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This review paper contrasts volcanic ash and mineral dust regarding their chemical and physical properties, sources, atmospheric
load, deposition processes, atmospheric processing, and environmental and climate effects. Although there are substantial
differences in the history of mineral dust and volcanic ash particles before they are released into the atmosphere, a number of
similarities exist in atmospheric processing at ambient temperatures and environmental and climate impacts. By providing an
overview on the differences and similarities between volcanic ash and mineral dust processes and effects, this review paper aims
to appeal for future joint research strategies to extend our current knowledge through close cooperation between mineral dust and
volcanic ash researchers.

1. Introduction

Volcanic ash represents a major product of volcanic erup-
tions [1–3]. It is formed by fragmentation processes of the
magma and the surrounding rock material of volcanic vents
[1, 4]. Depending on the strength of a volcanic eruption,
volcanic ash is released into the free troposphere or even
the stratosphere [1, 5], where it is transported by the pre-
vailing winds until it is removed from the atmosphere by
gravitational settling and wet deposition [6]. Volcanic ash is
also known to be mobilised by wind from its deposits [7–
12], which have accumulated after volcanic eruptions on land
located along the main transport directions of the volcanic
cloud, which spreads out over hundreds to thousands of
kilometres, dependent on wind speed, ash size, ash density,
and eruption magnitude. In contrast to atmospheric mineral
dust, the importance of volcanic ash for climate has long been
considered negligible [5].

The global mineral dust cycle and its interactions with
the Earth’s climate system have been studied widely [13–
18]. Mineral dust aerosols affect the radiative forcing of the
atmosphere directly [13, 19] and indirectly by acting as cloud
condensation or ice nuclei [20, 21]. Furthermore, mineral
dust aerosols influence ozone photochemistry [22, 23] and
supply nutrients to marine [24] and terrestrial ecosystems

[25]. Vice versa, climate variability affects the mineral dust
burden of the atmosphere through modifications of precipi-
tation, vegetation cover, and wind [15].

This review contrasts the environmental and climatic
effects of volcanic ash versus those ofmineral dust. A stronger
focus is put on the description of volcanic ash, whereas
mineral dust effects are described in less detail, but with
referencing the extensive literature. Similarities and differ-
ences will be emphasised (Figure 1) to facilitate the different
scientific communities studying volcanic ash and mineral
dust to learn from each other in an interdisciplinary way, to
think about future joint research projects, and to address the
important, challenging, and compelling questions, which are
still open such as the following:

(i) which physical-chemical processes during long-range
transport in the atmosphere affect the surface chemi-
cal composition of volcanic ash and mineral dust?

(ii) how important is resuspension of volcanic ash from
deposits on land for posteruptive climate and envi-
ronmental effects?

(iii) what are the reasons for the huge variability of
nutrient and toxic element fluxes from volcanic ashes
and mineral dust to the surface ocean?
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Figure 1: Schematic diagram showing the important processes controlling environmental and climate effects of volcanic ash (in grey) and
mineral dust (in yellow). (CCN: cloud condensation nuclei; IN: ice nuclei).

(iv) how important is volcanic iron fertilisation of the
surface ocean and the associated modifications of
atmospheric CO

2
in comparison to that induced by

mineral dust?
(v) how relevant is the role of volcanic ash and/ormineral

dust for the Earth’s climate?

Section 2 gives definitions for mineral dust and volcanic ash
and provides information of the general chemical and phys-
ical properties. Sources, atmospheric load, and deposition
processes are discussed in Section 3, atmospheric processing
in Section 4, and environmental and climatic impacts in
Section 5. The last section summarises needs for future
research.

2. Definitions and Chemical and
Physical Properties

2.1. General Definition. According to the “Glossary of Atmo-
spheric Chemistry Terms” [26], dust consists of small, dry,
and solid particles released into the atmosphere by natural
forces, such as wind, volcanic eruptions, and by mechanical
or man-made activities (e.g., crushing, milling, and shov-
eling). Dust particles are usually in the size range from
about 1 to 100𝜇m in diameter and settle slowly from the
atmosphere due to gravity [26]. Thus, mineral dust and
volcanic ash may constitute a fraction of all recorded dust.

To distinguish between mineral dust and volcanic ash the
following definitions are used: atmospheric mineral dust
originates from a suspension ofminerals constituting the soil,
whereas volcanic ash is loose and unconsolidated material
with particle diameters less than 2mm [27] being either
dispersed in the atmosphere or being deposited above the soil.
Weathered mineral dust may originate from volcanic tephra
(tephra is defined as any fragmental material produced by
a volcanic eruption regardless of composition and fragment
size; [28]); however, volcanic ash represents relatively fresh
material produced during a recent volcanic eruption (recent
in this contextmeans no longer than about 100 years ago) and
is therefore different form mineral dust.

2.2. Chemical Composition. The main chemical elements
contained in mineral dust, as well as volcanic ash, are
silicium and oxygen, which constitute the main components
of minerals and rocks in the Earth’s crust and mantle.

The chemical composition of the bulk volcanic ash is
mainly determined by the magma fromwhich it is generated.
Generally, three types of magma are distinguished from each
other (Table 1). These types of magma have different melting
points, viscosities, and typical volatile contents. The mineral
composition of volcanic ash consists of about 45–75wt% of
silica [27]. In addition, silicate is themain component ofmost
minerals like feldspar, olivine, pyroxene, hornblende, and
biotite [29]. These minerals are formed through successive
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Table 1: Major types of magma.

Magma type SiO2 (wt%) 𝑇melt (
∘C) Viscosity and gas content

Basaltic 45–55 1000–1200 Low
Andesitic 55–65 800–1000 Intermediate
Rhyolitic 65–75 650–1000 High

crystallisation during cooling and decompression when the
magma ascends from the Earth’s mantle through the Earth’s
crust into the conduit and subsequently into the volcanic
plume [28]. During the crystallisation process, the compo-
sition of the melt is changing due to depletion of crystallised
components and enrichment of remaining components driv-
ing the successive generation of different minerals, including
those without silicate, such as magnetite or ilmenite.

Amajor difference in themineral composition of mineral
dust and volcanic ash results from chemical weathering of
mineral dust, generally on geological time scales. Mineral
composition changes under the influence of water, oxygen,
and acids. For example, feldspar will weather to clay and iron-
bearing minerals can form hematite and goethite. Therefore
primary iron containing minerals (e.g., amphiboles and
pyroxenes) of volcanic rocks are not identified in mineral
dust [30]. Further multiphase chemical modifications at the
surfaces of mineral dust and volcanic ash take place during
atmospheric transport (see Section 4).

2.3. Physical Properties

2.3.1. Size Distribution. Close to the source regions, the size
distribution of mineral dust particles varies from about 0.1
to over 100𝜇m in diameter, depending on soil characteristics
and wind speed [18]. The particle size spectrum of emitted
mineral dust largely controls the fraction that is transported
over large distances. The coarser the particles, the faster
they are deposited. However, to characterise long-range
transported mineral dust, precise particle size measurements
for less than about 10 𝜇m are still a challenge [31].

The size distribution of volcanic ash is greatly dependent
on the formation process, which is either an explosive vol-
canic eruption, a phreatomagmatic eruption, or a pyroclastic
density current. In addition, secondary volcanic ash clouds
result from the resuspension from volcanic ash depositions
on land (see Section 3.1), which should not be mixed up with
coignimbrite clouds as discussed later. Explosive volcanic
eruptions occur when magma containing dissolved volatiles
rises in the conduit. Thereby exsolution of volatiles forms
gas bubbles that grow by diffusion, decompression, and
coalescence. The further the magma-gas mixture rises, the
more the pressure decreases, leading to an acceleration of
the mixture against gravitational and friction forces, until a
continuous gas stream with clots and clasts of magma (called
pyroclasts) leaves the vent explosively [1]. The explosive
character of a volcanic eruption depends considerably on
the viscosity of the magma. In general, most efficient frag-
mentation occurs during explosive eruptions where magmas
of rhyolitic composition are involved because of the higher
volatile content (Table 1).

Phreatomagmatic eruptions [1] are triggered by the inter-
action of external water with magma, for example, from

a glacier as during the early phase of the Eyjafjallajökull
eruption [32]. External water may also be supplied from
crater lakes or even the shallow ocean during seamount
volcanic eruptions [33]. Highly efficient fragmentation is
caused by thermal contraction of magma due to chilling
on contact with water [4]. Water initially chills the magma
at the interface, which then shatters. The water penetrates
the mass of shattered hot glass and is transformed into
high-pressure superheated steam by a runaway process of
heat transfer and further magma fragmentation, until a
violent explosion results. Violent phreatomagmatic eruptions
produce especially fine-grained volcanic ash.

Pyroclastic flows occur when the eruption column or
lava dome collapses leading to gas and tephra flows rushing
down the flanks of a volcano at high speed, which thereby
also contribute to the fragmentation process through milling
by the collisional processes [1, 34]. Coignimbrite clouds can
arise from pyroclastic flows when the material at the top of
a pyroclastic flow gets more buoyant than the surrounding
air.These convective clouds can form volcanic plumes as high
as the original feeding plume and are a source of substantial
amounts of fine volcanic ash as well.

As eruption conditions may be highly variable in time,
all fragmentation processes can take place simultaneously.
According to [2] volcanic ash particles with diameters smaller
than 1mm contribute about 55–97wt% to the total ash
content. Volcanic ash particleswith diameters less than 30𝜇m
make up only a few weight percent during basaltic eruptions,
whereas they can contribute 30–50wt% to the total ash
content during rhyolitic eruptions. However, it is the even
finer particle size fraction (PM

10
and PM

2.5
) that may be

carried for hundreds of kilometres before settling onto land
or into the ocean.

2.3.2. Density and Surface Area. The morphology of mineral
dust particles can be assumed to be spherical with a widely
used particle density of 2650 kg/m3 in mineral dust mod-
elling, for example, [35]. The density of individual volcanic
ash particles varies from one eruption to another and even
during an eruption. Generally it lies between 2000 and
3000 kg/m3 [28, 36] dependent on the basaltic or rhyolitic
composition, the amount of crystallisation, and porosity [37].
Due to the expansion of magmatic gases like H

2
O, CO

2
, SO
2
,

H
2
, CO, H

2
S, HCl, and HF [38] during an explosive and

phreatomatic volcanic eruption (see Section 2.3.1), volcanic
ash generally consists of vesicular particles with an undiffer-
entiated surface texture. Generally, the specific surface area of
volcanic ash is smaller than 2m2/g [39]. However, values up
to 10m2/g have also been reported [39].

3. Emissions into the Atmosphere,
Atmospheric Load, and
Subsequent Deposition

3.1. Emissions. The notation “emission” describes the release
ofmaterial from outside the atmosphere into the atmosphere,
where the location outside the atmosphere represents a
source for the atmosphere. Mineral dust source areas are
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generally located in semiarid or arid areas where the surface
is sparsely vegetated and dry. Here, fine grained material
can accumulate and be mobilised into the atmosphere by
wind. Numerical models for mineral dust mobilisation usu-
ally define dust emission areas based on, for example, soil
moisture [40], soil texture [13], and vegetation effects [13, 41].
Mineral dust emissions into the atmosphere are a complex,
nonlinear function of both soil surface properties (size distri-
bution of the surface soils, roughness length of erodible and
nonerodible particles, and soil moisture) and meteorological
conditions (wind friction velocity and precipitation).Mineral
dust emissions from an erodible surface occur when the wind
friction velocity exceeds a threshold value, dependent on the
soil properties [42]. However, by using different assumptions,
for example, erodibility factors, numerical model estimates
of global mineral dust emissions vary between 1500 and
1800 Tg/yr [16, 43, 44]. Injection heights are usually restricted
to the planetary boundary layer (2–4 km) butmay reach up to
6 kmdependent onmeteorological conditions [45]. Although
mineral dust is usually considered of natural origin, it is
estimated that about 30% of the mineral dust load in the
atmosphere could be ascribed to human activities through
desertification and land misuse. The Sahara desert is the
major source of mineral dust, which subsequently spreads
across the Mediterranean and European region, across the
Caribbean Sea, and towards Central and North America.
Additionally it plays a significant role in the nutrient inflow
to the Amazon rainforest [25]. The Gobi Desert is another
important source of dust in the atmosphere, which affects
eastern Asia and western North America.

Volcanic ash is formed during explosive volcanic erup-
tions, phreatomagmatic eruptions, or pyroclastic density
currents (see Section 2.3.1). On average about 20 volcanoes
erupt at any given time worldwide, 50–70 volcanoes erupt
throughout a year, and at least one large eruption with a Vol-
canic Explosivity Index (VEI, relative measure of the explo-
siveness of volcanic eruption; [46]) greater than 4 occurs
annually [47]. The total emissions of volcanic ash into the
troposphere by small volcanic eruptions with VEI < 4 (these
eruptionsmake up themajority in number) is estimated to be
20 Tg/yr [48], equivalent to 10 km3 when assuming a particle
density of 2000 kg/m3. However, these volcanic ash emissions
are usually removed from the atmosphere quickly and are
therefore only of local interest in the vicinity of the volcanoes
up to a distance of about one hundred kilometers. Table 2
summarises ash emissions from major volcanic eruptions,
lasting from a few hours to several weeks since 1900 with
VEI ≥ 4 with a tephra release ranging from 0.1 to 100 km3. It
is obvious, that stronger volcanic eruptions are generally less
frequent [28]. Note that before the satellite era starting about
1980, our knowledge on volcanic eruptions with VEI ≤ 4 is
probably not complete due to limited observations of remote
volcanic eruptions. Dependent on meteorological conditions
and the injection height of the volcanic emissions, volcanic
ash from eruptions with VEI ≥ 4 may be transported over
thousands of kilometres in the atmosphere [49]. Therefore,
volcanic ash, although released sporadically during volcanic
eruptions, is an abundant atmospheric species.

It should be considered as well that fresh volcanic ash
may be remobilised into the atmosphere from ash deposits on
land, similar towhat is observed formineral dust, particularly
in arid and semiarid regions.This contradictswith the general
assumption that volcanic ash environmental and climate
effects are restricted only to the duration of a volcanic
eruption with time scales of days to weeks. Reference [9], for
example, reports such posteruptive volcanic ash clouds being
transported over the Patagonian desert for several months
to years after the 1991 eruption of Mt. Hudson in Chile
(Figure 2). Following the recent eruption of Eyjafjallajökull in
Iceland during April/May 2010, volcanic ash remobilisation
created poor air quality and health concerns for the local
population for several months [10–12]. References [8, 9]
also report volcanic ash from resuspensions events from the
Katmai/Novarupta eruption in 1912, which typically occur in
the fall before snowfall.The June 6–8, 1912 Katmai/Novarupta
eruption was the largest volcanic eruption in the 20th
Century and produced volcanic ash deposits of 1–10 meters
around the volcano. A lack of snow combined with strong
northerly winds is able to mobilise the hundred years old
volcanic ash into the atmosphere even nowadays (Figure 2).

3.2. Atmospheric Load. Atmospheric concentrations of min-
eral dust and volcanic ash are subject to considerable tem-
poral and spatial variability. Seasonal variability, for example,
rainy and dry seasons, determines to a great extent the
mineral dust load in the atmosphere, whereas volcanic ash
atmospheric load is mainly dependent on the occurrences of
sporadic and usually unpredictable volcanic eruptions.

Measurements in the Sahelian belt of West Africa [50]
during 2006 to 2008 reveal median daily mineral dust
concentrations of around 80 𝜇g/m3 with about 40% exceed-
ing 100 𝜇g/m3 and less than 3% exceeding 500 𝜇g/m3. The
maximum measured daily concentrations range is between
2250 and 4020𝜇g/m3 [50]. The European standard for air
quality (daily mean PM10 concentration of 50𝜇g/m3should
not be exceeded for more than 35 days per year) is exceeded
in this area by mineral dust aerosols about 200 days per year
[50]. In the northern part of the Taklamakan desert a higher
interannual variability with maximum daily mineral dust
concentrations of 645–3800𝜇g/m3 was measured between
2001 and 2004 [51]. An even higher variability is reported
for the InnerMongolia region [52] with PM10 concentrations
of 190–9625𝜇g/m3. Downwind from main mineral dust
sources, concentrations are usually smaller, for example, on
CapeVerde Islands between 65 and 264 𝜇g/m3duringmineral
dust transport episodes [53].

During the eruption of Eyjafjallajökull on Iceland in
2010, maximum ash concentrations up to 4000𝜇g/m3 are
reported from measurements of the volcanic ash cloud
spreading over Europe [54, 55], exceeding the threshold for
safe aviation (2000𝜇g/m3). Daily mean near surface concen-
trations reached up to 400𝜇g/m3 in Scandinavia during the
eruption [54]. Close to Eyjafjallajökull, the maximum daily
average near surface concentration exceeded 1230𝜇g/m3
during the ongoing eruption, but also after the eruption
stopped, maximum daily average concentration reached
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Table 2: Tephra mass release in DRE (Dense Rock Equivalent) of well-known volcanic eruptions since 1900 given for VEI values from 4 to
6 in three mass ranges: 0.1–1 km3, 1–10 km3, and 10–100 km3 ([47]; http://www.volcano.si.edu/).

0.1 km3 1 km3 10 km3 100 km3

VEI = 4 VEI = 5 VEI = 6
Nabro 2011 and Puyehue-Cordón Caulle
2011
Grimsvötn 2011 and Merapi 2010
Eyjafjallajökull 2010 and Sarychev Peak
2010
Kasatochi 2008 and Chaiten 2008
Reventator 2002 and Ulawun 2000
Lascar 1993 and Mt. Spurr 1992
Kelud 1990 and Kiluchevkoi 1987 Mt. Hudson 1991 Pinatubo 1991
Chikurachki 1986 and Mount Augustine
1986
Colo 1983 and Galunggung 1982 El Chichon 1982
Pagan 1981 and Alaid 1981
Mount Augustine 1976 and Tolbachik 1975 Mt. St. Helens 1980
Volcan de Fuego 1974 and Tiatia 1973
Fernandina 1968 and Mount Awu 1966
Kelud 1966 and Taal 1965
Shiveluch 1964 and Carran-Los Venados
1955 Agung 1963

Mount Spurr 1953 and Bagana 1952 Bezymianny 1956
Kelud 1951 and Mount Lamington 1951
Ambrym 1950 and Hekla 1947
Sarychev Paek 1946 and Avachinsky 1945
Paricutin 1943–1952 and Suoh 1933
Volcan De Fuego 1932 and Mont Aniakchak
1931 Kharimkotan 1933

Kliucheskoi 1931 and Komagatake 1931 Cerro Azul 1932
Komagatake 1929 and Avachinsky 1926
Raikoko 1924 and Manam 1919
Kelud 1919 and Agrhan 1917 Katla 1918
Tungurahua 1916 and Sakurajima 1914
Mount Lolobau 1911 and Grimsvötn 1903 Colima 1913 Katmai/Novarupta 1912
Monut Pelee 1902 Ksudach 1907 St. Maria 1902

more than 1000 𝜇g/m3 during resuspension events [12]. Vol-
canic ash concentrations within the volcanic eruption plume
are expected to be even higher. However, measurements
are difficult to obtain as saturation levels are reached by
remote sensing instruments anddirectmeasurements destroy
measurement equipment and are too dangerous for humans
to approach too close to the eruption. Altogether, the magni-
tudes of maximum atmospheric concentrations that may be
reached during mineral dust storms and volcanic eruptions
are relatively similar, although for volcanic eruptions with
VEI ≥ 4 higher atmospheric ash concentrations are expected.

3.3. Deposition. Mineral dust and volcanic ash are removed
from the atmosphere by gravitational settling, turbulent dry
deposition, and wet scavenging by rain called wet deposition

[56]. Dry and wet aggregation of volcanic ash belongs per
definition to the removal processes of dry and wet deposition
[6]. However, because of their specialty they are discussed
separately later. The ratio of dry-to-wet deposition differs
considerably in mineral dust model estimates [19], with wet
deposition over the ocean ranging from 30% to 95% of the
total mineral dust deposition [18]. It should be noted that
all uncertainties of the global mineral dust cycle, including
emissions (see Section 3.1) and transport in the atmosphere,
are summed up in the distribution and amount of deposition
fluxes. Mineral dust deposition to ice cores reveals an up
to factor 100 difference between cold and warm periods in
the geological past [16], for example, much higher deposi-
tion during the Last Glacial Maximum, 21,000 years before
present, compared to the present-day climate.
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Figure 2: Volcanic ash resuspension event as seen from satellite: (a) September 21, 2003: Katmai/Novarupta, Alaska; (b) November 27, 1991:
Cerro Hudson, Chile; (c) May 27, 2010: Eyafjallajökull, Iceland; (d) approximate location of (a)–(c). Courtesy of NASA.

Reference [57] estimated the millennial scale flux of
volcanic ash into the Pacific Ocean based on the marine
sediment core data [58, 59] to be about 128–221 Tg/yr. This
represents a conservative estimate, as already one volcanic
eruption of VEI = 4 like Kasatochi in 2008 [60] can produce
higher deposition fluxes. The estimated millennial volcanic
ash flux is comparable to the mineral dust flux into the
Pacific Ocean of around 100 Tg/yr [16]. So far, however, the
importance of volcanic eruptions on climate, for example,
by modifying the biogeochemistry of the surface ocean, has
gained limited attention compared to the much better inves-
tigated effects of mineral dust. The amount of volcanic ash
and bioavailable iron attached to the ash surface deposited
into the ocean during episodic large volcanic eruptions may
exceed the annual mineral dust flux by far. Reference [61], for
example, estimated that iron deposition of the Mt. Hudson’s
volcanic eruption in Chile during August 12–15, 1991 is
equivalent to ∼500 years of Patagonian iron dust fallout.

Gravitational settling of volcanic ash has been observed
to exceed the terminal settling velocity of single ash particles
[6, 62]. This is explained by the formation of aggregates in
the volcanic plume, as well as under more diluted conditions

in the volcanic cloud [63–65]. Volcanic ash aggregation
therefore represents a process that increases sedimentation
and reduces atmospheric volcanic ash concentration during
long-range transport. However, key aggregate formation pro-
cesses and basic classifications are topics of ongoing debate.
Several important questions remain unanswered up to now.
Is aggregation driven primarily by hydrometeor formation?
How does aggregation vary in time and space? What is the
role of electrostatic charge and “secondaryminerals”?Howdo
instabilities (e.g., mammatus) change deposition rates? What
proportion of fine-grained ash ends up in aggregates? Where
does particle aggregation mainly occur (e.g., vertical plume,
horizontal cloud, or during atmospheric sedimentation)? A
better understanding of volcanic ash aggregation will be nec-
essary to improve the modelling of volcanic ash dispersion
and deposition.

4. Atmospheric Processing

4.1. Chemical Processing in Volcanic Plumes. Before atmo-
spheric processing occurs at ambient temperatures, volcanic
ash undergoes extreme temperature gradients (from about
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1000∘C to less than 0∘C) in extreme short periods of time
(few minutes) in the volcanic eruption plume [1, 66, 67],
which is expanding vertically into the atmosphere from the
vent to the level of neutral buoyancy (Figure 1). Besides
fragmentation processes taking place here (see Section 2.3.1),
quenching represents an important process in the production
of the glass material contained in volcanic ash together
with minerals formed by incomplete crystallisation reactions
(see Section 2.2). Intensive lightning in the volcanic eruption
plume is an often-observed phenomenon [68, 69] due to
vertically separated regions of oppositely charged volcanic
ash particles. Aggregation processes of volcanic ash (see
Section 3.3) may be affected by the charged volcanic ash
particles. Until now, the temperature and ionising effects of
lighting strokes on volcanic ash chemical composition have
not been investigated. A number of potentially important
processes for physical-chemical modifications of volcanic ash
surfaces, without considering lightning, are discussed in the
literature, as summarised below. Volcanic eruption plumes
cool significantly during rise from about 1000∘C at the vent
to ambient temperature leading to various homogeneous and
heterogeneous chemical and microphysical modifications on
the ash surfaces. During volcanic eruptions, large amounts
of volatiles [1, 38, 66] are released into the atmosphere along
with volcanic ash. Through the interaction between these
gases and secondary aerosols produced from these gases
with volcanic ash within the eruption plume, it is assumed
that soluble compounds are produced on the volcanic ash
surfaces [70–72], scavenging up to 30%–40%of the sulfur and
10%–20% of the chlorine released from volcanic eruptions
[70, 73]. Reference [71] introduced the idea that scavenging
of volatiles by ash within eruption plumes occurs in three
temperature-dependent zones: (1) the “salt formation zone”
representing the hot core of the eruption plume where
sulfate and halide salt aerosols, which were formed at near
magmatic temperatures, are adsorbed onto ash particles;
(2) in the “surface adsorption zone” halogen gases react
directly with the surface of ash during the cooling of the
plume until temperatures of about 700∘C are reached; (3)
the “condensation zone” is characterised by the formation of
sulfuric and halogen acids at temperatures below 338∘C.

Leaching experiments with pristine volcanic ash in water
have been performed for decades [74] revealing the release
of various sulfate and halide compounds in addition to
biologically relevant elements such as N, P, Si, Fe, Cd, Co,
Cu, Mn, Mo, Pb, and Zn [75–77]. Several studies suggest
adsorption of volcanic salts on volcanic ash surfaces as the
main mechanism for the production of soluble compounds
on volcanic ash [78, 79]. Other studies emphasise that
condensation of sulfuric acid onto volcanic ash may drive
dissolution reactions, thereby providing the source of the
soluble cations measured in ash leachates [70]. Different
to these assumptions, measurements of [80] point to a
rapid acid dissolution of the ash surface material within
eruption plumes followed by precipitation of secondary
minerals and salts at the ash-liquid interface. Reference [80]
assumes adsorption of volcanic salts to represent a process
of minor importance. Reference [81] reports about the high-
temperature scavenging of volcanic SO

2
by volcanic ash

with potential important modifications of the ash surfaces
under cooler conditions. Only a few of these aspects have
been explored so far by using complex plume models, for
example, [82]. Despite the progress made in recent years,
the physical-chemical mechanisms, which govern the mod-
ification of the surface composition of volcanic ash during
its transit through the volcanic eruption plume, where large
temperature (from about 1000∘C to ambient temperature)
and chemical gradients prevail, are poorly understood [83]
and require further investigations. A further understanding
of these processes under such extreme conditions may also
help to increase our knowledge of atmospheric processing
of mineral dust, even though mineral dust modifications are
restricted to ambient temperatures.

4.2. Chemical Processing at Ambient Atmospheric Temper-
atures. After a volcanic plume reaches neutral buoyancy
conditions, the volcanic cloud spreads out more horizontally
(Figure 1). In the volcanic cloud further chemical modifi-
cations of volcanic ash surfaces at ambient temperatures,
for example, during long-range atmospheric transport at
high SO

2
/sulfate concentrations, may also occur. Although

the volcanic emissions are already diluted in the volcanic
cloud, the acidic environment in volcanic clouds, which
is dependent on the volcanic release rate of SO

2
[84, 85]

(Figure 3) and other acidic substances like HCl and HF,
may exceed by far that for mineral dust acid processing
in anthropogenic polluted air masses [86]. However, vol-
canic ash, volcanic gases, and their oxidation products (e.g.,
H
2
SO
4
) are not necessarily released into similar atmospheric

altitudes during a volcanic eruption (e.g., 1991 eruption of
Pinatubo; [87]), resulting in different altitudes for the major
dispersion pathways of volcanic ash and gases and limited
acid processing during atmospheric transport. Furthermore,
due to rapid sedimentation, a separation of volcanic ash
particles from volcanic gases and secondary aerosols like
sulphate occurs within some hours to days (dependent on the
volcanic ash size distribution), evenwhen the eruption height
for all volcanic emissions is very similar as what was observed
during the eruption of Kasatochi in 2008 [49].

In contrast, volcanic ash, which is remobilised from ash
deposits, can be assumed to undergo very similar atmo-
spheric processing as mineral dust. The importance of pho-
tochemistry for mineral dust under atmospheric conditions
is highlighted in several studies [22, 23, 88, 89]. Mineral dust
particles can act as a sink for SO

2
, thus enabling the formation

of sulfate on the mineral dust surfaces [90]. When mineral
dust concentrations are low, they may trigger the nucleation
of new sulfate particles via a series of photochemical reactions
involving the mineral dust surface [91]. Metal oxides present
in mineral dust act as atmospheric photocatalysts promoting
the formation of gaseous OH radicals, which initiate the
conversion of SO

2
to H
2
SO
4
in the vicinity of dust particles.

Comparable results for volcanic ash have also been measured
(Dupart, personal information, 2011).

At ambient temperature, when clouds are present in the
atmosphere, cloud processing is assumed to provide themain
mechanism for the uptake of acid gases in the atmosphere
by aerosols in general [56], including mineral dust [92–94]
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Figure 3: SO
2
emissions frommajor volcanic eruptions observed from satellite. Arc eruptions with SO

2
emissions exceeding 1000 kt: Mt. St.

Helens 1980 (slightly less), Alaid 1981, El Chichon 1982, Mt. Pinatubo 1991, Mt. Hudson 1991, Raboul 1994, and Kasatochi 2008 (Courtesy of
NASA).

and volcanic ash particles [95]. During atmospheric transport
of mineral dust and volcanic ash particles, clouds often
evaporate leaving only a thin film of aqueous electrolyte
around each particle [56]. This film of aerosol water is very
acidic compared to the cloud droplet, reaching pH values of
2 or even lower [86, 96]. As clouds can form and evaporate
several times [56], five to ten cycles of pH alternation in
the aqueous film around mineral dust and volcanic ash
particles can occur before these particles are deposited via
wet deposition or sedimentation out of the atmosphere [30].
Atmospheric processing is widely accepted to represent a key
process for iron solubility inmineral dust [30, 97, 98]. Limited
understanding of these processes hinders the development
of accurate biogeochemical models predicting the impact of
mineral dust and volcanic ash deposition on the chemistry of
trace metals in the surface ocean and ultimately on the global
carbon cycle (see Section 5.4.3).

Atmospheric processing of mineral dust and volcanic
ash particles at freezing temperatures is a process, which

has been rarely studied. However, indications for increased
iron solubility are presented [99]. Physical-chemical modifi-
cations of volcanic ash surfaces in the volcanic plume and/or
volcanic cloud may also affect volcanic ash aggregation (see
Section 3.3) [6], which in turn influences particle sedimen-
tation from the plume and during long-range transport,
thereby affecting the residence time of volcanic ash in the
atmosphere.

Atmospheric and volcanic processing with modifications
of the surface chemical composition of mineral dust and
volcanic ash particles has implications on their behaviour
to act as cloud condensation or ice nuclei (CCN or IN;
see Section 5.4.2) and releasing nutrients (in particular iron)
on contact with seawater (see Section 5.4.3). Observational
studies in the field and the laboratory have confirmed that
mineral dust and volcanic ash particles can act as CCN
or IN, in particular, after being aged in the atmosphere
[20, 21, 95, 100–102]. If the surface of volcanic ash has
been partially dissolved, water uptake may be favoured [39],
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thereby explaining the ability of volcanic ash to act as cloud
condensation and ice nuclei.

For the sake of completeness, mechanical and biogeo-
chemical weathering that takes place at the Earth’s surface
under atmospheric conditions is mentioned here as well.
These processes are important in the generation of mineral
dust and decomposition of volcanic ash on geological time
scales [103]. However, they are beyond the scope of this
review.The interested reader is referred to the extensive litera-
ture, for example, [104], which provides detailed information
on weathering processes and important control variables,
such as water, oxygen, and acids, as well as lithology, mor-
phology, soil, ecosystems land use, temperature, and runoff.

5. Environmental and Climate Impacts

5.1. Human Health. Aeolian dust episodes represent a major
health concern for humans due to elevated atmospheric
concentrations (see Section 3.2). In urban centres in Asia,
mineral dust episodes have become a growing concern for
the health of populations and ecosystems due to mixing with
pollution aerosols [105, 106]. With higher levels of exposure,
widespread chronic respiratory and lung diseases, asthma,
allergic alveolitis, and eye irritations are well-documented
health effects [107]. Human exposure to high volcanic ash
concentrations may create similar health effects as those
related with mineral dust. However, due to its sharp surface
structures, small ash particles have additional mechanical
effects; for example, they can abrade the front of the eye under
windy conditions [108] (Horwell and Baxter, 2006) and lead
to silicosis in the worst case.

5.2. Aviation. Strong mineral dust storms mainly affect take-
off and landing of aircraft due to poor visibility. However,
aircraft can operate in environments with high mineral dust
concentration without any engine problems. Mineral dust
which typically melts at temperatures of around 1700∘C does
not melt when it is ingested in jet engines. However, jet
engines may have problems with volcanic ash as the melting
temperatures are at or below the operating temperatures
of high-performance jet engines, which are around 1400∘C
[109]. The molten material deposited on the cooler parts
of the engines can cause flame-outs, which may also result
from glass shards when temperature exceeds their glass
transition temperature. 129 flights in the last 60 years were
affected by volcanic ash [110], for example, during the erup-
tion of Galunggung, Indonesia (1982) or Redoubt, Alsaka
(1989/1990). In nine cases, one or more engines temporarily
failed due to the melting of ash in the jet engine turbine [110].
To prevent dangerous flights in the presence of volcanic ash,
Volcanic Ash Advisory Centres (VAACs) have been installed
with the mandate to regularly publish warnings on the
location of volcanic ash in the atmosphere. After the eruption
of Eyjafjallakökull in Iceland in 2010, a growing demand
developed, suggesting that VAACs should not only follow
the zero tolerance rule, but also provide absolute volcanic
ash concentrations [32, 111], with a preliminary threshold of
2mg/m3 for safe aircraft operation.

5.3. Soil Fertilisation. Heavy volcanic ash or mineral dust
deposition completely buries vegetation and soil. Plant sur-
vival is dependent on deposit thickness, chemistry, com-
paction, rainfall, and duration of burial. Slight deposition
of volcanic ash and mineral dust can affect vegetation and
soil positively and negatively. Although thin volcanic ash fall
inhibits transpiration and photosynthesis and alters growth,
buried plants may survive [37]. A positive effect is attributed
to mineral dust originating from the Sahara desert, which is
regularly transported across the Atlantic Ocean and is argued
to represent the mainmineral fertiliser of the Amazon region
[25]. A positive effect of volcanic ash deposition is an increase
in agricultural production due to mulching, for example,
following the 1980 Mount St. Helens eruption [112]. Other
positive effects are due to the leaching of nutrients released
fromvolcanic ash [28], for example, following the 1995/96Mt.
Ruapehu eruption. In particular, nutrient-poor soils benefit
from volcanic ash leaching; however, soluble toxic elements
may also be washed-out [37].

5.4. Climate

5.4.1. Direct Radiative Effects. Short-term effects during
mineral dust storms, volcanic eruptions, and volcanic ash
resuspension events considerably reduce visibility and solar
irradiation reaching the Earth’s surface, whereas long-term
effects occur in a more diluted environment. These effects
can bemeasured by an increase in atmospheric optical depth,
represented by enhanced absorption and/or scattering of
solar and thermal radiation and modifications in surface
temperature. During the first two days following the 1980
eruption of Mount St. Helens, [113] reported a decrease in
daytime surface temperature of 8∘C induced by volcanic
ash absorption of solar radiation in the ash affected area
downwind of Mt. St. Helens. Here, the colour of volcanic ash
pays an important role; low-Si, high-Fe ash tends to develop a
dark brown and black colouration, whereas high-Si ash with
low Fe ash tends to appear pale and white coloured [37].
The colour of volcanic ash is also an important factor for the
modification of the surface albedo for volcanic ash deposits
covering the soil. Reference [112] estimated that the light-
coloured volcanic ash from Mount St. Helens reflected two
to three times more incoming solar radiation than ash-free
soils. In contrast, dark-coloured ash will decrease the surface
albedo. A modification of the surface albedo will also occur
after volcanic ash deposition on snow or ice. In most cases a
reduction is observed, although [114] argues that reflectivity
measurements of dry volcanic ash can show albedo values as
high as snow. Therefore, large areas covered by volcanic ash
may have considerable implications for climate [114].

Direct radiative effects of mineral dust have been studied
widely [13, 19, 31, 115–117]. Reference [111] compared optical
properties of volcanic ash from the Ejyafjallajökull eruption
in 2010 with Sahara dust. Although the optical properties of
volcanic ash andmineral dust are relatively similar, the imag-
inary part of the refractive index shows weaker absorption
and drops stronger between the blue and red parts of the
spectrum formineral dust when compared with volcanic ash.
Another difference in optical properties was observed for the
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polarisation properties, with slightly stronger forward and
lower backward scattering for volcanic ash. These differences
allow discrimination between mineral dust and volcanic ash
during, for example, lidar measurements [118]. However,
atmospheric processing (see Section 4) may modify the
radiative properties of both, mineral dust [119] and volcanic
ash, although further investigations are needed.

Due to the relatively short residence time of mineral dust
and volcanic ash in the atmosphere (in the order of a few
days), their direct radiative effects (and indirect radiative
effects; see Section 5.4.2) exhibit a high temporal and spatial
variability, withmajor effects around themain source regions
and the main transport pathways from a few kilometers to
some thousand kilometres. In these regions, however, the
direct radiative effects of mineral dust and volcanic ash may
be dominant.

5.4.2. Indirect Radiative Effects. With about 60% of the
Earth being cloud covered, clouds represent an important
factor in regulating the Earth’s radiation budget [120]. It has
been estimated that a 5% increase of the shortwave cloud
forcing could compensate the radiative effect due to increased
greenhouse gases between the years 1750–2000 [107]. Cloud
formation, lifetime, and radiative properties are affected by
aerosols.These so-called indirect aerosol effects are related to
changes of the cloud droplet and ice spectrum.

In general, a greater quantity of cloud droplets are
formed with typically smaller size if more aerosols are
available to act as cloud condensation nuclei (CCN). High
cloud droplet number concentrations (CDNC) reduce the
diffusional droplet growth. Therefore droplet sizes cannot be
reached which are large enough for an efficient growth by
droplet collision.Thus, changes in CDNC can influence cloud
albedo (first indirect aerosol effect) [121], cloud lifetime, and
precipitation formation (second indirect aerosol effect) [122].
In the tropics, the modification of precipitation formation
in deep convective clouds is of special importance. The
local effect near the aerosol source regions may lead to
suppression of precipitation. However, as more liquid water
and water vapour stays in the atmosphere, precipitation
will be formed elsewhere and the potential of flooding and
erosion is increased. Global circulation can be influenced by
the release of latent heat due to condensation of water vapour.
Therefore, aerosols including mineral dust and volcanic ash,
which act as cloud condensation [20, 123] and ice nuclei (see
later), have the potential to affect the Earth’s radiation budget,
the hydrological cycle, and regional or even global circulation
[124]. Satellite observations in the South Atlantic and North
Pacific [123] show that either natural degassing or weakly
explosive volcanoes affect low marine stratocumulus for up
to 1300 km downwind by decreasing the effective radius of
droplets and increasing visible brightness, which may add
cloud cover in otherwise cloudless areas.

Super-cooled clouds are abundant in the atmosphere,
which contain metastable water that freezes as soon as
suitable ice nuclei are available. In the presence of particulate
material, such as mineral dust, volcanic ash, or pollen
[95, 100, 125–130], it may undergo heterogeneous nucle-
ation, where freezing may be initiated at significantly lower

supersaturations and higher temperatures than in the case of
homogeneous freezing [125]. Upon glaciation, the size distri-
bution and the lifetime and radiative forcing of the clouds
are modified. A negative correlation between super-cooled
clouds (at −20∘C) and the occurrence of mineral dust has
been found by [131], likely due to glaciation by dust. Reference
[100] measured ice formation in the presence of fine volcanic
ash particles between about 250 and 260K. During the
Eyjafjallajökull volcanic eruption on Iceland in spring 2010,
lidar measurements over Europe clearly observed volcanic
ash having an impact on cloud glaciation [130], and in central
Germany the highest IN number concentrations within a
two year record of daily IN measurements were measured
[95]. Also in Israel, about 5000 km away fromEyjafjallajökull,
INs were as high in spring 2010 as during desert dust
storms. Reference [95] showed that aging increased the ice
nucleating ability of the volcanic ash during its transport in
the atmosphere (see Section 4.2).

5.4.3. Ocean Fertilisation. In the past 20 years, iron-en-
richment experiments ranging from bottle incubations to
open-ocean amendment studies in regions of 50–100 km2
have demonstrated that iron supply stimulates phytoplankton
growth in High-Nutrient-Low-Chlorophyll (HNLC) waters
[132].Thereby, the surface ocean is fertilised with iron, which
affects marine primary production (MPP), phytoplankton
community structures, and subsequently has an impact on
higher trophic levels of the oceanic food-web (zooplankton,
fish). Through the conversion of CO

2
to organic carbon

and the sinking of parts of this organic matter into the
deep ocean, the process referred to as the “biological pump”
is activated and atmospheric CO

2
concentrations can be

modified. However, it has been difficult to quantify export
production via subsurface storage of carbon.Thedetails of the
“iron hypothesis” [24] and the possiblemagnitude of its effect
on the global carbon cycle are subject of intense international
debate, particularly in connection with climate engineering.

Ocean fertilisation by mineral dust has been studied
extensively, as mineral dust has long been assumed to be
the main component of atmospheric deposition of minerals
into the open ocean [15]. A significant correlation of dust
with climate indicators is found in paleorecords such as
ice cores [133–135]. In the NE Pacific Ocean, the supply
of iron from dust sources occurs episodically, for example,
[136, 137], which is dependent on dust storm frequency
and atmospheric circulation. For the Southern Ocean, an
important multiproxy dataset was recently presented from
a marine sediment core in the sub-Antarctic Atlantic [138].
A close correlation was observed between iron input and
marine export production, implying that the process of ion
fertilisation onmarine biota was a recurred process operating
in the sub-Antarctic region over the glacial/interglacial cycles
of the last 1.1 Ma. A 25%–50% decrease in CO

2
observed

during glacial maxima is attributed to mineral dust [132, 139].
Volcanic ash deposition into the ocean represents another

external and largely neglected source of iron. However, its
significance and impact on climate has long been considered
negligible.Themajor climate forcing effect following volcanic
eruptions is widely assumed to occur due to the reduction
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of solar radiation through volcanic sulfate aerosols [5]. In
contrast to volcanic gases and aerosols, volcanic ash is
removed from the atmosphere much faster after an eruption.
Recent work, however, showed that volcanic ash modifies the
biogeochemical processes in the surface ocean [57, 60, 76,
140, 141] thereby directly affecting climate. When airborne
volcanic ash is deposited in the surface ocean, it may release
trace species upon contact with seawater [75, 142]. Volcanic
ash, though released sporadically, can therefore play a similar
role as mineral dust. Other tracemetals contained in volcanic
ash such as zinc or copper may have both, fertilising or toxic
effects on phytoplankton [140].

The first direct evidence for iron fertilisation in an HNLC
ocean area by volcanic ash emerged after the eruption of
the Kasatochi volcano, situated on the Aleutian Islands in
August 2008. Atmospheric and oceanic conditions in the
NE Pacific were ideal for generating a massive and large-
scale phytoplankton bloom, which was observed by satellite
instruments [60], confirmed by insitu measurements [143,
144] and ocean biogeochemical modelling [145]. In 2010,
it was speculated that the population of sockeye salmon
returning to the Fraser River in Canada which was the largest
for decades was associated with the fertilisation of the NE
Pacific Ocean by Kasatochi ash in 2008 [146]. However, the
effect of volcanic ash on salmon populations is discussed
controversially; for example, the analysis of [147] rejects the
hypothesis of [146].

After the eruption of Kasatochi in 2008 on the Aleutian
Islands, atmospheric CO

2
decreased slightly by ∼0.01 PgC as

diatoms and mesozooplankton increased export of organic
carbon from the surface to the deeper ocean [143]. This
carbon sequestration was negligible compared to the rate at
which fossil fuel emissions are rising (7–9 PgC/yr; [107]).
While the volcanic ash flux from Kasatochi of 0.2–0.3 km3
[60] was relatively small, there is abundant evidence for
regular volcanic ash emissions into the atmosphere (see
Section 3.1, Table 2). Although strong volcanic eruptionswith
VEI ≥ 5 are rare and not necessarily close to an oceanic
HNLC area, they are argued to have affected MPP and
atmospheric CO

2
on geological time scales [148–152]. In

addition, volcanic ocean fertilisation is not restricted to
HNCL areas, as reported by [153] for the Mediterranean Sea
or by [141] for the North Atlantic Ocean. However, all these
effects are discussed controversially.

Reduced atmospheric CO
2
concentrations were observed

in the years following the 1991 Pinatubo eruption [154, 155].
Reference [156] argued that this was the consequence of
increased vegetation photosynthesis induced by the presence
of a volcanic sulfate aerosol layer in the atmosphere. Notably,
[154] Sarmiento (1993) suggested that the atmospheric CO

2

drawdown was the result of ocean fertilisation by Pinatubo
ash.While the 1991 Pinatubo eruption released 5-6 km3 of ash
(about 30 times the volume of ash emitted by Kasatochi in
2008), a percentage limited amount fell into the iron-limited
Southern Ocean. However, the eruption of Mt. Hudson
around the same time deposited approximately 1.1 km3 of
ash into the iron-limited Atlantic sector of the Southern
Ocean [157]. Surprisingly, this ash deposition event has never

been evoked to explain the decrease in atmospheric CO
2

concentration. Furthermore, the fertilisation potential of the
Mt. Hudson ash deposited in Patagonia (∼1.6 km3), which
was easily remobilised by the roaring forties during several
months after the eruption has never been considered.

Another interesting event is the eruption of Huayna-
putina in Peru in 1600, which produced more than 9.6 km3
of volcanic ash [158], which is known to have settled into
the tropical Pacific as well as the Southern Ocean, two large
HNLC areas. An iron-fertilisation effect could partly explain
the 10 ppm decrease in atmospheric CO

2
concentration

measured in Antarctic ice cores after 1600 [159].
Ocean iron fertilisation may also affect the climate rel-

evant exchange of trace gases between the ocean and the
atmosphere. An increase of the MPP is accompanied by an
increased contribution of organic carbon (OC) to submicron
marine aerosols [160] and the release of dimethylsulfide
(DMS) [161], oxidised to sulfate in the atmosphere. OC
and sulfate aerosols can act as efficient cloud condensation
nuclei and significantly influence cloud properties via the
indirect aerosol effects (see Section 5.4.2; [120]), thereby
further cooling the Earth’s surface.

6. Future Research Needs

Although there are substantial differences in the history
of mineral dust and volcanic ash particles before they are
released into the atmosphere (see Sections 2 and 3), there are
on the other hand a number of similarities in atmospheric
processing at ambient temperatures (see Section 4.2) and
environmental and climate impacts (see Section 5). There-
fore, this review tries to trigger a closer cooperation between
the research communities studyingmineral dust and volcanic
ash atmospheric chemical modifications and impacts.

Model parameterisations of volcanic ash remobilisation
from its deposits on land build on mineral dust mobilisation
schemes [10]. However, as the availability of ash in its deposits
is limited, modified approaches will be necessary considering
mass conserving parameterisations, where the migration of
deposits is also included. Such parameterisations might be of
interest for mineral dust researchers as well.

The extreme conditions for multiphase chemistry in
volcanic plumes (see Section 4.1) regarding temperature and
their associated gradients, acidity, lightning, and particle
load represent an obstacle which hindered an overall under-
standing of the important processes up to now. Despite
these difficulties, the multiphase volcanic plume chemistry
under extreme conditions, however, offers the possibilities
to illuminate processes which might also be important for
mineral dust atmospheric chemical processing under less
extreme conditions. Here, in particular, the formation of
bioavailable iron on mineral dust and volcanic ash surfaces
for ocean fertilisation (see Section 5.4.3) is emphasised. Joint
experimental and modelling research projects between min-
eral dust [18] and volcanic ash researchers could substantially
increase our incomplete understanding beyond what we
know today, particularly from leaching experiments [74].
Although leaching experiments are extremely important for
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our current knowledge, they could be even more important
if standard protocols would be defined and applied to
allow a comparison between the experiments conducted at
different laboratories [97]. Also particle size distributions
and mineralogy for particle diameters substantially smaller
than 2𝜇m should be increasingly studied, particularly by
volcanological researchers, as these particles are subject to
long-range transport.

During a volcanic eruption, ash particles are easily
injected into atmospheric regimes where freezing temper-
atures prevail, and therefore a better understanding of
the processes affected by freezing temperatures, like IN
formations or Fe mobilisation and their climate impacts
[99], should be studied more systematically. CCN and IN
formation is linked with wet deposition processes of mineral
dust and volcanic ash out of the atmosphere. Regarding
volcanic ash, an improved knowledge of aggregation (see
Section 3.3), a deposition process reducing the amount of
volcanic ash for long-range transport, is urgently needed.
This process is insufficiently handled in all ash dispersion
models [162]. Reference [62] requests continued interaction
between the meteorological and volcanological communities
to achieve advances in understanding the fundamentals of
ash aggregation. Besides ash-ice aggregation processes, which
considerably increase the terminal settling velocity of the
aggregates in comparison to the single fine ash particle and
thereby increase the removal rate of volcanic ash, the process
of wet deposition of volcanic ash must also be considered
as a nonlinear interaction process between volcanic ash and
meteorological clouds. Even without the effects of volcanic
ash, understanding of the fundamentals of cloud formation
is challenging for atmospheric scientists. Interactions of
aerosols, including mineral dust, with water and ice in
atmospheric clouds and their influence on cloud formation,
lifetime, and precipitation formation is one of the hot topics
in climate research [120].

For paleoclimate research, the results from terrestrial and
marine environmental archives, namely, ice, peat, sea, and
ocean sediment cores for mineral dust [139] and volcanic ash
deposition [58, 59], need to be assembled to better assess
the climate impacts of volcanic ash versus mineral dust
during the geological past. However, until we have a good
understanding of present day processes, we will not be able
to adequately address these processes either in the palaeo-
records or with regard to the future impacts of mineral dust
in contrast to volcanic ash on climate.
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