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Abstract. It has been shown that volcanic ash fertilizes the

Fe-limited areas of the surface ocean through releasing sol-

uble iron. As ash iron is mostly insoluble upon the eruption,

it is hypothesized that heterogeneous in-plume and in-cloud

processing of the ash promote the iron solubilization. Direct

evidences concerning such processes are, however, lacking.

In this study, a 1-D numerical model is developed to simu-

late the physicochemical interactions of the gas–ash–aerosol

in volcanic eruption plumes focusing on the iron mobiliza-

tion processes at temperatures between 600 and 0 ◦C. Re-

sults show that sulfuric acid and water vapor condense at

∼ 150 and ∼ 50 ◦C on the ash surface, respectively. This liq-

uid phase then efficiently scavenges the surrounding gases

(> 95 % of HCl, 3–20 % of SO2 and 12–62 % of HF) form-

ing an extremely acidic coating at the ash surface. The low

pH conditions of the aqueous film promote acid-mediated

dissolution of the Fe-bearing phases present in the ash ma-

terial. We estimate that 0.1–33 % of the total iron available

at the ash surface is dissolved in the aqueous phase before

the freezing point is reached. The efficiency of dissolution is

controlled by the halogen content of the erupted gas as well

as the mineralogy of the iron at ash surface: elevated halogen

concentrations and presence of Fe2+-carrying phases lead to

the highest dissolution efficiency. Findings of this study are

in agreement with the data obtained through leaching exper-

iments.

1 Introduction

In 2010, sockeye salmon unexpectedly reached record num-

bers in British Columbia’s Fraser River after low numbers

during recent decades (Larkin, 2010). It has been hypoth-

esized that the soluble iron contained in the volcanic ash

from the eruption of Kasatochi Volcano, Aleutian Islands, in

2008, could have indirectly provided a feast for the salmon

(Parsons and Whitney, 2012) through an enhanced marine

primary productivity (MPP) and phytoplankton bloom upon

ash deposition into Fe-limited ocean surface waters (Olgun

et al., 2013a). This phytoplankton bloom was indeed the

first direct evidence of a fertilization effect of volcanic ash

iron on the surface ocean (Langmann et al., 2010; Hamme

et al., 2010). While small-scale ash iron fertilization events

(e.g., after the Eyjafjallajökull eruption in 2010, Iceland) trig-

ger perturbations in the local marine biogeochemistry (Ol-

gun et al., 2013b; Achterberg et al., 2013), large-scale events

(e.g., the 1991 eruption of Mt. Pinatubo, Philippines) may

stimulate the MPP and, in turn, the atmospheric CO2 draw-

down globally (Sarmiento, 1993; Watson, 1997) with signif-

icant impacts on the climate system (Robock, 2000).

Upon eruption and near the volcanic vent, iron in the ash

occurs mostly in non-soluble forms, i.e., in silicate glass

and in primary Fe-bearing silicates and Fe-oxide minerals

(Heiken and Wohletz, 1992). In the surface ocean, however,

the soluble species on the ash surface are suggested to be

the main source of iron altering the marine biogeochem-

istry (Hamme et al., 2010; Duggen et al., 2010; Achterberg

et al., 2013; Censi et al., 2010). Solubility of iron in airborne

particles (e.g., mineral dust) is known to be strongly linked

to its chemical speciation and mineralogy (Schroth et al.,

2009; Journet et al., 2008). However, it is not yet fully un-
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Table 1. Different zones of the plume that affect the fine ash during a plinian and subplinian volcanic eruptions.

Zone Location Subzones Timescalea Length scale Temperature

Conduit fragmentation level to vent – 6–275 s few meters to few kilome-

ters

T > 600 ◦C

Plume vent to NBL high-Tb 150–250 s few kilometers to tens of

kilometers

> ambient

mid-T

low-T

Cloud after NBL warmc hours to days > hundreds of kilometers ∼ ambient

cold

a From Ayris et al. (2013), Hort and Gardner (2000) and Rose and Durant (2009) for conduit, plume and cloud zones, respectively; b high-T: T > 600 ◦C, mid-T:

150 ◦C<T < 600 ◦C and low-T: 50 ◦C< T < 150 ◦C; c warm zone: T > freezing point (∼ 0 ◦C), cold zone: T < freezing point.

derstood which volcanic and atmospheric processes control

these properties and thereby modulate the ash iron solubility.

Volcanic ash is the tephra with a diameter < 2 mm (Rose

and Durant, 2009), typically composed of silicate glass and

crystalline materials generated by fragmentation of the rising

magma as well as erosion of the conduit wall rock (Heiken

and Wohletz, 1992). While physical properties of the ash

(size distribution, specific surface area etc.) are usually dic-

tated by the fragmentation and eruption mechanism, its bulk

mineralogy and composition are controlled by cooling and

crystallization of the source magma (Dingwell et al., 2012).

During the transport from the magma fragmentation to the

high altitudes in the atmosphere and finally to the surface

ocean, ash undergoes numerous physicochemical processes

within the volcanic conduit, plume and cloud (Table 1). As

a result, the surface of the ash does not necessarily mirror

the mineralogy and composition of the source magma since

it constantly interacts with volcanic gases, aerosols and am-

bient air (Horwell et al., 2003; Delmelle et al., 2007). For

instance, Bagnato et al. (2013) observed a significant differ-

ence between the leachate compositions of the proximal and

distal ash deposits of the Eyjafjallajökull eruption in 2010,

Iceland. These alterations in the ash leachate composition

are attributed to the in-plume and in-cloud processing of the

volcanic ash surface (Bagnato et al., 2013). Reviews of such

processes are provided, for example, by Textor et al. (2005).

Here we briefly summarize those processes that are relevant

for ash iron mobilization during plinian and subplinian erup-

tions (for a detailed review please see Ayris and Delmelle,

2012).

In-conduit processes refer to high-temperature post-

fragmentation subterranean gas–ash interaction. Large ex-

plosive eruptions with deep magma fragmentation are likely

to be affected by significant in-conduit gas–tephra interac-

tion at temperatures above 600 ◦C (Ayris et al., 2013). Such

interactions can account for SO2 scavenging by glass-rich

tephra that proceeds by a Ca2+ diffusion-driven mechanism

(Ayris et al., 2013). It is also suggested that high-temperature

HCl adsorption prior to the mixing of the erupted material

with the ambient air could produce minor quantities of Fe-

bearing salts on the ash surface (Ayris et al., 2014). Although

these findings provide valuable experimental evidences, it is

difficult to quantitatively estimate the contribution of such

processes in the ash iron mobilization and its relevance to

the ocean fertilization. Therefore, the question of whether or

not such high-temperature processes can be considered as the

dominant mode of ash iron mobilization is difficult to answer.

In-plume processes encompass a wide range of tempera-

ture (from magmatic temperatures down to ambient temper-

ature) and distance (from the vent up to the neutral buoyancy

level – NBL) during which the volcanic ejecta is mixed with

the ambient air. As shown in Table 1, we can identify three

temperature-dependent subzones within the in-plume region:

high-, mid- and low-temperature (hereafter referred to as

high-, mid- and low-T). Hoshyaripour et al. (2014) investi-

gated the high-T in-plume processes (T > 600 ◦C) through

modeling the direct gas–ash interactions governed by mixing

of the magmatic gas and ash with the ambient air. They re-

ported that such processes do not solubilize the iron directly

but significantly control its mineralogy and oxidation state at

the ash surface within a < 100 nm thick rim. They empha-

sized that further in-plume and in-cloud processes can play

the major role in ash iron mobilization.

Mid- and low-T reactions (T < 600 ◦C) within the erup-

tion plume could alter the ash surface composition and thus

potentially influence further (photo)chemical reactions dur-

ing transport of ash in the atmosphere (Ayris and Delmelle,

2012). It is suggested that sulfuric acid condenses first which

is then followed by water condensations in the cloud zone

(Óskarsson, 1980). This process develops an acidic coating

on the ash surface that is expected to dissolve the ash iron ef-

ficiently (Delmelle et al., 2007). In-cloud processing of vol-

canic ash, which is mainly governed by heterogeneous re-

actions involving liquid water and ice could also mobilize

the insoluble iron contained in the ash surface through, for

example, dissolution–precipitation and freezing–melting cy-

cles (Duggen et al., 2010). Ayris and Delmelle (2012) specu-

lated that these processes could eventually lead to formation
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Figure 1. The interaction between ash surface, liquid coating and the surrounding gases. In high-T zones (zones 0 and 1 in the color bar) direct

gas–ash interaction significantly controls the iron speciation at the ash surface. At lower temperatures, however (zones 2, 3, 4 and 5), such

interactions are negligible. The formation of liquid coating at the ash surface and its interactions with the surrounding gases (scavenging) and

with the ash constituents (dissolution) mainly control the ash iron mobilization. Only the processes within the red dotted line are considered

in this study (* Ayris et al., 2013; ** Hoshyaripour et al., 2014).

of soluble iron-sulfate/chloride/fluoride salts on the ash sur-

face. However, direct theoretical and experimental evidence

supporting these hypotheses is required.

Previous modeling investigations on physical chemistry of

volcanic eruption plumes have mainly focused on gas chem-

istry (e.g., Bobrowski et al., 2007), micro-physical processes

like condensation, scavenging and freezing (Tabazadeh and

Turco, 1993; Textor et al., 2003) and also particle aggrega-

tion (Textor et al., 2006b, a) leaving the chemical interac-

tions of the aqueous phase and the ash surface nearly un-

explored. As a result, despite advancements made by indi-

vidual studies, a detailed insight into the in-plume and in-

cloud processes that control the iron mobilization in vol-

canic ash remains lacking. This study therefore aims to in-

vestigate the role of these processes in ash iron mobiliza-

tion through numerical modeling of the gas–ash–aerosol in-

teractions. The main objectives are (1) to find out how much

iron (ferrous and ferric) is mobilized from the ash surface

(dissolved in the aqueous phase) during its vertical transport

within the eruption plume and (2) to identify the favorable

conditions/processes for iron mobilization in volcanic ash.

In the following sections, first the modeling concepts and

methods are presented. Then the results of the simulations

and their sensitivity to different parameters are discussed. Fi-

nally, the results are compared with experimental measure-

ments and conclusions are given.

2 Methodology

2.1 Modeling framework

Figure 1 shows the main in-conduit, in-plume and in-cloud

interactions of gas–ash–aerosols. In-conduit and high-T in-

plume zones (zones 0 and 1 in Fig. 1) have been inves-

tigated previously (Hoshyaripour et al., 2014; Ayris et al.,

2013, 2014). In this study we explore mid- and low-T in-

plume and warm in-cloud zones (zones 2, 3 and 4 in Fig. 1,

respectively) through a simplified 1-D modeling approach. In

other words, the lower boundary is the material leaving the

high-T zone and entering zone 2 (T = 600 ◦C) and the upper

boundary is the output of zone 4 (T ∼ 0 ◦C). Sulfuric acid

condenses first (at the boundary between zones 2 and 3) and
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is followed almost immediately by water condensation (at

the boundary between zones 3 and 4) and, thus, dissociates

to H+ and HSO−4 where we can assume that the processes are

similar to conventional in-cloud processes considered in at-

mospheric sciences (Seinfeld and Pandis, 2006). In this study

we assume that ash particles are active as condensation nu-

clei for sulfuric acid and water condensation (Textor et al.,

2006b).

Since freezing has a significant impact on the physico-

chemical interactions (Textor et al., 2003), we consider two

subsections for the in-cloud zone: warm (without ice/before

freezing) and cold (with ice/after freezing). In the warm in-

cloud zone, the aqueous phase scavenges the volatiles (e.g.,

HF, HCl and SO2) from the surrounding atmosphere and also

dissolves the constituents of the ash surface. These processes

release cations (e.g., Na+, Fe2+, Al3+) and anions (e.g., Cl−,

SO−4 , F−) into the liquid phase, which can react with each

other generating soluble salts (Stumm and Morgan, 1996).

When the temperature of the system reaches the freezing

point (cold in-cloud or zone 5 in Fig. 1), ice forms at the

ash surface and interacts with the surrounding atmosphere

(Textor et al., 2003) and with the ash surface. This zone is,

however, beyond the scope of this study.

Approximate temperature ranges associated with differ-

ent zones are shown in Fig. 1 and discussed in Sect. 3. It is

noteworthy that these boundaries can slightly change accord-

ing to the atmospheric conditions and eruption dynamics and

may also have some overlap with each other. For instance, the

presence of ions in the liquid phase can cause a depression

in saturation vapor pressure and shift the freezing point to

lower temperatures leading to super-cooled water formation

(Tabazadeh and Turco, 1993). Nevertheless, these are rea-

sonable boundaries to better distinguish the role of different

environmental conditions on gas–ash–aerosol interactions.

2.2 Dynamics of the eruption plume

The focus of this work is on subplinian and plinian eruption

plumes that can rise up to several tens of kilometers into the

atmosphere carrying huge amounts of volcanic gas and ash

(Sparks et al., 1997). The ash erupted in these events could

be transported thousands of kilometers downwind to reach

the ocean (Duggen et al., 2010; Schmincke, 2004).

As a first order approximation, the travel time from the

vent to the NBL is 150–250 s during which the plume tem-

perature is lowered by ∼ 800–1000 ◦C (Hort and Gardner,

2000). Thus, the mixture cooling rate is in the range of 4–

7 ◦C s−1 in the convective region of the plume. As a refer-

ence atmosphere we use the standard atmosphere having a

sea level temperature of 0 ◦C, a thermal lapse rate in the tro-

posphere of 6.5 K km−1, a troposphere thickness of 11 km,

a 9 km thick tropopause, and no humidity according to US

Committee on Extension to the Standard Atmosphere (1976).

Since processes involving ice (T < 0 ◦C) and stratospheric

processes are beyond the scope of this study, we set 0 ◦C

plume temperature and/or 11 km as the upper boundary of

our model. Assuming a vent altitude of 1 km together with

the average rise time of 200 s, we obtain an average cooling

rate of 5 ◦C s−1 and an average ascent velocity of 50 m s−1

for our reference scenario, both values being well within the

range suggested in the literature (cooling rate of 4–7 ◦C s−1

(Hort and Gardner, 2000) and plume ascent velocity of 40–

80 m s−1; Mastin, 2007). The results discussed below are not

sensitive to these particular values over a wide range of varia-

tion. At each step, temperature and elevation of the plume are

calculated as prognostic variables based on these presumed

rates while pressure and the kinetic and thermodynamic re-

action rates are derived as diagnostic variables.

2.3 Mass balance equations

Concentrations of gas- and particulate-phase species in the

plume are determined by solving a system of coupled mass

balance equations. In its most general form, this equation is

(Meskhidze et al., 2005)

d

dt
[Ci] = Pi −Di −αdep[Ci] −αdill[Ci] i = 1, . . .,n (1)

where Ci is the concentration of species i within the plume

(in mol m−3), Pi andDi are production and destruction rates

for species i (in mol m−3 s−1), αdill is a rate constant for di-

lution of the plume due to mixing with ambient air, αdep is

the rate constant for loss of species contained within ash and

aerosols due to fallout and deposition (wet and dry) and n is

the number of species considered (see Table 2). In this study

we focus on calculation of the terms Pi and Di via kinetic

and thermodynamic reactions between gases, aqueous phase

and the ash surface. The term αdill is calculated based on

the expansion of the plume due to air entrainment, temper-

ature and pressure changes following the equation of state.

As we focus on in-plume and warm in-cloud processes with

a timescale of few seconds to few minutes (see Table 1), for

simplicity, we can safely neglect the term αdep for the fine

ash. At each step, a system of n ordinary differential equa-

tions (ODEs) is solved using the ode15s solver in MATLAB

(Shampine and Reichelt, 1997). All of the considered gas-

phase reactions and their rate parameters are listed in the Ap-

pendix (Table A1).

Besides kinetic reactions in the gas phase, processes like

condensation of sulfuric acid and water as well as the disso-

lution of the ash in the aqueous phase are among the most

important Pi and Di terms in this study which are explained

below.

2.4 Condensation

At mid temperatures (150 ◦C<T < 600 ◦C) in the eruption

plume, heterogeneous reactions involving the gas-phase and

the ash material take place. Although the direct emission of

H2SO4 is small, some of the SO2 oxidizes to SO3, which

Atmos. Chem. Phys., 15, 9361–9379, 2015 www.atmos-chem-phys.net/15/9361/2015/
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Table 2. The major species considered in this study.

Phase Species

Gas H2, H2O, H2O2, SO2, H2S, SO3, H2SO4, CO, CO2, O3, HF, HCl, HClO, OH, O, H, Cl, ClO, SO, HS, HSO3,

NO, NO2, NO3, HNO3, NH3, N2, O2

Liquid H2O, H2O2, OH, H2SO4, SO2, NO2, NO3, HNO3, NH3, H+, OH−, SO2−
4

, SO2−
3

, HSO−
4

, HSO−
3

, Cl−, F−,

NH+
4

, Fe2+, Fe3+, Al3+, Na+, Ca2+, Mg2+, Mn2+

Solid glass: SiAl0.36O2(OH)1.08, fayalite: Fe2SiO4, magnetite: Fe3O4, hematite: Fe2O3, albite: NaAlSi3O8, en-

statite: Mg2Si2O6, wollastonite: CaSiO3, forsterite: Mg2SiO4, diopside: CaMgSi2O6

upon cooling readily reacts with water vapor to form vapor-

phase sulfuric acid (H2SO4) (Hoshyaripour et al., 2012). As

cooling continues, the temperature eventually drops below

the dew point of the gas mixture, allowing condensation of

H2SO4 onto the ash surfaces. Sulfuric acid has the highest

dew point of all magmatic gas constituents and therefore al-

ways condenses first (Verhoff and Banchero, 1974). Details

of calculating the sulfuric acid condensation rate are given in

Appendix A1.

As soon as the saturation vapor pressure of water vapor is

reached, liquid water condensation on the ash surface takes

place. Since water vapor concentration is at least 3 orders

of magnitude higher than that of H2SO4 in magmatic gas

(Symonds et al., 1994), it readily dissociates the condensed

sulfuric acid into H+ and HSO−4 . This process can eventually

lead to high concentrations of dissolved H2SO4 in the con-

densate associated with the ash and, thus, to strongly acidic

pH values on the ash surface (Ayris and Delmelle, 2012).

Rate parameters of water condensation are summarized in

Appendix A2.

2.5 Thermodynamic equilibrium

Once the concentrations of the major species listed in Ta-

ble 2 have been determined at a given time step using the

equations described above, these species must be speciated

into their various possible chemical forms. This is accom-

plished in the model by invoking thermodynamic equilibrium

between the gas and liquid phases. We use the mass flux it-

eration method (MFI) to solve for thermodynamic equilib-

rium (Jacobson, 2005). MFI solves each equilibrium equa-

tion iteratively and iterates over all equations while conserv-

ing mass and charge (for more details see Jacobson, 2005).

The thermodynamic equilibrium reactions considered in this

study (dissolution and dissociation) and the parameters for

calculating their equilibrium coefficient are presented in Ap-

pendix A3

2.6 Ash dissolution

The liquid film or droplets at the ash surface not only scav-

enge the volatiles from the gas but also dissolve the ash sur-

face constituents. This dissolution process eventually results

in the release of Fe2+ and Fe3+ from the ash in the aqueous

phase (together with other cations and anions), which is cen-

tral to further in-cloud processing of volcanic ash as the dis-

solved ions play a significant role in the aqueous chemistry.

Dissolution rate in this study refers to “the steady-state tem-

poral metal release rate divided by the stoichiometric number

of moles of this metal in each mole of the dissolving mineral

or glass” as defined by Oelkers (2001). In this context, steady

state is defined as the conditions where dissolution is time in-

dependent and stoichiometric. Dissolution rate calculations

used in this study are presented in Appendix A4.

2.7 Size distribution of the ash

Particle sizes < 1 mm are considered in this study, which

corresponds to the definition of fine ash (Rose and Durant,

2009). Fine ash is thought to represent a substantial contri-

bution (50–97 wt %) to tephra deposits from plinian and sub-

plinian volcanic eruptions (Rose and Durant, 2009). Particles

in this size range not only have a higher surface to mass ra-

tio (compared to the coarser particles) for interaction with

the gases and aqueous phases (Delmelle et al., 2005) but can

also be lifted to high altitudes and remain suspended in the

atmosphere for several days before sedimentation (Sparks

et al., 1997). Among others, Rose and Durant (2009) inves-

tigated the ash content of volcanic eruption plumes and sug-

gested a typical polymodal size distribution for fine ash sub-

divided into 27 bins (Fig. 2a). For this binned representation

of fine volcanic ash, the total number of bins between 0.01

and 1000 µm (see Fig. 2a) is denoted by nclass. Each bin i

is considered to be monodisperse with a radius Rip which is

given by the following equation (Pirjola et al., 1999):

log10(R
i
p)= log10(rmin)

+
log10(rmax)− log10(rmin)

nclass
(i− 1). (2)

Here we use nclass= 27 (Fig. 2a). Using Rip and an ash

density of 2300 kg m−3 (Rose and Durant, 2009), we cal-

culate the mass of a single particle in each bin. Assum-

ing that near the vent approximately 3 wt % of the plume is

gas and about 97 wt % is ash (Sparks et al., 1997), for each

www.atmos-chem-phys.net/15/9361/2015/ Atmos. Chem. Phys., 15, 9361–9379, 2015
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Figure 2. (a) Typical distal ash-fall particle size analysis from Rose

and Durant (2009) and (b) particle number concentration calculated

based on the same data.

mole of volcanic gas (with an average weight of 25 g), the

erupted material contains approximately 830 g ash, which

at T = 1000 ◦C and P = 1 bar corresponds to in-plume ash

concentration of 0.005 g cm−3 near the vent. Finally, using

the weight percentage of each size bin (Fig. 1a), the mass of

a single particle and the ash concentration calculated above,

we compute the number of particles in each bin per cubic

centimeter, which is shown in Fig. 2b. According to this plot,

we estimate the total number concentration near the vent to

be approximately 1012 particles per cubic centimeter having

a total surface area of ash of 45 cm2 cm−3. According to pre-

vious studies, the specific surface area of fine volcanic ash is

in the range 0.2–2.1 m2 g−1 (Delmelle et al., 2005; Mills and

Rose, 2010). We find 0.9 m2 g−1 as the specific surface area

of the fine ash in this study, which is well within the range

mentioned above.

2.8 Initial gas and ash composition

It is known that plinian and subplinian eruptions are more

likely to occur within convergent plate volcanism than

other tectonic systems (Schmincke, 2004). The magmatic

gases erupted from such eruptions are usually chlorine-rich

(Symonds et al., 1994; Gerlach, 2004). Therefore, we con-

sider a chlorine-rich magmatic gas composition in the refer-

ence scenario for this study (Cl-rich composition in Table 3).

This composition reflects the magmatic gas and air mixture

leaving the hot core of the plume (T > 600 ◦C or zone 1 in

Fig. 1), and is taken as the initial condition of our model-

ing study which focuses on 0 ◦C< T < 600 ◦C. Carbon and

sulfur-rich magmatic gases that usually erupt from divergent

plate and hot spot volcanoes, respectively (Symonds et al.,

1994), are considered in the sensitivity study. We note that as

volcanic gas composition can vary considerably, the compo-

sitions in Table 3 do not fully reflect all these variations but

they satisfactorily represent the geochemical differences be-

tween tectonic settings (e.g., water, sulfur, carbon and halo-

gen contents) (Gerlach, 2004).

Ash composition in this study refers to the composition of

the ash surface rim with a thickness of< 100 nm (Achterberg

et al., 2013; Gislason et al., 2011; Hoshyaripour et al., 2014).

Table 3. Average volcanic gas composition entering the mid-T zone

(T = 600 ◦C after mixing of 1000 ◦C magmatic gas with ambient

air) for convergent plate or Cl-rich, divergent plate or C-rich and

hot spots or S-rich eruptions (concentrations are in mol %) (Hosh-

yaripour et al., 2014). Cl-rich composition is used in the reference

scenario. C- and S-rich compositions are used in the sensitivity

study.

Species Cl-rich C-rich S-rich

H2O 57.70 50.00 53.50

CO2 2.80 8.50 2.20

H2 0.01 0.01 0.01

H2S 0.01 0.01 0.01

SO2 0.40 1.90 3.96

SO3 0.87 3.00 2.85

H2SO4 0.01 0.03 0.03

HCl 0.45 0.26 0.11

HF 0.04 0.26 0.12

CO 0.11 0.20 0.22

O2 5.10 2.40 4.10

N2 32.10 33.40 33.70

This rim undergoes substantial physicochemical interactions

with gases and aerosols within the plume and cloud that can

eventually lead to generation of a salt layer on the ash sur-

face (Achterberg et al., 2013; Gislason et al., 2011). This salt

layer is suggested to be the main source of soluble iron in vol-

canic ash upon contact with sea water (Duggen et al., 2010).

Iron at the ash surface leaving the high-temperature zone

mainly occurs as a component of glass and as Fe-carrying

phases mentioned in Table 2 (Bayhurst et al., 1991; Naka-

gawa and Ohba, 2003). Iron release from minerals through

dissolution usually involves breaking only one Fe–O bound

while in glass it may require breaking several metal–oxygen

bounds through nonstoichiometric dissolution before reach-

ing the steady state (Oelkers, 2001). Furthermore, at pH< 2,

the mineral dissolution rate is similar to that of the corre-

sponding glass (Hamilton et al., 2000). Considering this and

given the limitation of data on iron release from the glass at

pH< 2 and T < 25 ◦C, here we consider the minerals as the

main source of iron within the ash particle and regard glass

as a sink for protons (see Table 2).

It is suggested that iron mobilization efficiency is con-

nected to its redox state in airborne particles (Desboeufs

et al., 2001). Iron oxidation state at the ash surface is mainly

controlled by the efficiency of high-temperature oxidation

reactions occurring at T > 600 ◦C (for more details please

see Hoshyaripour et al., 2014). Thus, we consider three re-

dox end-members: fayalite as the non-oxidized, magnetite

as moderately oxidized and hematite as highly oxidized Fe-

carrying phases. Since glass is a major constituent of vol-

canic ash (40–80 wt % (Blundy et al., 2006), ash in this refer-

ence scenario (hereafter referred to as Gla+Mag) consists of

glass (70 %) and magnetite (30 %). Magnetite contains iron

Atmos. Chem. Phys., 15, 9361–9379, 2015 www.atmos-chem-phys.net/15/9361/2015/



G. A. Hoshyaripour et al.: Volcanic ash iron mobilization 9367

Figure 3. Vertical profile of the water (blue line) and sulfuric acid

(red line) concentrations in the (a) gas and (b) aqueous phases in

the eruption plume. Please note the significant differences between

H2O and H2SO4 concentration. Vertical axes on left and right show

the elevation and the plume temperature, respectively.

in both oxidation states (ferric and ferrous) and is also ex-

tensively observed in volcanic ash samples (Bayhurst et al.,

1991; Gislason et al., 2011; Censi et al., 2010) making it an

appropriate Fe-carrying phase for the idealized composition

in the reference scenario. The impacts of the iron oxidation

state as well as other minerals on iron mobilization efficiency

are discussed in a detailed sensitivity study in Sect. 4.2.

3 Results

3.1 In-plume zones: water and sulfuric acid

condensation

Figure 3 shows the vertical profile of water and sulfuric

acid in both vapor and liquid phases. Left and right y axes

show the plume elevation and the temperature, respectively.

H2SO4 condenses first at ∼ 120 ◦C (boundary between mid-

and low-T in-plume zones). The conceptual model of Óskars-

son (1980) suggests the temperature of 338 ◦C as the conden-

sation point of sulfuric acid corresponding to the dew point of

pure H2SO4 at 1 bar (Verhoff and Banchero, 1974). However,

this value is too high for volcanic plumes considering the low

mixing ratio of H2SO4 in the gaseous phase (< 1 mol %) as

well as the low pressure at high elevations in the atmosphere.

The concentration of sulfuric acid droplets increases and

reaches a plateau near 40 ◦C (boundary between in-plume

and in-cloud zones). At this temperature water vapor starts

condensing, which is followed by rapid depletion of H2SO4

due to its dissociation in contact with liquid water (see

Fig. 3a). At T < 50 ◦C gaseous sulfuric acid continues to

condense (H2SO4(g) in Fig. 3a) and dissociate rapidly into

H+ and HSO−4 ; thus, no liquid H2SO4 forms anymore

(H2SO4(aq) in Fig. 3b). More than 80 % of the sulfuric acid
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Figure 4. SO2 and HCl vertical profile. Left panel: without HCl

scavenging (e.g., very low halide concentration in sulfur rich

plumes); right panel: with HCl scavenging (e.g., HCl-rich plumes).

Note that only the height > 9 km is plotted here.

(all fractions given in this paper are mass fractions) con-

denses in the low-T in-plume and warm in-cloud zones.

We note that the eruption dynamics and gas composition

can slightly vary the boundaries of mid- and low-T in-plume

zones. Based on several simulations conducted in the course

of this research we suggest average values of 150 and 50 ◦C

for H2SO4 and H2O condensation points in volcanic plumes,

respectively. It is also noteworthy that the altitudes at which

the plume reaches these temperature-dependent boundaries

are significantly variable in different eruptions.

3.2 Warm in-cloud zone

3.2.1 Scavenging of gases

It has been observed that volcanic particles scavenge gas

species in volcanic eruption plumes (Rose, 1977; Óskarsson,

1980). Water condensation generates a liquid coating on the

ash surface (in the warm in-cloud zone) that scavenges the

surrounding gases (Textor et al., 2003). Since the solubility

of HCl is about 4 orders of magnitude higher than that of

SO2, it is likely to be completely scavenged by water drops

(Tabazadeh and Turco, 1993) thereby increasing the acidity

of the aqueous phase and consequently decreasing SO2 scav-

enging which is observed in our simulations (Fig. 4, right

panel). While more than 98 % of the HCl is removed from

the gas phase, only less than 5 % of the SO2 is scavenged by

the liquid water in the reference scenario. Therefore, in con-

sistency with previous studies (Tabazadeh and Turco, 1993;

Textor et al., 2003), high fractions of SO2 can reach the

stratosphere, while a much lower fraction of HCl remains in

the gas phase.

In general, the solubility of acid gases decreases with in-

creasing acidity of the aqueous phase (Atkins, 1986). Since

HCl dissolves more efficiently, it increases the acidity of the

aqueous phase and hinders SO2 scavenging. Neglecting HCl
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Table 4. Initial composition of the volcanic ash surface in the idealized scenarios considered in this study (values in wt %). Gla+Mag is used

in the reference scenario. Other compositions are used in the sensitivity study.

Scenario Ash constituents

glass Fe-phasea other mineralsb

Gla+Mag 70 Mag 30 –

Gla+Hem 70 Hem 30 –

Gla+Fay 70 Fay 30 –

Gla+Fay+Mag+Hem 70 Mag 10, Hem 10, Fay 10 –

Gla+Mag+Min 70 Mag 2 Min 28

a The abbreviations Mag, Hem and Fay represent magnetite, hematite and fayalite, respectively. b The

mineral assemblage (Min) is an idealized mineralogy based on the ash composition reported in Bayhurst

et al. (1991): albite 72 %, enstatite 7 %, wollastonite 7 %, forsterite 7 %, and diopside 7 %.

scavenging (Fig. 4, left panel), which can also represent erup-

tions with very low halogen content, increases the SO2 re-

moval from the gas phase to 15 %.

As noted before, dissolution of the major gas species in

the aqueous phase is usually followed by their rapid disso-

ciation (see E8–E14 in Table A2). Figure 5 shows the major

products of the dissociation processes. Formation of all these

anions is concurrent with H+ release in the aqueous phase,

which increases the acidity of the solution. Since Cl− has the

highest concentration (2–9 orders of magnitude greater than

other anions), HCl dissolution and dissociation mainly con-

trol the pH. The final pH of the liquid phase in the reference

scenario is 0.32 (extremely acidic), which significantly af-

fects the ash dissolution efficiency discussed below. HSO−4 ,

HSO−3 and F−, which form due to dissociation of H2SO4,

SO2 and HF, respectively, are the most abundant species fol-

lowing Cl−.

3.2.2 Ash dissolution

The condensation, dissolution and dissociation processes in

the plume acidify the liquid coating on the ash surface which

dissolves the minerals and other solids (e.g., silicate glass).

Figure 6 shows the dissolved iron (ferric and ferrous) from

the ash in the reference scenario. The acidic liquid phase

(pH< 0.5) dissolves the ash with an average dissolution

rate of 6.44× 10−12 mol cm−2 s−1, which is in the range

of the ash dissolution rates reported in experimental stud-

ies (Delmelle et al., 2007). This process consumes H+ and

produces cations (Fe2+ and/or Fe3+), which can also react

with the anions in the aqueous phase and generate soluble

iron salts. These salts can precipitate at the ash surface after

water has evaporated. This is supported by the observation of

a thin salt layer on volcanic ash surfaces containing chlorine,

fluorine and sulfate together with iron, alkali and alkali-earth

metals (Naughton et al., 1974; Delmelle et al., 2007).

Only 0.15 wt % of the magnetite at the ash surface is dis-

solved, which releases Fe2+ and Fe3+ in the aqueous phase.

Although this relative quantity seems very small, one has

to take into account that huge amounts of ash are usually

ejected during major eruptions. Thus, an infinitesimal portion

of that material has a sizable mass. This is further discussed

in Sect. 5.1.

4 Sensitivity analysis

4.1 Gas composition

As discussed in Sect. 3.2, scavenging and dissociation of the

volcanic gases control the pH of the aqueous phase. Chem-

ical composition of the erupted gas is known to be corre-

lated with the tectonic setting of the volcano (Symonds et al.,

1994). Therefore, we use gas compositions of three types of

volcanic settings: convergent plate (CP), divergent plate (DP)

and hot spots (HS) (Table 3), which tend to emit Cl-, C- and

S-rich gases, respectively (Symonds et al., 1994). The Cl-

rich composition is used in the reference scenario discussed

above. Table 5, left panel, shows the key parameters relevant

to iron mobilization calculated during the reference and sen-

sitivity runs. It can be seen that the dissolution rate, pH and

total dissolved iron are in the same order of magnitude for

different gas compositions and vary by 10–20 %.

In all scenarios, HCl is almost readily scavenged by the

aqueous phase which consequently controls the HF and SO2

scavenging, pH of the liquid and finally the dissolution rate.

In the Cl-rich scenario, the lowest pH, the highest dissolved

iron and dissolution rate are attained. Figure 7 shows the

changes in pH versus HCl concentration in the gas phase and

also the dissolution rate. It can be seen that the HCl scaveng-

ing controls the pH of the system and consequently the dis-

solution rate. This is in agreement with previous studies con-

cerning the impact of pH on dissolution of the iron species in

mineral dust (Schwertmann, 1991; Desboeufs et al., 2001)

especially in presence of hydrochloric acid (Sidhu et al.,

1981). Therefore, Cl-rich magmatic gases (typical gas com-

position at CP volcanism) could be favorable for mobilizing

the ash iron through acid-mediated dissolution. This will be

further discussed in Sect. 5.2.
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Figure 5. Vertical profile of the concentrations of major anions formed in the aqueous phase: (a) HSO−
4

and SO2−
2

, which form due to

sulfuric acid dissociation; (b) HSO−
3

and SO2−
3

, which are the products of SO2 scavenging and dissociation; and (c) Cl− and F−, which are

produced due to HCl and HF dissociation, respectively. Please note the different concentration scales. Vertical axes on left and right show

the elevation and the plume temperature, respectively. Note that only the height > 9 km is plotted here.
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Figure 6. Vertical profile of magnetite (Fe3O4), iron II and iron III

concentrations. Because of relatively slow dissolution rates in the

reference scenario, changes in magnetite concentration are small.

Note that only the height > 9 km is plotted here.

4.2 Ash composition

One important aspect of this study is that volcanic ash con-

tains different minerals (and not only glass and magnetite as

assumed above (Nakagawa and Ohba, 2003). Therefore, we

carry out a sensitivity study to evaluate the impact of changes

in the ash composition on the iron mobilization efficiency.

The gas compositions in these runs are constant and identi-

cal to the reference scenario (Cl-rich in Table 3).

4.2.1 Iron redox state

As mentioned earlier, the redox state of the iron can play

a significant part in its dissolution rate (Schroth et al.,

2009). Thus, we consider fayalite and hematite as the Fe2+-
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Figure 7. Correlation between pH, HCl content of the magmatic

gas and the ash dissolution rate.

and Fe3+-bearing phases, respectively (Hoshyaripour et al.,

2014), to reflect the possible iron oxidation states within the

ash. This leads to three additional idealized ash compositions

(Gla+Hem, Gla+Fay and Gla+Fay+Mag+Hem) shown in

Table 4.

Table 5, right panel, shows the results of the sensitivity

study concerning ash composition. It can be seen that when

ash contains hematite instead of magnetite, the pH and the

amount of scavenged SO2 and HF are not significantly dif-

ferent from that of the reference scenario. The dissolution

rate is however 1 order of magnitude smaller than that of

magnetite (the reference scenario). For the compositions in-

cluding fayalite at the ash surface (compositions Gla+fay

and Gla+Mag+Hem+Fay), significant changes in pH, SO2

and HF scavenging are observed. Since the fayalite disso-

lution rate is 2 orders of magnitude greater than that of
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Table 5. Sensitivity of the key iron mobilization parameters to the changes in the volcanic gas (left panel) and ash (right panel) composition.

The first column from left is the reference scenario having Cl-rich as the gas and Gla+Mag as the ash composition.

Gas composition Cl-rich C-rich S-rich Cl-rich (constant)

Ash composition Gla+Mag (constant) Gla+Hem Gla+Fay Gla+Mag Gla+Mag

+Hem+Fay +Min

Final pH 0.32 0.38 0.51 0.32 1.35 1.36 0.53

Scavenged SO2 % 2.86 2.59 3.60 2.81 19.30 19.60 4.12

Scavenged HCl % 98.51 98.58 98.41 98.55 98.48 98.52 98.50

Scavenged HF % 12.78 12.0 16.78 12.56 61.31 61.55 19.03

Dissolved Fe2+% 0.11 0.08 0.07 0 33.0 13.85 0.38

Total dissolved Fe % 0.15 0.11 0.10 0.03 33.0 13.86 0.51

Mean dissolution rate∗ 6.44 5.98 5.55 0.60 220 210 35.60

∗ Dissolution rates are reported in mol cm−2s−1
× 10−12 corresponding to the average of the dissolution rates of the all ash constituents.

magnetite (reference scenario), 33 and 13.85 % of the total

iron is dissolved in the aqueous phase in the warm in-cloud

zone for compositions Gla+fay and Gla+Mag+Hem+Fay,

respectively. This enhanced dissolution efficiency of Fe2+-

carrying phases is observed previously in mineral dust par-

ticles (Desboeufs et al., 2001). Such an elevated dissolution

rate consumes H+ more rapidly (see Table 5), reduces the

acidity and consequently enhances the SO2 and HF scav-

enging. This increases the SO2 and HF scavenging from 2.8

and 12.5 to 19.6 % and 61.55 %, respectively. The subsequent

dissociation of the SO2 and HF can increase the acidity again

and intensify the ash dissolution. This cycle can dominantly

promote the ash iron mobilization. These results may suggest

that volcanic settings that buffer iron mainly as Fe2+ in the

ash surface (reduced magmatic conditions at DP and HS vol-

canism Hoshyaripour et al., 2014) could eventually lead to

very high iron mobilization rates. This is further discussed in

Sect. 5.2.

4.2.2 Alkali and alkali-earth metals

Dissolution of alkali and alkali-earth metals contained in the

minerals and glass (usually referred to as network-modifying

cations) may consume protons in the aqueous phase, thereby

reducing the duration of highly acidic conditions at the ash

surface and affecting the iron release (Ayris and Delmelle,

2012). Despite of the rich body of literature dealing with the

natural glass dissolution (Oelkers, 2001; Oelkers and Gis-

lason, 2001, and the references therein) a comprehensive

data compilation to be used for geochemical modeling of al-

kali and alkali-earth metal release due to glass dissolution at

pH< 2 and T < 25 ◦C is unavailable. Hamilton et al. (2000)

showed that under acidic conditions the dissolution behav-

ior of the minerals is identical to that of their corresponding

glass. Therefore, here we use the minerals containing alkali

and alkali-earth metals assuming that they behave identical

to the glass in acidic solutions (Hamilton et al., 2000). Inclu-

sion of these minerals results in idealized ash compositions

(Gla+Mag+Min) shown in Table 4.

Last column in Table 5 shows the results of the sensitivity

run. The ash containing alkali and alkali-earth minerals to-

gether with glass and magnetite (Gla+Mag+Min) shows an

enhanced iron mobilization efficiency compared to the ref-

erence scenario (containing only glass and magnetite). De-

spite the identical Fe-carrying spices in both scenarios (mag-

netite), inclusion of alkali and alkali-earth minerals has ap-

proximately tripled the amount of dissolved iron. This is

against the common expectation that considers such metals

as proton consumers that should decrease the acidity and iron

mobilization efficiency (Ayris and Delmelle, 2012). The fact

that such minerals dissolve faster than magnetite is also ev-

ident from the ash dissolution rate which is about 5 times

greater than that of reference scenario. However, dissolution

of alkali and alkali-earth metals might diminish the acidity

and iron mobilization only if there is no external source to

compensate the proton consumption in the aqueous phase.

In the volcanic plume, HF and SO2 scavenging from the gas

phase seem to be this external source that offset the reduced

acidity. It can be seen that HF and SO2 scavenging are in-

creased by approximately 50 % compared to the reference

scenario. In other words, consumption of the protons through

dissolution of highly soluble species is immediately compen-

sated by HF and SO2 absorption and dissociation in the aque-

ous phase, which is thermodynamically much faster than the

ash dissolution (Stumm and Morgan, 1996). Therefore, exis-

tence and dissolution of other cations (alkali and alkali-earth

metals) along with iron species in volcanic ash does not nec-

essarily hamper the iron dissolution but may even enhance

the iron mobilization efficiency.

5 Discussion

5.1 Comparison with experimental data

Based on the results presented above, acid-mediated dissolu-

tion of the ash seems to be the major process that mobilizes

the ash iron. Dissolution and dissociation of halides (HCl and
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Figure 8. Concentrations of iron (blue) and halogens (Cl+F in red)

released form ash samples during the leaching experiment of Jones

and Gislason (2008) as function of pH.

HF) in the aqueous phase mainly control its pH and, there-

fore, ash dissolution efficiency (see Fig. 7). The crucial role

of chlorine and fluorine in enhancing ash dissolution reac-

tions has been emphasized previously (Delmelle et al., 2007;

Wolff-Boenisch et al., 2004; Moune et al., 2007). It has been

suggested that the ash dissolution is most efficient within the

eruption plume possibly occurring during the first minutes of

the transport dictating the surface composition of ash (Moune

et al., 2006; Delmelle et al., 2007). The fingerprint of these

in-plume processes (namely the preferential enrichment of

Cl and F on tephra surfaces) is dominant in proximal sam-

ples that deposit before being significantly affected by cloud

processes (Delmelle et al., 2007). Therefore, we use proxi-

mal sample data obtained in experimental studies to evaluate

the correlation between pH, halide and iron releases from the

ash. Jones and Gislason (2008) measured the concentrations

and fluxes of elements into deionized water through leach-

ing experiments on eight unhydrated volcanic ash samples.

Five ash samples (Galeras, Montserrat, Hekla, Sakura-jima

and Lascar) are selected for evaluation in this study since

they are collected < 15 km away from the vents and, thus,

could be considered as proximal samples (for more details

see Jones and Gislason, 2008).

Figure 8 shows concentrations of iron and halides (Cl+F)

released from ash samples as a function of pH. This figure

unambiguously shows that the higher the chlorine and fluo-

rine concentrations, the lower the pH and the higher the iron

releases are. The absolute pH values in this figure are higher

than those calculated in this study (Table 5) because ash sam-

ples are influenced by freezing–melting and precipitation–

evaporation cycles as well by aqueous chemistry during fur-

ther in-cloud processing, which are not considered in our

model simulations. All these processes may change the abso-

lute pH values and also iron and halide speciation (Desboeufs

et al., 2001). However, their relative quantities still buffer the

correlation of pH, iron dissolution efficiency and the chlorine

and fluorine concentrations.

The ash sample from Hekla has a 2 orders of magnitude

higher iron release than the other samples. The reason of

this exceptional iron release from Hekla ash stems mainly

from its unusual composition (erupted gas and ash compo-

sition), with a combined hot spot and divergent plate mar-

gin magma source coupled with high fluorine in the eruptive

products (Óskarsson, 1980; Moune et al., 2006). Petrological

estimates suggest reduced conditions for the basaltic Hekla

magma prior to eruption (Moune et al., 2007). As a result,

the observed mineral phases in the Hekla ash include olivine,

clinopyroxene and spinel (Höskuldsson et al., 2007), which

is close to the Gla+Fay and Gla+Fay+Mag+Hem ash com-

positions in Table 5. As discussed above, the weight percent-

age of the dissolved iron is mainly governed by two indepen-

dent factors: halogen content of the gas and iron oxidation

state in the ash surface. Thus, having Fe2+-carrying species

and high halide content concurrently in the Hekla eruption

plume can mobilize 13.85–33 % of the total iron at the ash

surface. Since there is no evidence for such exceptional con-

ditions for the other eruptions considered in Fig. 8, we use

the range of 0.03–0.15 % (according to the ash compositions

Gla+Mag and Gla+Hem together with the Cl-rich gas com-

position in Table 5) as the weight percentage of mobilized

surficial iron in these samples. To estimate the iron release

from the ash RFe (mol g−1 ash) based on proposed theoreti-

cal values in this study, the following equation is used:

RFe = CFelsDi/MFe, (3)

where CFe is the iron weight percentage in the bulk compo-

sition, ls is the ash surface layer weight ratio (1–5 % of the

total ash mass), Di is the weight percentage of the dissolved

iron according to Table 5 and MFe is the molar weight of

iron (55.84 g mol−1). Considering both experimental (Gisla-

son et al., 2011) and theoretical (Hoshyaripour et al., 2014)

estimates concerning the thickness of ash surface layer, we

assume the thickness of the ash rim to be on average 10 nm.

Having a specific surface area of 1.1–2.1 m2 g−1 (Delmelle

et al., 2005), the surface rim in each gram ash with density

of 2500 kg m−3 has the weight of approximately 0.01–0.05 g

or 1–5 % of the total ash mass. This range is used here for ls.

The RFe values calculated in this study and also measured by

Jones and Gislason (2008) are shown in Table 6. The mea-

sured iron release from four ash samples is satisfactorily in

the calculated range based on Eq. (3). Only the Galeras ash

is slightly outside the range. Therefore, according to Fig. 8

and Table 6 there is a good overall agreement between the

results of the theoretical approach of this study and experi-

mental measurements of ash iron release. This confirms the

strong connection between iron release from ash with the

halide concentrations and pH.

The relative quantity of the mobilized iron discussed above

may seem minor (especially the 0.03–0.15 % in the reference

scenario). But this needs to be considered in the context of

the massive ash content of the volcanic ejecta. For instance,
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Table 6. Calculated and measured iron release from the volcanic ash surface.

Volcano Eruption year CFe
a Di rangeb Measures RFe

a Calculated RFe
b

(wt %) (wt %) (µmol g−1 ash) (µmol g−1 ash)

Galeras, Colombia 2005 7.47 0.03–0.15 0.12 0.004–0.1

Montserrat, Caribbean 2003 6.57 0.03–0.15 0.04 0.003–0.08

Hekla, Iceland 2000 11.86 13.85–33.0 10.85 2.93–34.94

Sakura-jima, Japan 1994 7.96 0.03–0.15 0.03 0.004–0.10

Lascar, Chile 1993 6.0 0.03–0.15 0.01 0.003–0.08

a Extracted from table 2 of Jones and Gislason (2008). b Based on values reported in Table 5.

the eruption of Kasatochi Volcano in 2008 produced approxi-

mately 6× 1011 kg of ash (Langmann et al., 2010) containing

5–10 wt % iron in the bulk composition (Wang et al., 2010).

Assuming the mass of the ash surface rim as approximately

1–5 % of the total mass, the surface rim of the ash from

the Kasatochi eruption carries approximately 0.6–3× 108 kg

iron. Mobilization of 0.03–0.15 % of the iron at the ash sur-

face (as in the reference scenario) according to Eq. (3) means

5–134 nmol Fe g−1 ash which is close to the measured iron

released from Kasatochi ash (61–81 nmol Fe g−1) reported

by Olgun et al. (2013b). Although the fate and speciation of

the dissolved iron depend on further in-cloud processes, the

calculations above indicate that even a very small percentage

of mobilized iron in the ash means a huge mass with poten-

tially significant impacts on the receiving environment.

5.2 Favorable conditions for iron mobilization

Duggen et al. (2010) and later Olgun et al. (2011) reported

a correlation between tectonic setting of volcanoes and the

ash iron fertilization suggesting the arc volcanism (CP) as

the favorable setting for soluble iron production compared to

non-arc volcanoes (DP and HS). However, in their compar-

isons, they neglected the exceptionally high iron release from

the ash of the Hekla eruption in 2000 which is located in a

non-arc setting. The distribution of their samples seems also

statistically biased toward CP volcanism as they analyzed 40

samples from such volcanoes and only 4 samples form other

settings. As mentioned earlier, emissions from arc volcanism

are known to be Cl-rich (Symonds et al., 1994). Thus, ac-

cording to the results of this study, development of highly

acidic coatings on the ash surface is very likely in CP erup-

tions resulting in elevated ash dissolution rates.

The efficiency of acid-mediated dissolution, however, de-

pends not only on acidity and temperature but also on

the mineral composition (Schwertmann, 1991; Blesa et al.,

1994). Fe2+-carrying phases (reduced iron minerals) show

1–2 orders of magnitude higher dissolution rates under acidic

conditions (see Sect. 4.2 and also Palandri and Kharaka,

2004). Non-arc volcanic settings (DP and HS) typically

record reduced conditions in comparison to the CP setting

(Lindsley, 1991). Thus, DP and HS settings could be fa-

vorable for iron fertilization too with respect to iron oxida-

tion state. The Hekla eruption in 2000, Iceland, had both re-

duced magmatic conditions (as usual for DP and HS) and

high halide content (as usual for CP) (Moune et al., 2009)

which leads to an exceptional iron release behavior.

Therefore, our results suggest that attributing the fertil-

ization potential of the ash to the tectonic setting of a vol-

cano is an inconsistent hypothesis. Instead, elevated halogen

content in the gas (HCl and HF) and reduced conditions in

the magma (that essentially modulate the pH and iron redox

state, respectively) seem to be the favorable conditions for

ash iron mobilization. This is comparable with the results of

the mineral dust studies that report a strong correlation be-

tween the water-soluble fraction of Fe-carrying aerosols, pH

and the iron redox state (Sidhu et al., 1981; Desboeufs et al.,

2001).

6 Conclusion and implications

The 1-D numerical model introduced in this study simulates

the heterogeneous interactions of the gases, liquid phase and

the ash surface within the volcanic eruption plume in the

temperature range of 600–0 ◦C. It provides the first theo-

retical constraints on the impacts of such processes on ash

iron mobilization. Although determining the fate of the dis-

solved species in the aqueous phase requires further investi-

gations, our first attempt reveals that the ash dissolution can

even modulate the gas scavenging efficiency through chang-

ing the pH of the liquid coatings. Therefore, ash needs to be

considered as a reactive component in modeling the physi-

cal chemistry of volcanic eruption plumes and clouds. This

study constitutes a base for the future elaboration of an ash

and aerosol evolution scheme in volcanic plumes.

According to the results, in halogen-rich eruption plumes,

dissolution and dissociation of HCl (and partly HF) mainly

controls the pH of the aqueous phase at the ash surface in the

warm in-cloud zone. For these volcanoes, SO2 scavenging by

liquid particles could be negligible and seems to be more effi-

cient in contact with ice particles as suggested by Textor et al.

(2003). On the other hand, during carbon- and sulfur-rich

eruptions (DP and HS volcanism, respectively) SO2 scaveng-

ing by the aqueous phase is more likely and could be the main
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process controlling the pH and, thus, the ash dissolution. The

sensitivity analysis also revealed that changes in the halogen

content of the gas phase modifies the iron mobilization effi-

ciency by 10–20 % while changes in the iron redox state at

the ash surface may result in 1–2 orders of magnitude differ-

ence in the mobilization efficiency.

Under acidic pH conditions, the dissolution of iron oxides

could be greatly enhanced in the ice phase compared to in

water (Jeong et al., 2012). As dissolution consumes H+, it

reduces the acidity and can accelerate the SO2 scavenging

by ice (Textor et al., 2003). Therefore, sulfur scavenging by

volcanic ash and aerosols seems to be less efficient during

mid- and low-T in-plume as well as the warm in-cloud pro-

cesses. Instead, high-T (both in-conduit (Ayris et al., 2013)

and in-plume (Hoshyaripour et al., 2014)) and cold in-cloud

zones (Textor et al., 2003) appear to be more relevant to the

sulfur scavenging. These effects should be considered in in-

terpreting the results of leaching experiments on ash deposits

to distinguish the fingerprint of the in-plume and in-cloud

processes on the ash surface composition.

The local, regional and global impacts of volcanism

upon the Earth system (atmosphere, hydrosphere, pedo-

sphere, cryosphere and biosphere) are initially induced by

the physicochemical properties of the ash and gas. Several

lines of evidence indicate that the in-plume and in-cloud pro-

cesses can significantly alter these properties and, thus, their

impacts on the Earth system. For instance, the efficiency of

HCl, SO2 and HF scavenging by volcanic aerosols could be

influenced by the proton consumption through ash dissolu-

tion. This can modulate the amount of volcanic gases that

reach the middle atmosphere. Therefore, the in-plume and

in-cloud processing of the volcanic ejecta need to be con-

sidered in future investigations on, for example, injection of

volcanic gases into the stratosphere and its climatic impacts.

In addition to the ash and gas composition, which are

largely governed by the composition of the source magma,

other factors can considerably vary the efficiency of iron mo-

bilization at the ash surface. Particle size distribution basi-

cally controls the surface area to mass ratio, which is a key

parameter for condensation, scavenging and dissolution pro-

cesses. Smaller particles with lower surface area to mass ra-

tios tend to be more efficient agents in these processes (Rose,

1977). Although magma fragmentation dictates the initial

ash size distribution (Rose and Durant, 2009), in-plume and

in-cloud particle aggregation can significantly alter it (Brown

et al., 2012). The influences of aggregation on ash size dis-

tribution and, thus, on physical chemistry of the ash–gas–

aerosol interactions could be notable and is the topic of on-

going investigations. Another important factor is the time

that ash particles spend in different zones of the plume and

cloud. Dynamics of the eruption as well as the ambient envi-

ronmental conditions govern the spatial and temporal evolu-

tion of the eruption plume and cloud (Sparks et al., 1997).

Impacts of these factors on ash chemistry could be con-

strained by incorporating the chemistry modules into dynam-

ical models of volcanic eruption plumes.

In this study we used idealized ash compositions which

satisfactorily replicate the behavior of the ash in the real

system. However, upon availability of data, real ash surface

mineralogy and compositions (within 100 nm rim) should

be used in future studies. Moreover, iron release from glass

components of the volcanic ash need to be studied experi-

mentally in order to obtain detailed reaction rate parameters

to be used in numerical modeling investigations.

Aqueous chemistry, stratospheric chemistry and all the

processes involving ice could also significantly affect the fate

of the dissolved iron (e.g., SO2 oxidation catalyzed by Fe

ions; Harris et al., 2013). Therefore, further modeling and

experimental studies are necessary to comprehend the impact

of in-cloud processes on iron chemistry in volcanic ash.
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Appendix A: Formulations of the processes

A1 Sulfuric acid condensation

The dew point of sulfuric acid is calculated using the follow-

ing equation (Jeong and Levy, 2012):

1

Tdew

= 2.27× 10−5
− 2.94× 10−7

· ln(PH2O)

− 8.58× 10−6
· ln(PH2SO4

)

+ 6.2× 10−6
·
{
ln(PH2O) · ln(PH2SO4

)
}
, (A1)

where PH2O and PH2SO4
are partial pressures of the water va-

por and sulfuric acid (in mm Hg) , respectively. When the

temperature of the plume drops below Tdew, sulfuric acid

condenses onto the ash particles. In this study the Fuchs–

Sutugin interpolation formula is used to describe the conden-

sation rate of H2SO4 molecules to the ash particles (Fuchs

and Sutugin, 1970). The single particle condensation coeffi-

cient is given by

KFS = αKkin

[
1+

3α

4Kn
×

(
1− 0.623

Kn

1+Kn

)]−1

, (A2)

where α is the accommodation coefficient of H2SO4 (∼ 1 in

this study (Clement et al., 1996));Kkin is the kinetic conden-

sation coefficient (πR2
pcb); cb is the average thermal velocity

of H2SO4 gas molecules ([8 kT/πM]1/2); Kn is the particle

Knudsen number (l/Rp); l is the mean free path of H2SO4

molecules (3Db/cb); Db is the H2SO4 diffusion coefficient

(0.08 cm2 s−1); T is the absolute temperature in kelvin; k is

the Boltzmann constant; M is the mass of H2SO4 molecule;

and Rp is the particle radius.

With respect to the previous section, we calculate the con-

densation rate onto a polydisperse ash distribution. In which

case the condensation coefficient Xc is defined as

Xc =

∞∫
0

KFS(Rp)n(Rp)dRp, (A3)

where n(Rp)dRp is the concentration of particles with radius

between Rp and Rp+ dRp according to Rose and Durant

(2009). The condensation rate onto a polydisperse distribu-

tion is finally given by

CS=

∞∫
0

KFS(Rp)n(Rp)×[Ng−N
e
g(Rp)]dRp, (A4)

where Ng is the H2SO4 vapor pressure in the gas phase and

Ne
g(Rp) is the equilibrium vapor pressure over a particle with

radiusRp. In a volcanic eruption plume,Ne
g(Rp) is negligible

in comparison to Ng. Hence, Eq. (A4) simplifies to

CS=XcNg. (A5)

A2 Water condensation

The mass flux of water condensing onto a single, spherical

particle with radius Rp is given by (Jacobson, 2005)

KFW =
4πDv

(
pv−pv,s

)
DvLepv,s

kaT

(
Le

RvT
− 1

)
+RvT

, (A6)

where Dv is the molecular diffusion coefficient of water va-

por in air (0.234 cm2 s−1); pv is the vapor pressure of water

vapor in plume (in hPa); pv,s is the saturation vapor pressure

at the particle surface (6.112exp(17.67Tc/(Tc+ 243.5))); Tc

is the temperature in degrees Celsius; Le is the latent heat

of water evaporation (2260 J g−1); Rv is the gas constant for

water vapor (461.40 J kg−1 K−1); ka is the thermal conduc-

tivity of moist air (≈ kd[1− (1.17− 1.02 kv

kd
) nv

nv+nd
]); kd and

kv are the thermal conductivity of dry air and water vapor,

respectively; and nd and nv are the number of moles of dry

air and water vapor, respectively.

Finally, the condensation rate of water onto a polydisperse

aerosol distribution is calculated by

CW=

∞∫
0

KFW(Rp)n(Rp)dRp. (A7)

A3 Thermodynamic equilibrium

Thermodynamic equilibrium reactions are shown in Ta-

ble A2. The equilibrium coefficient (Keq) for each reaction

at temperature T is calculated by (Jacobson, 2005)

Keq(T )= Aexp

{
B

(
T0

T
− 1

)
+C

(
1−

T0

T
+ ln

T0

T

)}
, (A8)

where T0 = 298.15 K. The A, B and C values are listed in

Table A2.

A4 Ash dissolution

The dissolution rate of the mineral species i is calculated

based on a simplified formulation proposed by Palandri and

Kharaka (2004):

logDi = logki − ni · pH, (A9)

whereDi is the dissolution rate (in mol m−2 s−1); logki is the

log rate constant computed at 25 ◦C and pH= 0; and n is the

reaction order with respect to H+. Table A3 shows the rate

parameters used in this study for different ash constituents.

These parameters are accurate to a first-order approximation

over the range of acidic pH (Palandri and Kharaka, 2004).

We note that the dissolution rates used here (Eq. A9) are

temperature independent, which is a valid assumption if one

considers the short residence time of particles at a certain

temperature in the eruption column (few seconds).
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Table A1. Gas-phase reactions and rate coefficients.

No. Reaction Rate coefficient Reference∗

R1 SO2+0.5O2→ SO3 1.3× 10−33(600/T )3.6 1, 2

R2 SO3+O3→ SO3+O2 3.0× 10−12e−7100/T 1

R3 SO2+OH→ HSO3 4.0× 10−31(300/T )3.3 1, 2

R4 HSO3+O2→ SO3+HO2 1.3× 10−12e−330/T 1, 2

R5 SO3+H2O→ H2SO4 6.0× 10−15 3, 2

R6 H2S+OH→ HS+H2O 6.3× 10−12e−80/T 1, 2

R7 HS+O2→ SO+OH 4.0× 10−19 3

R8 SO+O2→ SO2+O 2.1× 10−13e−2280/T 1, 2

R9 HCl+OH→ Cl+H2O 2.4× 10−12e−330/T 1, 2

R10 HClO+O→ ClO+OH 1.0× 10−11e−1300/T 1, 2

R11 NO+O3→ NO2+O2 1.8× 10−12e−1370/T 1, 3

R12 OH+O→ H+O2 2.3× 10−11e110/T 1, 2

R13 OH+O3→ HO2+O2 1.9× 10−12e−1000/T 2, 3

R14 OH+H2→ H2O+H 7.7× 10−12e−2100/T 1, 2

R15 OH+OH→ H2O+O 4.2× 10−12e−240/T 1, 3

∗ (1) Sander et al. (2011), (2) Jacobson (2005), (3) Seinfeld and Pandis (2006).

Table A2. Equilibrium reactions and rate coefficients (Jacobson, 2005).

No. Reaction A B C

E1 SO2(g) 
 SO2(aq) 1.22 10.55 0

E2 H2O2(g) 
 H2O2(aq) 7.45× 104 22.21 0

E3 NO2(g) 
 NO2(aq) 1.00× 10−2 8.38 0

E4 NO3(g) 
 NO3(aq) 2.10× 105 29.19 0

E5 OH(g) 
 OH(aq) 2.50× 101 17.12 0

E6 HNO3(g) 
 HNO3(aq) 2.10× 105 0 0

E7 NH3(g) 
 NH3(aq) 5.76× 101 13.79 −5.39

E8 SO2(aq)+ H2O 
 H+ + HSO−
3

1.71× 10−2 7.04 0

E9 HSO−
3


 H+ + SO2−
3

5.99× 10−8 3.74 0

E10 HCl(g) 
 H+ + Cl− 1.97× 10+6 30.19 19.91

E11 HF(g) 
 H+ + F− 3.94 25.04 16.34

E12 NH3(aq)+ H2O 
 NH+
4

+ OH− 1.85× 10−5
−1.5 0

E13 H2SO4 
 H+ + HSO−
4

1.00× 10+3 0 0

E14 HSO−
4


 H+ + SO2−
4

1.02× 10−2 8.85 25.14
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Table A3. Ash dissolution reactions and rate parameters.

Species Reaction logk n Reference∗

Fayalite Fe2SiO4+4H+→2Fe2++2H2O+SiO2 −5.80 1.0 1, 2

Magnetite Fe3O4+8H+→2Fe2++Fe3+ + 4H2O −8.59 0.28 1, 2

Hematite Fe2O3+6H+→2Fe3++3H2O −9.39 0.42 1, 2

Albite NaAlSi3O8+4H+→Na++Al3++3SiO2+2H2O −10.10 0.46 1,2

Enstatite Mg2Si2O6+4H+→Mg2++2SiO2+2H2O −9.30 0.24 1, 2

Wollastonite CaSiO3+2H+→Ca2++SiO2+H2O −7.80 0.2 1, 2

Forsterite Mg2SiO4+4H+→Mg2++SiO2+2H2O −7.00 0.49 1, 2

Diopside CaMgSi2O6+4H+→Ca2++Mn2++2SiO2+2H2O −10.50 0.19 1, 2

Glass SiAl0.36O2(OH)1.08+1.08H+ −8.30 – 3

→SiO2+0.36Al3++1.08H2O

∗ (1) Palandri and Kharaka (2004), (2) Bandstra et al. (2007), (3) Oelkers and Gislason (2001).
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