,10,11 · Valeria Cigala12 · 
Sebastian B. Mueller12 · Matthieu Poret13,14 · Antonio Spanu15,16 · Ines Tomašek17,18,19 · Pierre‑Yves Tournigand20,21 · 
Diego Perugini1 · Ulrich Kueppers12

1	 Department of Physics and Geology, University of Perugia, 
Perugia, Italy

2	 Geoscience Group, Prisma Austral Foundation, 
Punta Arenas, Chile

3	 School of Environment, University of Auckland, Auckland, 
New Zealand

4	 Institute of Geosciences, University of Mainz, Mainz, 
Germany

https://doi.org/10.1130/G32016.1
https://doi.org/10.1130/G32016.1
https://doi.org/10.1007/s00445-019-1289-6
https://doi.org/10.1016/j.envres.2018.07.013Get
https://doi.org/10.1016/j.envres.2018.07.013Get
https://doi.org/10.1007/s00445-021-01453-4
https://doi.org/10.1007/s00445-021-01453-4
https://doi.org/10.1016/j.jvolgeores.2004.08.005
https://doi.org/10.1016/j.jvolgeores.2004.08.005
https://doi.org/10.1002/2017JB014907
https://doi.org/10.1016/j.epsl.2021.116844
https://doi.org/10.1016/j.epsl.2021.116844
https://doi.org/10.1029/2020JD033356
https://doi.org/10.1029/2020JD033356
https://doi.org/10.1007/s00445-012-0634-
https://doi.org/10.1007/s00445-012-0634-
https://doi.org/10.5194/os-17-561-2021
https://doi.org/10.1186/s13617-014-0022-6
https://doi.org/10.1109/TDEI.2014.6832265
https://doi.org/10.1109/TDEI.2014.6832265
https://doi.org/10.1016/j.atmosenv.2011.10.030
https://doi.org/10.1016/j.atmosenv.2011.10.030
https://doi.org/10.1016/j.jvolgeores.2009.02.010
https://doi.org/10.1016/j.jvolgeores.2009.02.010
https://doi.org/10.1007/s00445-010-0396-1
https://doi.org/10.1007/s00445-010-0396-1
https://doi.org/10.1016/j.pce.2011.06.006
https://doi.org/10.1111/gbi.12231
https://doi.org/10.1130/G32948.1
https://doi.org/10.1130/G32948.1
http://orcid.org/0000-0002-5103-5452


	 Bulletin of Volcanology           (2022) 84:51 

1 3

   51   Page 12 of 12

5	 Instituto de Estudios Andinos (IDEAN) (UBA – CONICET), 
Buenos Aires, Argentina

6	 Institute of Physics and Astronomy, Aarhus University, 
Aarhus, Denmark

7	 Institute for Fluid Mechanics and Technical Acoustics, 
Technische Universität Berlin, Berlin, Germany

8	 Rina Consulting - Centro Sviluppo Materiali S.P.a., Rome, 
Italy

9	 Meteorological Institute Munich, 
Ludwig-Maximilians-Universität (LMU), Munich, Germany

10	 Remote Sensing Technology Institute, German Aerospace 
Center (DLR), Oberpfaffenhofen, Weßling, Germany

11	 Rutherford Appleton Laboratory Space, Harwell, Oxford, 
UK

12	 Earth and Environmental Sciences, 
Ludwig-Maximilians-Universität (LMU), Munich, Germany

13	 Istituto Nazionale di Geofisica e Vulcanologia (INGV), 
Bologna, Italy

14	 Ministère Chargé de L’Education Nationale, de La Jeunesse 
Et Des Sports, Clermont‑Ferrand, France

15	 Institute for Atmospheric Physics, German Aerospace Center 
(DLR), Oberpfaffenhofen, Weßling, Germany

16	 Aerosol Physics and Environmental Physics, University 
of Vienna, Vienna, Austria

17	 Department of Earth Sciences, Durham University, Durham, 
UK

18	 Laboratoire Magmas Et Volcans (LMV), CNRS, IRD, 
OPGC, Université Clermont Auvergne, Clermont‑Ferrand, 
France

19	 Institute of Genetic Reproduction and Development 
(iGReD), CNRS, INSERM, Université Clermont Auvergne, 
Clermont‑Ferrand, France

20	 Istituto Nazionale di Geofisica e Vulcanologia (INGV), 
Rome, Italy

21	 Physical Geography (FARD), Department of Geography, 
Vrije Universiteit Brussel, Brussels, Belgium


	The lifecycle of volcanic ash: advances and ongoing challenges
	Abstract
	Introduction
	Volcanic ash generation
	Volcanic ash dispersion, sedimentation and erosion
	Volcanic ash impacts
	Future challenges
	Acknowledgements 
	References


