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Abstract Intense emission of volcanic aerosol accompanied the 2012–2013 basaltic effusive eruption of

Tolbachik volcano, Kamchatka. The aerosols sampled contain sulfuric acid droplets, glassy particles, and 70

mineral phases. All aerosol particles may be classified by their origin. The fragmentation aerosol includes

magma fragments: silicate glass clasts, silicate microspheres, and small phenocrysts (olivine, pyroxene, and

magnetite). The alteration aerosol comprises particles of quenched silicate melt covered with secondary

minerals (fluorides, sulfates, and oxides/hydroxides of rock‐forming elements) and fragments of altered

rocks composed solely of secondary minerals. The condensation aerosol dominated themass during the later

stages of the eruption when the explosive activity had ceased, and was characterized by the greatest

variety of particle compositions. Na‐K sulfate and Fe (III) oxide comprised more than 95% of the solid

fraction of the condensation aerosol. The remaining 5%was represented by native elements (Au, Ag‐Pt alloy,

and Pt); sulfides of Fe, Cu, Ag, and Re; oxides and hydroxides of Al, Fe, Cu, Zn, Mo, W, Ta, and Zr; halides

of Al, Mg, Na, K, Ca, Cd, Pb, Ag, and Tl; and sulfates of Na, K, Pb, Ca, and Ba; the only silicate was

As‐bearing orthoclase. Droplets of H2SO4 formed the liquid phase of the condensation aerosol. Some of the

aerosol components, such as magnetite spherules or phosphate‐carbonate‐fluorite association, likely had a

nonvolcanic origin (country rocks and wood fly ash). The volcanic aerosols and their contained minerals,

discharged at Tolbachik and elsewhere, result in a physical and chemical effect on the environment in the

region of such volcanoes.

1. Introduction

Volcanic aerosol consists of solid and liquid particles dispersed in the atmosphere that range in size from 1

nm to approximately 100 μm and originate from many forms of volcanic activity. Two processes that can

form volcanic aerosol are the fragmentation of material consisting of silicate melt or solid rocks and miner-

als, and condensation of solid or liquid particles from the gaseous phase, including condensation of liquid

particles followed by evaporation of solvent to produce aerosol of solid residue (Kondratyev et al., 2006;

Mather et al., 2003; Willeke & Baron, 1993). Magmas and the host rocks of magma conduits, as well as

the mineral assemblages formed during fumarolic activity or alteration processes, can be subjected to frag-

mentation, thus generating particles with compositions that may be similar to those of rocks. By contrast,

condensation aerosol has a chemical composition that is distinctly different from those of the parent rocks

andmagmas. The gaseous species of volatile metals and semimetals exsolved directly from silicate melt form

the aerosol particles upon cooling and condensation. Themineral composition of the condensation aerosol is

diverse and may include native elements, oxides and salts of rock‐forming, chalcophile and highly

siderophile elements (e.g., Aiuppa et al., 2003; Mather, 2015; Mather et al., 2012; Meeker et al., 1991;

Zreda‐Gostynska et al., 1997).

Hotspot and rift volcanoes of basaltic composition that erupt effusively or persistently degassing lava lakes

are typically quiet enough to collect aerosol samples. Previous sampling of this type of discharge includes

Kilauea (Crowe et al., 1987; Darzi, 1981; Mather et al., 2012; Zoller et al., 1983), Holuhraun (Gauthier

et al., 2016; Ilyinskaya et al., 2017), and Erebus (Ilyinskaya et al., 2010; Meeker et al., 1991; Zreda‐

Gostynska et al., 1997). Explosive eruptions of andesitic arc volcanoes are not favorable for near‐vent studies

of aerosols, since eruptive clouds are heavily loaded with coarse particles. Arc volcanoes with permanent or

intermittent lava lakes (Masaya, Villarrica, Ambrym) or that have persistent fumarolic or open‐vent

degassing (e.g., Etna and Lascar) are suitable for sampling. The chemical compositions and particle size
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distributions of volcanic aerosol (both fragmentation and condensation varieties) from arc volcanoes have

been studied in detail, including Masaya (Martin et al., 2009; Mather et al., 2003; Moune et al., 2010),

Villarrica (Mather, Tsanev, et al., 2004; Sawyer et al., 2011), Etna (Aiuppa et al., 2003; Allen et al., 2006;

Mather, Oppenheimer, et al., 2004; Martin et al., 2008), and Lascar (Menard et al., 2014). Arc volcanoes of

basaltic composition are rare, thus limiting opportunities to study the aerosol condensed from the nonexplo-

sive gas emissions at the surface of a basaltic lava flow.

In parallel with studies of the general chemical composition and particle size distribution of volcanic aerosol,

studies have also examined mineral assemblages. As expected, sulfates, chlorides, and fluorides of rock‐

forming elements, as well as particles of the silicate melt, have been identified (e.g., Varekamp et al.,

1986). Crystals and aggregates composed solely of native gold were identified in aerosol from Erebus

(Meeker et al., 1991), and more complex or exotic particles have been observed, including fragmented host

metamorphic rocks and particles of complex unresolved compositions in the aerosol from Popocatepetl

(Obenholzner et al., 2003). Arc volcanoes of basaltic composition (Tolbachik, Masaya, Villarrica,

Ambrym) differ in composition of gas emissions from hotspot and rift volcanoes, both in major gas consti-

tuents such as S and HCl and in trace element composition (e.g., Edmonds et al., 2018). Therefore, one

can expect major differences in mineral compositions of the condensation aerosol sampled on volcanoes

from different tectonic settings. However, a systematic study of the mineral compositions of the condensa-

tion aerosol has not been conducted on any of the mentioned volcanoes.

The 2012–2013 effusive eruption of the Plosky (“Flat”) Tolbachik volcano in Kamchatka was suitable for

studying aerosol emissions, particularly condensation aerosol. This event was a rare case of a quiet and easily

accessible long‐lasting eruption of a basaltic arc volcano. Aerosol was sampled at four sites (Figures 1 and 2):

on the rim of the crater with temporary lava lake (site 1), near the large skylight in the lava tube roof (site 2),

from plume over an open lava flow (site 3), and from cracks in the lava tube roof (site 4). All sampling sites

had different distances from the main vent, different degassing modes, different major gas species exsolved

from silicate melt, and, consequently, different mineral compositions of aerosol. The main goal of the pre-

sent study was to establish a detailed account of the mineral, chemical, and morphological variability of

Tolbachik aerosols. To achieve this goal, we collected aerosols on filters during three sampling sessions in

February, May, and July 2013. The particles trapped on the filters were studied under scanning electron

microscope (SEM) equipped with energy‐dispersive spectrometers (EDSs). To explain the major constituents

of the particulate Tolbachik emission, we applied a simple thermodynamic model, which satisfactorily

explains the major constituents of the condensation aerosol and the secondary minerals formed on the

ash particles.

2. Tolbachik Eruption

Mount Plosky Tolbachik (55.82°N, 160.39°E, 3,086 m above sea level [asl]) is the southernmost active vol-

cano of the Klyuchevskoy volcano group, located in Central Kamchatka, Russian Far East. The 2012–2013

Tolbachik eruption started on 27 November 2012, with a swarm of earthquakes accompanying moderate

explosive activity on the southern slope of Plosky Tolbachik along a 5‐km‐long fissure stretching north to

south from 2,200 to 1,500 m asl. Th effusion rate of basaltic trachyandesite lava at the beginning of the erup-

tion exceeded 450 m3/s (Belousov et al., 2015). Based on satellite data, Telling et al. (2015) estimated a total

SO2 emission of ~200 kt SO2 during the complete eruption of Tolbachik, of which ~40 kt SO2 was released

during first several hours. A petrological estimate of initial S concentration based on melt inclusion data

(450–630 ppm S; Plechov et al., 2015) combined with lava volume (0.55 km3; Belousov et al., 2015) suggests

a total mass of erupted SO2 of ~1,700 kt, almost 1 order of magnitude larger than indicated by

satellite measurements.

After about a week of intense effusive and explosive activity, the eruption stabilized at the lower elevation

eruptive center (55.766°N, 160.318°E, 1,600 m asl). A cone started to grow, with a temporary lava lake

approximately 30×50 m in size within the crater. A subsidiary crater, smaller and less active, formed on

the southern slope of the initial eruptive cone. At the bottom of the cone, a lava tube formed and its length

gradually increased, reaching 900 m in February 2013, and ~4 km by summer (Figure 1). Several skylights in

the tube roof emitted volcanic gases loaded with aerosol (Figure 2a). From the lower end of the lava tube,

lava continued to flow in a channel with intense degassing from its surface (Figure 2b). In this
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configuration, the eruption proceeded from January to August 2013, with a gradual decrease of the lava

ejection rate (Belousov et al., 2015). Basaltic trachyandesite lava (most of the 0.55 km3) and a minor

amount of ash of the same composition were ejected during nine months of the eruption (Belousov et al.,

2015; Volynets et al., 2015). The Tolbachik gas emissions were oxidized (H2S content was below the

detection limit of ~0.01 mol. %), contained 2–3 mol% SO2 and up to 1.4 mol% HCl (the latter is

exceptionally high for arc volcanoes; Zelenski et al., 2014). Gases emitted from the skylight in the lava

tube roof contained up to 500–600 ppm total metals (Zelenski et al., 2014), the most abundant being

potassium, sodium, and copper, but including the whole spectrum of chalcophile elements (Chaplygin

et al., 2015; Zelenski et al., 2014).

3. Methods

We use the term “aerosol” to refer to particles with sizes ranging from several hundred nanometer to

approximately 0.2 mm, the size range of the studied particles. On 26 February 2013, sampling was conducted

from the plume above the upper lava tube skylight, and from the plume above a lava flow at the free surface

(sites 2 and 3 respectively; Figures 1 and 2). On 3–4 May, the plume above the rim of the small crater and

plume above the upper lava tube skylight were sampled (sites 1 and 2, respectively; Figures 1 and 2). On 7

July, plumes above two lava tube skylights were sampled (sites 2 and 4, respectively; Figures 1 and 2). For

aerosol sampling, sterile syringe filters of 25 and 33 mm in diameter made from cellulose acetate or PTFE

were used. The filter was placed at a height of 1–2 m above the ground in the area of the plume. The gas

Figure 1. Scheme of the 2012–2013 Tolbachik eruption and sampling sites. Cone names: Naboko: after Sofia Naboko,

Russian volcanologist; Krasny: red; Kleshnya: crab claw. Numbers denote sampling sites.
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was pumped at a rate of 5–20 L/min through the filter with the flux controlled by a rotameter. The sampling

process lasted approximately 30 min on average. We also separated the aerosol particles <0.2 mm from

tephra around the eruptive cone using a sieve; then the heavy fraction of aerosol was separated using a

heavy liquid methylene iodide with a density 3.32 g/cm3. Simultaneously with aerosol sampling, samples

were collected to determine the chemical and isotopic compositions of the Tolbachik gas emissions

(Zelenski et al., 2014). A total of 24 filters were sampled.

In the laboratory, the filters were opened under sterile conditions, glued to aluminum plates and examined

under a SEM with local microanalysis (Vega Tescan II XMU, IEM RAS, Chernogolovka; field emission

microscope Jeol JSM 6700F, the National University of Science and Technology “MISiS,” Moscow). The

samples were not polished and had irregular surfaces. Therefore, the conditions of elemental analyses

Figure 2. (a) Aerial view of intense aerosol emissions from the main and subsidiary craters on the eruptive cone and from

skylights in lava tube. The 2012–2013 Tolbachik eruption, 5 May 2013. Aerial view toward the south. The eruptive cone is

110 m high. Photo by Liudmila Zemlyanskikh. (b) Plume over degassing lava flow at the surface. The blue tint of the

plume (as well as in Figure 2a) is explained by Rayleigh light scattering on aerosol particles smaller than the wavelength of

visible light (0.1–0.5 μm). The 2012–2013 Tolbachik eruption, 25 February 2013. Lava flow in the foreground is about 5 m

wide. Numbers denote sampling sites same as in Figure 1. Photo by Vasiliy Yaschuk.
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were not optimal since analytical results obtained by an EDS depend on the surface angle of the specimen. In

each of the analyses, we tried to locate relatively horizontal sites on a specimen and made repeated analyses

to obtain average values. In most difficult cases, we took the average of two analyses of the same point on the

specimen, and the second analysis was performed after the sample was rotated by 180° in the horizontal

plane. In addition to the composition, crystal morphology, mineral association, and brightness of the speci-

men on a BSE (back‐scattered electron) image, which depends on the average atomic number, were taken

into account. Not all analyses could be unambiguously interpreted due to the small size of the specimen,

low accuracy of the analysis on an uneven surface, and the possible presence of nonanalyzed elements (H,

B, C, and N). It was difficult to interpret the mineral compositions of multiphase aggregates consisting of

micron‐sized crystals, as well as small crystals lying on large crystals of a different composition. Due to

the adsorption of oxygen and water on the surface of the samples, the analysis of many samples showed

excess oxygen contents. The filters themselves, consisting of cellulose acetate or PTFE, contain carbon, oxy-

gen, and fluorine. Nevertheless, up to 70 solid phases were detected.

To check whether the observed mineral species in the aerosol were in equilibrium with the Tolbachik gas

emissions, we performed a thermodynamic simulation of the Tolbachik aerosol system (the Outokumpu

HSC 6.1 Chemistry code; Roine, 2007). The model included 12 rock‐forming and volatile elements H, O,

S, F, Cl, Si, Fe, Al, Na, K, Ca, and Mg and consisted of 737 species, including 275 gaseous species and 462

solid or liquid compounds. The rock‐forming elements Ti and Mn as well as carbon‐containing species

were not included in the model for the sake of simplicity, since they play a minor role in the aerosol‐forming

processes. We simulated the interaction of 1 mole of Tolbachik basalt (Volynets et al., 2015) with 100 moles

of the average Tolbachik gas (Zelenski et al., 2014) and 100 moles of atmospheric air, which were close to

the conditions that were observed. The model calculated the temperature evolution of the gas‐aerosol

system from 1200 to 100°C; the total pressure was kept constant at 1 bar throughout the complete

temperature range.

Microsphere sizes were manually measured on electron micrographs using a conventional vector graphics

editor (CorelDraw). The size distribution was then determined using Excel Analysis Toolpack.

4. Results

All identified phases from Tolbachik aerosols are listed in Table 1. For the 2012–2013 Tolbachik eruption,

the following classes of aerosol particles were identified according to their origin: (I) fragmentation aerosol,

consisting of unaltered fragments of silicate melt and phenocrysts; (II) alteration aerosol, where silicate par-

ticles were altered by adsorption of gas species and subsequent leaching of elements or containing fragments

of previously altered solid rocks; and (III) condensation aerosol, particles condensed from volatile metal spe-

cies released directly from the magma, or high‐temperature gas phase reaction products (Mather et al.,

2003). Some particles could not be confidently identified and were included in an additional type (IV) for

“particles of unclear origin.” Below, we consider the compositions and morphologies of the Tolbachik aero-

sols according to this classification.

4.1. Criteria for Determining the Type of Aerosol

The origin of many aerosol particles is obvious. Silicate glass particles or small phenocrysts arise during the

fragmentation of magma. Silicate glass microspheres are formed by explosions of small gas bubbles emer-

ging at the lava surface. Particles composed entirely of secondary minerals are most likely to be formed by

fragmentation of rocks that have previously undergone hydrothermal changes. Finally, sulfuric acid droplets

were formed during the condensation of sulfuric acid vapor.

In two other situations, determining the origin of aerosol particles was more difficult task. On many silicate

glass particles, crystals of secondary minerals containing Al, Ca, and Mg (fluorides, sulfates, and oxides) are

attached. Such crystals likely formed in situ on the preexisting aerosol surfaces via alteration process.

Because of extremely low volatility of Al, Ca, andMg gaseous species in the high‐temperature volcanic envir-

onment, these minerals are unlikely to have condensed from the gas. Another questionable situation is in

the case of the condensation aerosol, where small single crystals and their monomineralic aggregates most

likely condensed from the gas, while larger, irregularly shaped polymineral aggregates were likely fragments
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Table 1

Particle Compositions of Tolbachik Aerosol According to Their Origin

# Formula Mineral name Frequency*
Sampling

site** Figure # Note

Fragmentation aerosol (types 1a and 1b)

1 n/a silicate glass, foam/clasts ++++ 1 3a and 3b, 4a–4d, 9b, and 6a–6d Aerosol type

1a

2 n/a silicate glass, microspheres ++++ 1, 2 4a–4d Aerosol type

1b

3 Ca5(PO4)3(OH,Cl) apatite (as inclusions in

magnetite)

++ 1 3c Aerosol type

1a

4 Fe (Fe,Ti)2O4 titanomagnetite +++ 1 3c

5 (Mg,Ca,Fe)2Si2O6 clinopyroxene +++ 1

6 (Mg,Fe)SiO4 olivine ++++ 1 3d

7 (Na,Ca)(Al,Si)Si2O8 plagioclase +++ 1

Alteration aerosol (type II, secondary minerals)

8 (Al,Fe)PO4 unnamed ++ 1, 2

9 AlF3·nH2O unnamed ++ 1, 2 6d and 6e

10 AlOOH diaspore +++ 1, 2 6f

11 CaSO4 anhydrite +++ 1, 2 6b and 6e

12 CaSO4·2H2O gypsum +++ 1, 2 4c and 4d, 6c, 8k, 9b and 9c, and 11c

13 Fe3O4 magnetite +++ 1, 2 6b

14 FeOOH goethite +++ 1, 2

15 (Mg,Cu,Mn)Fe2O4 Cu‐magnesioferrite + 1, 2 8k Refs. 1 and 2

16 (Na,K)PO4 unnamed ++ 1, 2

17 NaxMgxAl2‐x)(F,

OH)6·H2O

ralstonite +++ 1, 2 6a

18 NiF2 unnamed + 1, 2 6d

Condensation aerosol (types IIIa and IIIb except H2SO4 droplets)

19 (Ag,Tl)(Cl,Br,I) chlorargyrite ++ 2 8e

20 Ag2S acanthite ++ 1–4 8f, 11a, and 11c

21 Au gold +++ 1–4 8a and 8b and 12 Refs. 3 and 4

22 BaSO4 barite ++ 1, 2

23 Cd cadmium + 2

24 CuO tenorite ++ 1, 2

25 Fe2O3 hematite +++ 1–3 7c and 8d

26 Fe2O3 maghemite ++++ 1, 2 7a

27 Fe3O4 magnetite +++ 1, 2

28 In2O3 unnamed + 2 7h

29 (K,Na,Cu,Tl)HSO4 mercallite +++ 3 9a

30 K2Pb(SO4)2 palmierite ++ 2 8d

31 K2SiF6 demartinite ++ 2 7c

32 K3NaCu4O2(SO4)4 wulffite ++ 1, 2 8g Ref. 5

33 KAl1+xAsxSi3O8 As‐bearing orthoclase + 2 8d

34 MoO3 molybdite +++ 1, 2 7d

35 (Na,K)2SO4 belomarinaite ++++ 1, 2 7a and 7b Ref. 6

36 (Na,K)Cl halite‐sylvite ++++ 1, 2 8a

37 (Na,K,Cu,Tl)2SO4 thenardite +++ 3 9a

38 Na2CdCl4 unnamed + 2 8c

39 NaCdCl3 unnamed + 2 8c

40 NaCl halite +++ 1‐4 8b, 8c, and 9a

41 NaZnCl3 unnamed + 1 8h

42 Nb2O5 unnamed + 2

43 PbCl2 cotunnite ++ 1, 2

44 PbSO4 anglesite ++ 1, 2 8a

45 Pd palladium + 2

46 Pt platinum + 2, 4 11b

47 ReS2 rheniite + 2 7k

48 Se selenium + 2

49 Ta2O5 tantite ++ 1, 2 7g

50 TeO2 paratellurite + 1

51 TlI nataliyamalikite ++ 1, 2 7f Ref. 7
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of previously precipitated and subsequently fragmented sublimates. The latter situation is discussed in detail

in section 5.1.

4.2. Particles Derived From Fragmentation of Melt and Altered Rocks

These types of aerosol are similar in cationic composition to the initial magma and may differ only in the

presence of volatile elements creating anions. The fragmentation aerosol, according to our classification

(types Ia and Ib), forms during fragmentation of magma, whereas “alteration aerosol” (type II) formed dur-

ing fragmentation of altered rocks or alteration of silicate particles.

4.2.1. Aerosol Type Ia: Magma Fragmentation: Fine Volcanic Ash and Ablated Phenocrysts

By the time the aerosols were sampled (3 months after the start of the eruption), the Tolbachik eruption had

become a relatively quiet lava effusion with almost constant ejection rate of lava and sporadic explosions in

the lava lake inside the crater. A stable system of lava tubes with skylights had already formed. Judging by

the visual assessment of the amount of silicate and nonsilicate particles on the filters, the fine silicate mate-

rial resulting from explosive activity and the silicate microspheres arising from the bursts of small gas bub-

bles accounted for less than 50% of aerosol by mass.

The fragmentation of silicate magma occurs in several ways, thus providing aerosol of various compositions

and sizes. Bursts of large high‐density gas slugs on the magma surface result in significant velocities (up to

300–500 m/s) for lava fragments (Bombrun et al., 2015). This process of aerosol formation is likely the most

productive during the period of high explosive activity. Larger fractions of pyroclastics, such as ash, lapilli,

and volcanic bombs, are also formed under these conditions. Particles of the explosion‐derived aerosol

Table 1

(continued)

# Formula Mineral name Frequency*
Sampling

site** Figure # Note

52 WO3 krasnogorite + 1, 2

53 ZnO zincite + 1, 2

54 ZrO (OH)2 unnamed ++ 1, 2 7e

55 Ni,Cu,Zn,Sn,(SO4),Cl,

etc.

unidentified sulfates and

chlorides

+++ 1–4 8h

56 H2SO4 sulfuric acid ++++ 1–4 Traces of acid exposure are shown in

Figures 9a–9c

Aerosol type

IIIc

Particles of unclear or nonvolcanic origin

57 CaCO3 calcite ++ 1 12

58 CaF2 fluorite ++ 4 11b, 11c, and 12

59 Ca5(PO4)3F fluorapatite ++ 4 11a, 11b, and 12

60 CaTiSiO5 titanite + 1

61 Cu1.8S digenite + 1 10b

62 Ag,Pt native silver‐platinum alloy ++ 4 10e

63 Ca2PO4Cl chlor‐spodiosite, goryainovite ++ 4 11d Ref. 8

64 Fe native iron + 4 12

65 FeS2 pyrite +++ 1 10a

66 FeWO4 ferberite + 1 10d

67 K2Ca(CO3)2 fairchildite + 4

68 (Na,K)1‐xCaxAlS3‐xO8 feldspar ++ 4 11a

69 magnetite (spherules) magnetite +++ 1–3 10f Refs. 9 and 10

70 NiO bunsenite + 1 10c

71 Ni (Fe,Ti)2O4 trevorite + 1 10c

72 Na2Ca4(CO3)5 Na‐Ca carbonate ++ 4 12

73 ZrSiO4 zircon ++ 1‐4

Note.
*Frequency: + extremely rare, 1‐3 particles were detected on all filters; ++ rare, 3–20 particles; +++ common, > 20 particles but <1wt. %; ++++ major phase,
>1 wt. %. **Sampling locations are according to the scheme in Figure 1: 1: crater rim; 2: large skylight in the lava tube; 3: lava flowwith free surface; 4: cracks in
the lava tube roof.
References: 1: Kamenetsky et al., 2019; 2: Sharygin et al., 2018; 3: Zelenski et al., 2016; 4: Chaplygin et al., 2015; 5: Pekov et al., 2014; 6: Filatov et al., 2018; 7:
Okrugin et al., 2017; 8: Ivanyuk et al., 2017; 9: Groves et al., 1987; 10: Srinivasachar et al., 1990. Мagnetite (Fe3O4) appears in four different classes of aerosol.
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were studied on filters and in the fine ash fraction. Such particles are mainly composed of quenched silicate

melt (glass; Figures 3a and 3b), but small crystals of rock‐forming minerals such as olivine (Figure 3d),

clinopyroxene, plagioclase,and magnetite (Figure 3c) are also present. Such crystals are partially or

completely devoid of silicate glass since the glass‐precursor melt was ablated by the oncoming air flow

when particles with high velocities flew apart from the point of explosion. The fragments of crystals with

freshly exposed breakage surfaces that are common likely formed as a result of the effect of thermal shock

on the crystals upon quenching or because of mechanical forces. The observed increase in the velocities of

the magma fragments with a decrease in the fragment size (Bombrun et al., 2015) indicates that

explosions with sufficient energy are able to extract the smallest solid objects (phenocrysts) present in the

magma and to clear them from traces of the melt.

4.2.2. Aerosol Type Ib: Silicate Microspheres

A different fragmentation involving the bursting of small and low‐density bubbles on the surface of the lava

produces silicate microspheres, which were found to be abundant in the Tolbachik aerosol. Such micro-

spheres are present in aerosol from the lava tube skylights (Figure 4) but also occur in aerosol samples from

the plume above the eruptive crater. Similar particles have been described in aerosols from the basaltic

Figure 3. Aerosol particles formed by magma fragmentation. (a and b) Glass particles; (c and d), phenocrysts of major

minerals. (a) Vesicular particle of silicate glass (gl) foam. (b) Elliptical glass droplet with a “tail.” (c) Magnetite (mgt)

crystal with remnants of silicate glass and an apatite (ap) inclusion. (d) Olivine (ol) crystal with broken surfaces possibly

resulting from breakdown caused by thermal shock. (a, b, and d) Secondary electron (SE) images; (c) backscattered

electron image.
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volcanoes Etna (Lefèvre et al., 1986; Martin et al., 2008), Kilauea (Meeker & Hinkley, 1993), Masaya (Martin

et al., 2009, 2012; Moune et al., 2010), and Villarrica (Sawyer et al., 2011). Tolbachik silicate microspheres

have a log‐normal size distribution with two modes at 1.6 and 6.4 μm, with most microspheres of smaller

size (Figure 5). Martin et al. (2008) observed a similar size distribution for silicate microspheres in Etna

aerosols with a modal diameter of 1.4 μm. Bimodal size distribution can be explained by the existence of

two different mechanisms for droplet formation during bubble bursting. Numerous small droplets form

by film rupture, whereas few larger droplets appear as a result of cavity collapse after bursting (Martin

et al., 2008, and references therein). Particularly favorable conditions for the formation of silicate

microspheres exist inside the nearly isothermal lava tubes, since lava does not cool from the surface and

is not covered by a crust with higher viscosity.

Unlike in the Etna aerosols, silicate microspheres were not the dominant fraction among the Tolbachik sili-

cate aerosol. They represent less than 20–30% of the silicate aerosol, whereas the remaining silicate particles

were angular clasts (Figures 4a–4c). Silicate microspheres, as well as micron‐sized angular clasts, are

enriched in sulfur (1–6 wt. % S) and alkali metals (up to 13.5 wt. % Na2O + K2O), but there is no significant

correlation between the abundances of these elements. There is also no noticeable difference in the

Figure 4. Silicate microspheres. (a) Monodisperse (1.6±0.5 μm) silicate glass microspheres together with dominant angu-

lar ash particles. (b) 1–60 μm silicate glass microspheres, together with altered ash particles. (c) Angular ash particles,

Pele's hair, silicate glass microspheres and gypsum (gy) crystals. (d) Enlarged fragment of (c) with gypsum crystals and

silicate glass microspheres: the surface of glass microspheres can be smooth (fresh) or reticulated (altered). Secondary

electron images.
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compositions of microspheres and larger angular particles. The latter,

most likely, indicates that the microspheres and the angular glass frag-

ments have the same origin (melt fragmentation during explosions of

small bubbles) but seemingly different quenching conditions.

4.2.3. Aerosol Type II: Altered Basaltic Particles and Fragments of

Altered Basaltic Rocks

Two other mechanisms of aerosol formation mentioned by Mather

et al. (2003) were widely present during the Tolbachik eruption:

leaching/alteration of silicate aerosol and leaching/alteration of volcanic

rocks followed by fragmentation. These two cases are similar; therefore,

we combined the particles resulting from these two processes under the

common name “alteration aerosol.” They differ, however, in the sequence

of the formation processes and their locations. Specifically, alteration

occurs directly on aerosol particles suspended in the gas or on solid

rocks followed by fragmentation. The particles formed by these two

processes mainly differ in their morphologies and abundances of

secondary minerals.

The altered aerosol (fragmentation first) is represented by silicate glass

particles coated from the surface with separate crystals or a thin layer of

secondary minerals (Figures 6a–6c). Alteration of the surface layer of sili-

cate particles, including microspheres, occurs while they are suspended

inside a lava tube, which is filled by volcanic gas plus air at a temperature

~1065°С. The time required for silicate microspheres to move from the

lava surface to the skylight can be roughly estimated from the size of the

lava tube (5–10 m across and about 1 km long from the source) and gas

flux from the skylight (approximately 10–20 m3/s). This results in a resi-

dence time of the gas in the lava tube from several seconds to several min-

utes. Previously, Spadaro et al. (2002) showed that in the presence of volcanic gases, even at ambient

atmospheric temperature, cations are gradually leached out of basalt glass, which leads to a change in the

glass composition.

The altered rock particles (alteration first) consist entirely of secondary minerals (e.g., Figure 6f). The list of

secondary minerals (Table 1 and Figure 6) includes simple and complex aluminum fluorides (unnamed

mineral AlF3·nH2O, ralstonite NaxMgxAl2‐x[F,OH]6·H2O), calcium sulfates (gypsum CaSO4·2H2O, anhy-

drite CaSO4), and various aluminum and iron oxides and hydroxides. In one of the fluoride‐rich particles

studied, a noticeable amount of NiF2 was measured (Figure 6d). Phosphates such as (Na,K)3PO3 and (Al,

Fe)PO3 were observed on filters in the form of micron‐sized irregular particles. The presence of secondary

minerals in volcanic aerosol, as well as the presence of fragmented sublimates (section 4.2.2), is one of the

main factors preventing accurate measurements of trace elements transported by volcanic gases in the gas-

eous form (Aiuppa et al., 2003; Zelenski et al., 2014; Zoller et al., 1983).

4.3. Particles Derived From Gas Condensation

Particles derived from gas condensation are an essential component of volcanic aerosols, if not by mass then

by geochemical significance. Condensation aerosol determines the enrichment of the volcanic plumes with

relatively volatile heavy elements with low concentrations (e.g., Mo, Cd, As, Ag, and Pb). Within our classi-

fication, we identified three subtypes of condensation aerosol based on morphological characteristics: IIIa—

solid particles that condense from the gaseous phase, IIIb—minerals and aggregates condensed from gases

on a solid surface (volcanic sublimates) and subsequently detached from the surface and fragmented into

aerosol particles, and IIIc—liquid droplets condensed from the gaseous phase.

4.3.1. Aerosol Type IIIa: Solid Particles That Condense From the Gaseous Phase

Volatile metal compounds released directly from the silicate melt as well as compounds formed due to gas‐

phase reactions (e.g., oxidation of volcanic gas by atmospheric oxygen) can condense upon cooling to form

aerosols. This class of aerosol particles (together with class IIIb—fragmented sublimates) is characterized by

the greatest variety of mineral and chemical compositions. The three most abundant nonsilicate phases

Figure 5. Bimodal log‐normal distribution of the diameter of silicate micro-

spheres in the Tolbachik aerosol.
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in the Tolbachik aerosol emissions were Na‐K double sulfate, iron (III) oxide, and sulfuric acid; all

three were products of the gas‐phase oxidation (see Discussion). Unlike condensation aerosol studied

in the Popocatepetl plume and presented mainly by spherical and fluffy particles (Obenholzner et al.,

2003), condensation in the Tolbachik gases mainly resulted in well‐shaped micron‐sized crystals

(Figure 7). Many aerosol particles of this type were individual single crystals (Figures 7a–7c), although

many others, especially those containing heavy elements, were present as aggregates of tiny individual

crystals (Figures 7d–7f).

Na‐K double sulfate are crystals of 0.5–2.5 μm in size (Figures 7a and 7b). The atomic ratio of Na:K is close to

unity. Most sulfate crystals have poorly expressed faces or have a shape close to spherical, which can be an

indirect sign of condensation of liquid sulfate droplets followed by crystallization of such droplets (see

Discussion). Fe (III) oxide crystals in the aerosols are represented by cubic polymorph maghemite, 2–5

μm in size and with well‐defined crystal faces that are commonly flattened to thin plates (Figure 7a).

Other iron oxides, magnetite Fe3O4 and hematite Fe2O3, were less common in aerosol, although they are

abundant in Tolbachik sublimates (e.g., Vergasova & Filatov, 2012). In addition to (Na,K)SO4 and Fe2O3,

the Tolbachik aerosol contained other condensed phases in low abundance. Crystals and aggregates of potas-

sium hexafluorosilicate demartinite K2SiF6 (Figure 7c), which was determined by its chemical composition

and hexagonal bipyramidal crystal shape (Gramaccioli & Campostrini, 2007), occur in small quantities.

Figure 6. Aerosol particles containing secondary minerals. (a–d) Altered ash: silicate glass particles covered with secondary minerals; (e and f) secondary minerals.

(a) Globules of ralstonite NaxMgxAl2−x(F, OH)6·H2O. (b) Crystals of anhydrite, CaSO4, and magnetite. (c) Crystals of gypsum, CaSO4·2H2O. (d) Thin layer of

unidentified aluminum fluoride and nickel fluoride. (e) Particle of aluminum fluoride and anhydrite crystals. (f) Particle of aluminum hydroxide. (a, e, and f)

Secondary electron images; (b–d) backscattered electron images. gl: silicate glass, mgt: magnetite, gy: gypsum. These phases were also observed in fumarolic

incrustations at Surtsey, Eldfell, and Hekla volcanoes, Iceland (Jakobsson et al., 2008).
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Single crystals of Na‐K chloride in aerosol are rare, but crystal aggregates of (Na,K)Cl are more common,

which seemingly indicates the deposition of the minerals on solid rocks at lower temperatures, followed

by fragmentation (section 4.2.2.).

Figure 7. Examples of condensation aerosol. Particles are micron‐sized individual crystals or aggregates with a visible crystalline texture. (a) Crystals of maghemite

Fe2O3 (light) together with a smaller amount of Na‐K sulfate (dark gray). Maghemite is a modification of Fe (III) oxide with cubic crystals. (b) Crystals of Na‐K

sulfate; many have a rounded shape. (c)Well‐shaped crystals of demartinite (hexagonal modification of K2SiF6). (d) Fractal‐like aggregated crystals of molybdenum

oxide MoO3. (e) Aggregate of acicular and sheaf‐like crystals of zirconium oxide‐hydroxide ZrO (OH)2. (f) Aggregate of thallium iodide TlI; individual crystals are

100‐200 nm in size. (g) Aggregate of Ta2O5. (h) Aggregate of In2O3 containing 1 wt. % Au. (k) Crystal of ReS2. mh: maghemite, sf: Na‐K sulfate.
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Rare or solitary crystals and aggregates containing heavy elements were also captured by the filters. Such

particles, even very small ones, are clearly visible by SEM in the phase‐contrast viewing mode. The list of

phases with heavy elements includes molybdenum oxide MoO3 (Figure 7d), zirconium hydroxide oxide

(Zr,Hf)O (OH)2 (Figure 7e), thallium iodide TlI (Figure 7f), tantalum oxide Ta2O5 (Figure 7g), indium oxide

In2O3 (Figure 7h), rhenium disulfide ReS2 (Figure 7k), barium sulfate BaSO4 (barite), silver chloride and sil-

ver sulfide, lead chloride PbCl2, lead sulfates PbSO4 and K2Pb(SO4)2, and numerous micron and submicron

gold particles (Table 1). Many of these phases were previously described within fumarolic incrustations at

Tolbachik (e.g., Vergasova & Filatov, 2012) as well as on other volcanoes (Balić‐Žunić et al., 2016). Other

phases such as Ta2O5 has not been observed in the fumarolic environment, or, in the case of In2O3 and

ZrO (OH)2, do not correspond to the list of known minerals.

4.3.2. Aerosol Type IIIb: Fragmented Sublimates

Mineral aggregates precipitated directly from volcanic or fumarolic gases on the surface of rocks are tra-

ditionally called volcanic sublimates. Such sublimates form inside and around cracks in lava or on crater

walls and can become airborne after fragmentation to form aerosol particles (for example, propelled away

by a sudden increase in gas flux). Fragmented sublimates differ from aerosol gas‐condensed particles.

They have a relatively large size (50–200 μm), irregular or angular shape of clasts and, as a rule, polymin-

eral compositions (section 5.1). Most of the minerals from these particles have been previously described

for the fumaroles of Tolbachik or other volcanoes (Table 1). The main phases of fragmented sublimates

are Na‐K chloride (Figure 8a) or pure NaCl (Figure 8b) and a complex Cu‐K‐Na sulfate wulffite

K3NaCu4O2(SO4)4 (Figure 8g). The list of rare minerals among this class of aerosol particles includes

two Cd‐Na chlorides NaCdCl3 and Na2CdCl4 with different Na:Cd ratios and different shapes of crystals

(Figure 8b), cotunnite PbCl2, anglesite PbSO4 (Figure 8a), palmierite K2Pb(SO4)2 (Figure 8d), As‐bearing

orthoclase KAl1+xAsxSi3O8 (Figure 8d), tenorite CuO, hematite Fe2O3 (Figure 8d), NaZnCl3 (Figure 8h),

and Cu‐bearing magnesioferrite (Mg,Cu,Mn)Fe2O4 (Figure 8k). Fine gold scattered everywhere is one

of the remarkable features of such particles. Gold is present as individual crystals <1 μm in size

(Figure 8a) or as aggregates (Figure 8b). Unlike gold, silver minerals are rarely found on volcanoes (Li

& Boudreau, 2019). However, the Tolbachik aerosol contains a noticeable amount of crystals or aggre-

gates of acanthite Ag2S (Figure 8f) and chlorargyrite (Ag,Tl)(Cl,Br,I) (Figure 8e). In the latter case, chlor-

ine dominates, but bromine and especially iodine are also present in appreciable amounts. Silver in such

aggregates was partially replaced by thallium. Aerosol type IIIb (precipitation of sublimates followed by

fragmentation) was not previously listed among processes contributing to particle formation in volcanic

aerosol (e.g., review by Mather et al., 2003).

4.3.3. Aerosol Type IIIc: Liquid Particles Condensing in the Gaseous Phase

Along with solid phases, the Tolbachik aerosol contained droplets of sulfuric acid. Our methods (sampling

onto simple single filters) allowed us to indirectly identify the presence of liquid aerosol particles. Some fil-

ters did not contain primary aerosol particles; instead, they were covered by phases evidently crystallized

from an aqueous solution (Figure 9a). This filter was used for the collection of aerosol from the plume over

the open lava flow (Figure 2b). The phases on such filters included halite, thenardite (Na,K,Cu,Tl)2SO4, and

the rare mineral mercallite (K,Na,Cu,Tl)HSO4, which is an acid salt (potassium bisulfate). As is known from

general chemistry, the crystallization of potassium bisulfate requires free sulfuric acid in the solution.

Theoretically, sulfuric acid could form in situ on the filter due to oxidation of the SO2 dissolved in water,

which can be fast in the presence of heavy metals such as Cu and Tl (Huie, 1986; Pollard et al., 1961, and

references therein).

Other filters contain stronger evidence of the presence of sulfuric acid droplets. For example, Ca‐rich aerosol

particles (apatite, fluorite, and silicate glass) were surrounded by gypsum satellite rings (Figure 9b) or gyp-

sum tentacle‐like aggregates (Figures 9c and 11c). Some of these filter samples were collected in July 2013, in

dry and warmweather in the absence of visible vapor plumes that consist of water droplets. In particular, the

aerosol particles (Figures 9b, 9c, and 11c) were sampled from blue transparent fumes over a skylight at

110°C; this temperature excludes condensation of liquid water and oxidation of SO2 directly on filters in

water solution did not occur. The presence of sulfuric acid droplets in near‐vent volcanic aerosols has been

previously confirmed (e.g., Allen et al., 2000; Martin et al., 2008). In particular, sulfate aerosols were

recorded near lava fountains and over cooling lava flows (Ilyinskaya et al., 2012). Hence, sulfuric acid dro-

plets were most likely present in the Tolbachik aerosols.
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Figure 8. Aerosol particles likely formed by fragmentation of volcanic sublimates. (a) Aggregate of (Na,K)Cl crystals with Na:K ratio close to unity. The aggregate

also contains anglesite PbSO4 and native gold. (b) Aggregate of small gold crystals together with halite NaCl. (c) Massive halite aggregate and two Cd‐Na chlorides

with different Cd:Na ratios. (d) Aggregate of filatovite (As‐bearing orthoclase, As‐orth), palmierite, K2Pb(SO4)2 (pal) and hematite, Fe2O3 (hem). (e)

Aggregate of chlorargyrite (Ag,Tl)(Cl,Br,I) containing trace Br, I, and Tl. Dendrite‐like halo of the same composition formed on the filter around the primary aerosol

particle, suggesting the filter was wetted by an acid mixture, enriched in HCl and containing HBr and HI. (f) Monomineralic aggregate of acanthite, Ag2S. (g)

Aggregate of wulffite, K3NaCu4O2(SO4)4. (h) Aggregate of NaZnCl3with unidentified inclusions of Cu, Ni and Sn sulfates or chlorides. (k) Aggregate of Cu‐bearing

spinel, (Mg,Cu,Mn)Fe2O4, and a gypsum crystal.
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4.4. Aerosol Type IV: Particles of Unclear or Nonvolcanic Origin

Above we describe particles with origins that were not difficult to determine. Based on morphology and che-

mical composition, we concluded that most aerosol particles in Tolbachik originated either as a result of the

fragmentation of magma, fragmentation of altered volcanic rocks, or condensation from the gaseous phase

(see also section 5.1). The origin of some other particles captured on filters was not as obvious. Some of the

particles have the characteristic features of two or more types of aerosols or signs of extraneous (nonvolca-

nic) origin. We combine these as “particles of unclear origin” and discuss various possible ways of forming

such particles below.

1. Pyrite (FeS2) was present in the aerosol as crystal fragments (Figure 10a), well‐shaped crystals, and aggre-

gates. Another sulfide mineral present was a small 4‐μm roundish particle of Cu1.8S (Figure 10b). This

chemical composition is that of digenite. It is not possible to determine the exact origin and initial com-

position of the sulfide, since the Cu‐S system is rather complex and the most stable composition depends

on temperature (e.g., Cook, 1972). This sulfidemay have formed at depth in a hydrothermal vein and sub-

sequently expelled by magma or gas discharge. Its rounded shape appears due to melting rather than to

erosion, because meting point of digenite (1050°C; Cook, 1972) is slightly below lava temperature (1065

°C). A relatively large (~10×40 μm) crystal of ferberite FeWO4 (Figure 10c) contains 2 wt. % Re. An aggre-

gate of octahedral crystals of trevorite (Ni (Fe,Ti)2O4) together with bunsenite NiO was found on a filter

Figure 9. Evidence for sulfuric acid aerosol in aerosol samples. (a) Filter covered with crystals apparently crystallized

from solution containing sulfuric acid. The filter contains (1) crystals of potassium bisulfate mercallite (K,Na,Cu,Tl)

HSO4, (2) dendrites of thenardite (Na,K,Cu,Tl)2SO4, and (3) balance of filter covered with a mixture of thenardite and

halite. Potassium bisulfate (mercallite) crystallized from acid solution containing free H2SO4. (b) Satellite ring composed

of gypsum crystals around large ash particle. (c) Tentacle‐like aggregates of gypsum growing from apatite crystal. A Ca‐

rich particle was trapped by the filter together with droplets of sulfuric acid. Under the influence of acid, cations were

leached from the particle, of which only Ca forms insoluble sulfates (gypsum). During storage, sulfuric acid gradually

evaporated from the filter, leaving aggregates of secondary minerals with characteristic shapes.
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stained by small patches of silicate glass (Figure 10d). We included a 20‐μm particle in the form of an

irregular ellipsoid, consisting of an alloy of silver and platinum Ag80Pt20 (wt. %) or Ag0.88Pt0.12 (at. %),

as an aerosol type of unclear genesis (Figure 10e). Only pyrite was relatively abundant, whereas

chalcocite, ferberite, trevorite/bunsenite, and silver were represented by single particles. These

minerals are typical in hydrothermal veins or supergene oxide zones of sulfide deposits and could

originate from country rocks entrained by rising magma and fragmented in the course of the eruption.

2. Another group of unresolved aerosol particles comprises hollow magnetite spherules (Figure 11). Such

spherules were notably abundant on filters and common in the fine fraction of the volcanic ash. The

spherules have a black color and are composed of almost pure magnetite crystals with total contents of

Figure 10. Aerosol particles of unclear origin. (a) Fragment of pyrite crystal (FeS2). (b) Globule of digenite (Cu1.8S). (c)

Aggregate of trevorite (Ni (Fe,Ti)2O4) and bunsenite (NiO) with remnants of silicate glass. (d) Crystal of ferberite

(Fe(W,Re)O4) containing 2 wt. % Re. (e) Globule of Ag‐Pt alloy containing ~20 wt% Pt (Ag0.88Pt0.12). (f) Two fragments of

titanite, CaTiSiO5.

Figure 11. Hollow magnetite spherules.
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S, Cr, Mn, Ti, Ni, and Cu not exceeding 0.5 wt. %. The size of the central cavity varies from approximately

50 to ~95% of the whole diameter. Such spherules were not observed to form aggregates with other aero-

sol minerals.

3. Phosphates and carbonates were sampled from the distal skylight, located ~1 km from the main crater, in

the area where recent lava flows formed a shield more than 80 m thick (site 4 in Figures 1 and 2a). Blue

fumes at a temperature of 120–150°C discharged from several open cracks ~20 cm wide. The collected

particles included apatite, fluorite, chlor‐spodiosite, calcite, some unidentified K‐Ca carbonate, and

Na‐Ca carbonate, the latter with inferred Na:Ca ratio ~2 or a fine intergrowth of calcite and sodium car-

bonate. These phases occurred as single crystals 20–50 μm in size (Figure 12) or as aggregates (Figure 13).

Some fluorite crystals contained apatite inclusions (Figure 12b), which may indicate pseudomorphs of

fluorite after apatite. In addition to relatively large crystals of phosphates and fluorides, tiny particles

of Ag2S, native gold, and spherules of native iron were observed in such aggregates. Phosphates were

not confined exclusively to this specific sampling site; rare particles of irregular shapes composed of

Na‐K and Al‐Fe phosphate were present on filters collected at other sampling sites.

4.5. Comparison of Aerosol Captured at Different Degassing Vents

The Tolbachik aerosols collected at the various sampling sites vary in composition, such as in the ratio of

nonsilicate to silicate components, including silicate microspheres. The largest amount of angular silicate

particles and silicate microspheres was observed in samples from the active crater rim (sampling site 1;

Figures 4a and 4c); forms such as Pele's hair were also present here (Figure 4c). Angular silicate particles

were rare in other locations, but they were present in samples from all sampling sites. Most likely, such par-

ticles represent small fragments of tephra or solidified lava flows, carried by the winds.

The largest silicate microspheres, up to 64 μm in size, were observed on filters sampled from the plume over

the large skylight in the lava tube roof (sampling site 2; Figure 4b). Microspheres were absent in aerosol sam-

ples from above the free surface of lava flow (sampling site 3) and in samples from the plume over cracks in

the lava tube roof (sampling site 4). The presence of a cooled, viscous surficial layer on the lava flow is a prob-

able explanation, since such a layer prevents bursts of small gas bubbles at the lava surface. The amount of

H2SO4 droplets was the highest in the plume over the open‐surface lava flow. Also, aerosols from above the

surface of the lava flow contained more chlorides as compared to aerosols collected at sampling sites 1 and 2

upstream of the lava flow. This may result due to preferential SO2 degassing from lava, while chlorine and

fluorine are retained by silicate melt to be gradually released at distal parts of the lava flow.

The most intensive emission of condensation aerosol occurred from the large skylight (sampling site 2),

where its content exceeded 90% bymass. The ratio between the main aerosol minerals at this site varied from

~90% Fe2O3 (Figure 7a) to ~90% (Na, K)2SO4 (Figure 7b). The highest flux of the condensation aerosol was

observed at the sampling site 2 in February. Aerosols sampled in July from the plume over cracks in the lava

tube roof consisted of rare single particles of nonsilicate minerals (Figures 12 and 13) and fragments of pre-

viously deposited sublimates (Figures 8g and 8h), with a low amount of condensation aerosol. Alteration

aerosol was present mainly in samples taken from the plume over the large skylight (the sampling site 2)

and also from the main crater. This reflects the conditions required for the formation of alteration aerosol:

prolonged interaction of solid silicate rocks with high‐temperature gases.

Overall, there was a decrease in degassing rate of lava with increase in distance from the main vent, as well

as with time (decrease in the lava effusion rate). This evolution in distance and time corresponded to a gra-

dual change in composition of aerosol according to the sequence: (1) angular silicate fragments, (2) silicate

microspheres, (3) Na‐K‐Fe condensation aerosol and alteration aerosol, and (4) nonvolcanic particles and

fragmented sublimates.

4.6. Thermodynamic Calculations vs. Observed Mineralogy of the Tolbachik Aerosol

The observed phase composition of aerosol is similar to the equilibrium composition of the gas‐rock system

over the temperature range of 600 to 900°C (Figure 14). The two most abundant aerosol phases, Na‐K sulfate

and Fe (III) oxide, were predicted by the model, with the disagreement that double Na‐K sulfate was mod-

eled as two separate sulfates. The occurrence of oxides and hydroxides and Ca‐sulfate (anhydrite) in aerosol

was also predicted by model calculations. The only large discrepancy between the model prediction and nat-

ural samples was the absence of MgSO4 in the aerosol. According to the model, sulfates of alkali metals are
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stable between 600 and 900°C, but they transform into gaseous chlorides at higher temperatures. The model

also predicts the specific high‐temperature mineral assemblage, which consists of spinel (magnesioferrite

and hercynite), magnetite, orthopyroxene and clinopyroxene, feldspathoids, and mullite. The Cu‐bearing

spinel was found in a thin crust covering the walls of the Tolbachik lava tube (Kamenetsky et al., 2019;

Sharygin et al., 2018) and among aerosol particles (Figure 8k).

According to the model, sulfuric acid appears in the gaseous form below 700 and becomes the main sulfur

species below 440°C (not shown in Figure 14). From approximately 300°C, gaseous H2SO4 begin to condense

forming sulfuric acid aerosol; liquid H2SO4 dominates below 160°C. The modeling data reproduce well the

observed speciation of solid aerosol and the presence of liquid H2SO4. The equilibriummodel cannot predict

the actual degree of SO2 conversion to sulfates and sulfuric acid, since kinetics is responsible for this

(Boreskov, 1954; Sander et al., 1984). A rough estimate of the mass ratio of sulfate aerosol deposited on a fil-

ter to the gaseous SO2 pumped through the same filter gave value of (Na,K)SO4/SO2 ≈0.0075. This ratio was

calculated from Na, K, and SO2 contents in the gas (Zelenski et al., 2014), and observations that more than

Figure 12. Phosphates and fluorite in aerosol emissions of Tolbachik. (a) Group of aerosol particles consisting of subhedral crystals of fluoroapatite (ap), plagioclase

(pl) and rock fragment. Smaller particles of bunsenite (NiO) and acanthite (Ag2S) attached to large apatite crystal. (b) Subhedral crystal of fluorite (fl) with two

inclusions of subhedral fluoroapatite (ap) and several small platinum particles attached to fluorite. (c) Euhedral crystal of fluorite (fl) surrounded by fringe

composed of secondary gypsum (gy); such secondary sulfates presumably formed due to interaction of sulfuric acid with Ca‐rich minerals directly on filter. (d)

Euhedral crystal of rare Ca phosphate chlor‐spodiosite, Ca2PO4Cl (also called goryainovite; Ivanyuk et al., 2017), with particles of acanthite (Ag2S) attached.

Backscattered electron images.
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90% of Na and K exist in the form of sulfate (this work). The conclusion is that for kinetic reasons, only a

small fraction of SO2 in the plume above the lava flow and skylights in the lava tube was converted to

H2SO4. The latter immediately reacts with alkali metal chlorides present in the gas to form sulfate aerosol.

5. Discussion

5.1. Morphology as a Key to the Origin of Aerosol Particles

Tolbachik aerosols contain a large amount of the condensation aerosol. Particles of this type can condense

directly from the gas phase (desublimation), can condense into a liquid phase with subsequent solidification

upon cooling, and can precipitate on a solid surface (desublimation) with subsequent fragmentation. We

argue that several morphological features indicate that the condensation of aerosol particles occurs directly

from the gas phase, in contrast to minerals previously deposited on the rock surface and within cracks in the

form of sublimates and subsequently fragmented.We deduce these features by comparing themorphology of

Tolbachik aerosol particles and well‐documented aerosols of different origins from industrial areas of China

and India (e.g., Khafaie, 2013; Li et al., 2016; Xu et al., 2017, and references therein), including condensation

aerosol (soot and fly ash), mineral and biogenic aggregates, and sea spray aerosol. Soot and fly ash particles

are believed to result from gas‐phase condensation during cooling of combustion products, whereas mineral

and biogenic particles are mainly formed as a result of fragmentation.

Morphological evidence of condensation of aerosol particles directly from the gas include the following:

Figure 13. An aerosol particle composed of fluoroapatite, fluorite, Na‐ and Ca‐carbonates, native iron, clasts of silicate

glass and disseminated gold crystals.
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1. The crystals are single, not in aggregates (Figures 7a–7c and 7k).

2. The crystals have rounded (Figure 7b) or isometric shapes with clearly defined faces (Figures 7a and 7c).

3. The crystals are small, from hundreds nanometer to 2–5 μm in size (Figures 7a–7k).

4. Rounded, fluffy aggregates (Figures 7g and 7h).

5. Fractal‐shaped aggregates (Figure 7d); such fluffy and fractal aggregates are composed of a single phase.

Figure 14. Temperature evolution of the gas‐air system as derived from thermodynamic modeling based on the Outokumpu code HSC 6.1 Chemistry code and data

base (Roine, 2007). The most abundant solid and gaseous species of Al, Fe, Ca, Mg, Na, and K are plotted. The chemical composition of the model system combines

one mole of basalt with 100 moles of the volcanic gas of Tolbachik and 100 moles of air. Basaltic melt and basaltic glass were not considered among the

possible phases because of unknown thermodynamic properties. Notwithstanding this fact, the observed composition of aerosol at the skylight closely resembles the

calculated composition in the temperature range from 600 to 900°C, with several exceptions. The predicted, but not observed phase is MgSO4, which was

absent in the sampled aerosol. On the contrary, aluminum fluorides (ralstonite, NaxMgxAl2‐x)(F,OH)6·H2O, unnamedmineral AlF3·nH2O) were observed, but not

predicted by the model.
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6. The best‐known example of fluffy fractal‐shaped aggregates grown directly from the gaseous phase is

snow.

Indications that aerosol particles formed as a result of fragmentation of previously condensed mineral

aggregates are the opposite of the characteristics listed above. Particles formed as a result of fragmentation

of sublimates are represented by features including the following:

1. polycrystalline aggregates (Figures 8a–8k);

2. polymineralic aggregates (Figures 8a–e, 8h, and 8k);

3. aggregates with dense, nonporous texture (Figures 8a–8k);

4. large aerosol particles ‐ tens of micrometers (Figures 8a–8k); and

5. aerosol particles with angular or irregular shape (Figures 8d, 8g, and 8k).

Some particles may share features characteristic of both crystals condensed directly from the gas and

fragmented particles of preaerosol deposits on a substrate (Figures 7e and 7f). It is also possible that some

particles with similar morphology are of different origin.

The spherical or roundish crystals of (Na,K)2SO4 (Figures 7a and 7b), in our opinion, are evidence that

the condensation of the mineral occurred initially into the liquid, and crystals (aggregates) formed only

after the liquid sulfate cooled below the solidification point, partially retaining the shape of the initial

sulfate droplets. The Na2SO4‐K2SO4 system has a minimum eutectic melting point of approximately

830°C at 20 mol. % K2SO4 (Rowe et al., 1972). The Na2SO4‐K2SO4 system was liquid at the Tolbachik

gas temperature of 1065°C over a large range of Na:K ratios. Only pure sodium sulfate has a melting point

at 1071°C, slightly above the gas temperature. Sulfates are common phases in volcanic aerosol (e.g.,

Galindo et al., 1998; Allen et al., 2006; Martin et al., 2008; Moune et al., 2010; Sawyer et al., 2011). In

particular, large (up to 50 μm) sulfate microspheres and dendrites, composed of such microspheres, were

described in fumarolic incrustations of Erta‐Ale volcano, where the presence of sulfate liquid is explained

by a high gas temperature, 1084°C, which exceeded melting points of alkali sulfates (Zelenski et al., 2013).

The relatively large sulfate crystals in the Tolbachik aerosol, a modal size of 2‐3 μm (Figures 7a–7c), is

likely due to relatively large residence time of gas in the lava tube, ranging from several seconds to several

minutes (Section 4.1.3).

5.2. The Behavior of Aerosol Particles in the Environment, Depending on Their

Mineral Composition

The emission of high‐temperature gases from magma results in the selective extraction of significant

amount of rare volatile elements (e.g., Nriagu, 1989; Hinkley et al., 1999; Mather et al., 2003; Zelenski

et al., 2014, Mather, 2015, Ilyinskaya et al., 2017). After exsolution frommagmas, volcanic gases form various

condensation aerosols on cooling (Figures 2 and 7 and 8). Only a small fraction of volcanic aerosol settles

near the emission source (Calabrese et al., 2011); most aerosol particles are transported by air streams over

hundreds to thousands kilometers (e.g., von Glasow et al., 2009). Sooner or later, the condensation aerosol

particles return to the ground, where they are involved in the geochemical cycle, with various effects on

the environment (von Glasow et al., 2009; Calabrese et al., 2011; Mather, 2015, and references therein).

The mineral composition of aerosol particles affects their behavior in the environment.

The main physical and chemical properties of aerosol minerals that determine their fate include solubility

in water, hardness, density, and chemical reactivity. The solubility of aerosol minerals determines their

stability in wet environments. Hardness and density determines the behavior of mineral particles during

fluvial transport. Tolbachik aerosol contains both soluble minerals (e.g., sulfates and chlorides of alkali

metals, copper, zinc, and cadmium) and insoluble (Fe2O3, AgCl, Ag2S, Au) as well as minerals of different

densities (in the range from ~1 to 19.3) and with a wide variety of other properties. A detailed discussion

of the behavior of trace elements from aerosols in Earth's atmosphere and environment is beyond the

scope of this article, but two typical examples of contrasting behavior of trace elements are given below.

The rare and toxic element thallium contained in Tolbachik gases (0.11 ppm; Zelenski et al., 2014) forms

both readily soluble and insoluble compounds upon gas cooling. Soluble thallium is contained as a trace ele-

ment in Na‐K sulfate aerosol; insoluble compounds are TlI and (Ag,Tl)(Cl,Br,I) (Table 1). If soluble salts are

dissolved by water, then insoluble particles may accumulate at the surface around the emission center. Snow
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samples collected during the Tolbachik eruption contained a large amount of soluble thallium compounds

(Malik et al., 2013). In the spring, this snowmelted and thallium entered the groundwater. At the same time,

thallium iodide aggregates were found in volcanic ash samples collected near the 2013 eruptive cone 4 years

after the end of the eruption (Figure 7f).

The other example is gold. For a spherical gold particle with a diameter of 200 nm, the sedimentation rate in

still air is about 3 cm/hr, if we do not take into account coagulation with other aerosol particles. Such par-

ticles are only removed from the atmosphere by wet sedimentation (e.g., Seinfeld & Pandis, 1997;

Uematsu et al., 1983), playing the role of nuclei for water droplets or ice crystals. Based on the total emission

of SO2 during the 2013 Tolbachik eruption, calculated from petrological data (1,700 kt), and the measured

Au/SO2 ratio of 6.8E−8 in volcanic gas (Zelenski et al., 2014), about 115 kg of gold was emitted with volcanic

gases. Judging by data obtained during the present study, a significant portion of the emitted gold formed

submicron aerosol particles, which were dissipated in Earth's atmosphere to be deposited elsewhere, far

from the eruptive center by the process of wet sedimentation. Gold particles emitted by other volcanoes

may behave similarly.

5.3. Thermodynamic Modeling in Aerosol Study

Equilibrium thermodynamics allows the study of multicomponent and multiphase systems that contain

dozens of elements and that are composed of dozens to hundreds of possible phases (Belov, 2002;

Chudnenko, 2010; Hack, 1996; Karpov et al., 2002). This can be applied to geological environments, such

as metasomatic sequences, interaction of volcanic gas with country rocks, or deposition of fumarolic sub-

limates (Churakov et al., 2000; Symonds & Reed, 1993; Taran et al., 2000). Such systems are difficult to

study experimentally and often difficult to measure accurately, but they can be studied using thermody-

namic models. Nevertheless, the complete volcanic system comprising silicate melt, volcanic gas, solid

basalt, and aerosol cannot be modeled at the current time, since thermodynamic properties of the melt

components and silicate glass of basalt groundmass are not available (Belov, 2002; Belov & Trusov,

1998; Chudnenko, 2010). By means of thermodynamic modeling, we can calculate properties and

behavior (e.g., condensation vs. cooling) only for a simplified system consisting of gas and solid

crystalline phases.

In addition to the restrictions imposed by the modeling process itself, there are also kinetic limitations.

Equilibrium modeling predicts only the final state of the system but is not able to estimate the time

and way in which this state will be reached. For example, gas‐phase reactions at temperatures above

1000°C proceed quickly (e.g., compilation of Babushok & Dakdancha, 1993) but the rate of a gas‐rock

reaction is limited by diffusion, a slow process. Despite all limitations, our thermodynamic model explains

the observed mineral assemblages in volcanic environment and predicts their change along with the

changing conditions. The most important (and new) result of the simulation is that the mineral composi-

tions of both the condensation aerosol and alteration aerosol are close to the equilibrium state in the vol-

canic gas‐air‐basalt system.

The model predicts the presence of alkali sulfates simultaneously with calcium sulfate. Sodium and potas-

sium gaseous chlorides that are the main species of Na and K above 1000°C (Figure 14) appear to be precur-

sors for the formation of Na and K sulfate particles, with double Na‐K sulfate being one of the main

components of the condensation aerosol. Whereas Na‐K sulfate condenses from the gas, calcium sulfates

(both anhydrite CaSO4 and gypsum CaSO4·2H2O), and Mg and Al fluorides and hydroxides coat particles

of volcanic glass. According to thermodynamic calculations, Ca, Mg, and Al should not occur in noticeable

amounts in the gas. For example, the total amount of gaseous Ca compounds at 1000°C in the system is 7

orders of magnitude lower than the amount of solid substances containing Ca. Therefore, it can be assumed

that Ca, Mg, and Al minerals coating silicate particles (Figure 6) formed directly on the surface of these par-

ticles due to gas‐solid reactions.

The model also predicts that iron is largely present in the form of Fe (III) oxide but does not specify reactions

leading to formation of this substance in the aerosol. The intermediate volatile compound may be volatile

iron chlorides (formed as a result of the interaction between gaseous HCl with FeO and Fe2O3 containing

in rock):
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2FeO rockð Þ þ 4 HCl ¼ 2FeCl2 þ 2H2O;Fe2O3 rockð Þ þ 6HCl ¼ 2FeCl3 þ 3H2O;

with gaseous FeCl2 and FeCl3 then converted to solid Fe (III) oxide, releasing molecular chlorine, which

subsequently oxidizes SO2 to SO3:

2FeCl3 þ 3O2 ¼ 2Fe2O3 þ 3 Cl2;Cl2 þ SO2 þ 2H2O ¼ H2SO4 þ 2HCl:

In this set of reactions, iron chlorides may serve as intermediate compounds and at the same time a de facto

catalyst for sulfur dioxide conversion to sulfuric acid. Gaseous iron chloride is not shown in the equilibrium

diagram (Figure 14), but according to the calculations, approximately 0.03% of the total iron content is pre-

sent as a volatile. Similar reactions with iron chloride may have formed molecular chlorine in fumarolic

gases emitted from cooling scoria cones (Zelenski & Taran, 2012).

Thermodynamic modeling of high‐temperature volcanic gases (e.g., Symonds et al., 1990; Bernard et al.,

1990; Symonds et al., 1990; Symonds & Reed, 1993; Churakov et al., 2000; Taran et al., 2001) focused on

the gas composition and precipitation of solids from the gas upon equilibrium cooling. Only Symonds and

Reed (1993) paid much attention to thermochemical modeling of the rock composition in equilibrium with

high‐temperature volcanic gas. However, the authors considered the interaction of rock with reduced volca-

nic gas not diluted by air. According to the calculations by Symonds and Reed (1993), an equilibrium system

with gas:rock ratio of 100:1 (i.e., the same proportion as is in our model) contains almost no secondary

minerals, with the exception of tridymite and a small amount of hematite. The authors simulated the inter-

action of the gas and dacite, a more felsic rock, so the existence of excess silica in the form of tridymite is

natural. Recent work on gas‐rock interaction (e.g., Delmelle et al., 2018) does not consider much detail of

thermodynamic models. Modeling using a modern database of thermodynamic data (Roine, 2007) shows

that even in the case of a significant excess of volcanic gas, most rock‐forming elements do not evaporate,

but remain in the solid state. However, all rock‐forming elements are involved in the formation of secondary

minerals. Pyroxenes are the most common minerals of basalt but appear only at the highest temperatures of

the calculated model. The thermodynamic model predicts the phase composition of the gas‐rock system

more accurately than some experimental works (e.g., CaSO4‐NaCl system; Ayris et al., 2013, 2014;

Delmelle et al., 2018), although such experiments were conducted for a simplified system at a temperature

much lower than that of the Tolbachik gases.

5.4. Nonvolcanic Minerals in Volcanic Aerosol

Nonvolcanic minerals (particles) of the Tolbachik volcanic aerosol refer primarily to their chemical compo-

sition. These particles are not fragments of magma or volcanic rocks and have not condensed from the vol-

canic gas. However, they arose due to the mechanical or thermal energy of magma during the eruption. The

presence of completely foreign particles (industrial or mineral dust) was not recorded during this study.

Thus, the description of nonvolcanic minerals in Tolbachik aerosol is justified from the volcanological point

of view.

5.4.1. Hydrothermal Minerals Within Volcanic Aerosol

Abundant pyrite, a typical hydrothermal mineral, is incompatible with magmatic conditions in the

Tolbachik aerosol, as well as other minerals typical of hydrothermal veins and supergene zones of sulfide

deposits. These minerals of nonvolcanic origin could be trapped by rising magma from unknown hydrother-

mal mineralization in rocks of the Tolbachik basement. Country‐rock fragments are rare in volcanic aero-

sols. For example, metamorphic minerals were detected in aerosol over the Popocatepetl volcano

(Obenholzner et al., 2003). Zelenski et al. (2016) suggested that the ubiquitous presence of gold among lavas

and pyroclastic rocks of Plosky Tolbachik could be caused by the assimilation of an epithermal gold deposit

at depth.

The finding of a relatively large (20 μm) irregular spherule of Ag‐Pt alloy is somewhat enigmatic. Tolbachik

aerosol contained numerous fine particles of silver sulfide (Ag2S and acanthite) and halides (Ag[Cl,Br,I] and

chlorargyrite), both likely generated by gas condensation. This association is consistent with the composi-

tion of the Tolbachik volcanic gas, which contains considerable HCl and traces of H2S. Although H2S was

not identified in Tolbachik gas emissions (the detection limit for H2S was ~0.1 mmol/mol; Zelenski et al.,

2014), even trace amounts of this species could result in the formation of silver sulfide. Silver is common

in hydrothermal deposits but rarely occurs in volcanic or fumarolic environments. For example, although
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fumarolic minerals at Tolbachik comprises more than 250 species, including >100 copper‐containing miner-

als and abundant native gold (see Mindat.org for “Tolbachik”), silver minerals have not been reported (aside

from one description of native silver at Tolbachikthat has never been confirmed; Glavatskikh & Trubkin,

2000). Most likely, the only reliable findings of volcanic silver are the fine globules of native silver in the

basalts of Kilauea volcano (Li & Boudreau, 2019). Given the similarity of the chemical properties of copper

and silver, native silver at Tolbachik could form from the partial oxidation of silver sulfides, as suggested for

copper at Kilauea (Li & Boudreau, 2019). The presence of 20 wt.% Pt in the silver spherules is more difficult

to explain because platinum is not common in hydrothermal deposits. However, trace Pt was detected in

Tolbachik gas emissions, comprising less than 0.5 ppb in the total gas (Zelenski et al., 2014).

5.4.2. Magnetite Spherules

Hollow magnetite spherules (Figure 11) were abundant in the Tolbachik aerosol, but their origin remains

unclear. The morphology and composition of the spherules suggest that they are nonvolcanic and may ori-

ginate from one or several extraneous sources. The presence of industrial dust (e.g., Zajzon et al., 2013) is

unlikely because of the remoteness of Kamchatka from continental industrial regions. The cosmic hypoth-

esis (Del Monte et al., 1974; Folco & Cordier, 2015; Wittke et al., 2013) is also unlikely due to the fact that

spherules do not contain nickel and/or troilite (Del Monte et al., 1975; Genge et al., 2017). The most likely

hypothesis for the origin of the magnetite spherules is pyrite combustion in eruptive gases. Such combustion

(Groves et al., 1987; Srinivasachar et al., 1990) forms similar hollow microspheres. According to these

authors, pyrite decomposes at ~600°C, forming pyrrhotite FeS. The melting point of pure FeS is 1194°С,

which is 130°C higher than the temperature of magmatic gas measured at Tolbachik (1065°C). Further pyr-

rhotite oxidation FeS + 3/2 O2 = FeO + SO2 is highly exothermic (ΔH = −190 kJ/mol O2). The oxidation

could occur only in the gas medium (hot gas‐air mixture) since the magma temperature is insufficient and

the reaction temperature is buffered by the high heat capacity of magma. The oxidation by air raises the tem-

perature of the pyrrhotite particles beyond their melting point. In the first stage of oxidation, an oxysulfide

melt Fe‐O‐S is formed, with a melting point below 1100°C. In the second stage, after the oxidation of the sul-

fide, exothermic formation of magnetite occurs (ΔH = −138 kJ/mol Fe3O4). Further oxidation of magnetite

to hematite is limited for kinetic reasons (Srinivasachar et al., 1990; Srinivasachar & Boni, 1989).

5.4.3. Phosphate‐Fluorite‐Carbonate Particles With Gold and Native Iron

The existence of an association of phosphate, fluorite, and carbonate minerals with gold and native iron

minerals raises many questions, even though each of the listed minerals has been described elsewhere

among products of volcanic activity in one form or another. The first class of minerals here are carbonates.

Although CO2 is the second most abundant species in volcanic gases, fumarolic carbonate minerals are rare

because of their instability in the presence of HCl, SO2 and other volcanic acid species (e.g., Balić‐Žunić

et al., 2016). Nevertheless, significant amounts of secondary carbonates are found on some volcanoes. The

best example is the Icelandic volcano Surtsey, where calcite, together with fluorite, hydromagnesite, and

sulfates, is a common mineral occurring mainly in lava tubes and as crusts on lavas under ambient

atmospheric temperature conditions (Jakobsson et al., 2008). Calcite is also a common mineral in Etna's

lava caves (Barone et al., 2015); sodium carbonates were also described among the fumarole incrustations

of Vesuvius (Balić‐Žunić et al., 2016, and references therein). Several carbonates, including calcite

(CaCO3), hydromagnesite (Mg5(CO3)4(OH)2·4H2O), dypingite (Mg5(CO3)4(OH)2·5H2O), and thermonatrite

(Na2CO3·H2O), were described for low‐temperature fumarole sublimates at Tolbachik (Serafimova &

Vergasova, 1981; Vergasova & Filatov, 1993). At the volcano Oldoinyo Lengai, Tanzania, natrocarbonatite

lavas formed due to the influence of dense CO2‐rich fluid, based on one hypothesis (Nielsen &

Veksler, 2002).

Apatite is a common early accessory mineral of basalts and occurs at Tolbachik in the form of inclusions in

magnetite (Figure 3c). More felsic volcanic rocks typically contain 0.2–0.3% accessory apatite (e.g.,

Nakamaru et al., 2000; Piccoli & Candela, 2002, and references therein). In intrusive bodies of calcium car-

bonatites, apatite is one of the main noncarbonate minerals (Simandl & Paradis, 2018). Pure phosphates

have not been reported from fumarolic minerals but can form solid solutions with arsenates such as the rare

mineral rhabdoborite, which is a complex borate‐phosphate‐arsenate found at Tolbachik (Pekov et al.,

2018). Native iron is locally present in basic rocks reduced by sedimentary carbon (Bugl, Germany,

Medenbach & El Goresy, 1982; Siberian traps, Ryabov et al., 1985; Kamenetsky et al., 2013; Disco Island,

Ulff‐Møller, 1990) and in layered intrusions and ophiolites (e.g., Muskox, Canada, Chamberlain et al.,
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1965; Kachkanar, Ural Mountains, Borisenko et al., 1982). Native iron is also present in the mineral list of

the second eruptive cone of Tolbachik (Vergasova & Filatov, 1993).

The unusual phenomenon here is the coexistence of phases in one place or as aggregates, shapes of crystals,

inclusions of apatite in fluorite, and the presence of a rare phosphatemineral chlor‐spodiosite (goryainovite).

The key question is what process can account for the presence of all of these minerals together. Possibilities

include (1) products of deep interaction of solidified lava with CO2‐ and HF‐rich fluids; (2) fragments of

carbonate‐rich xenoliths or (3) interaction of such xenoliths with basaltic lavas; (4) interaction of lava with

organic matter, which could reduce iron oxide to native iron and, at the same time, provide phosphorus

and carbonates (the latter being common in biomassfly ash); and (5) aerosols not associatedwith the volcanic

eruption. Currently, none of these possibilities can explain the simultaneous occurrence of all phases

observed, for example, in the aerosol particle shown in Figure 12. Hypothesis (4) appears preferable, even

though sampling site #4was located at an altitude of about 1,500m asl, well above the boundary of local vege-

tation. However, the geometry of the lava flows and lava tubes on Tolbachik at the time of sampling at site #4

(early July 2013) was such that the flow of hot lava spread down and reached the shrub and grass zone. Lava

moved through tubes everywhere except for the front of the lava flow. Air circulation in these lava tubes

occurred upstream in the opposite direction to the lava flow due to “chimney effect.” Thus, it is possible that

small particles of biomass ash and other combustion products, up to 20–40microns in size, may have entered

the lava tube at the lava front; these would have been transported by the turbulent stream of hot air along the

4‐km‐long lava tube and subsequently discharged to the atmosphere at the sampling point.

The compositions of biomass ash are well studied. One of the most comprehensive data sets on the chemical

and mineral compositions of biomass ash was presented in a review by Vassilev et al. (2013). According to

this work, typical wood and woody biomass or herbaceous biomass ash contains (on average) 15–43 wt. %

CaO, 11–27 wt. % K2O, and 3.5–6.5 wt. % P2O5 as well as SiO2, Al2O3, MgO, Fe2O3, Na2O, TiO2, and SO3.

Ashes have a large variety of mineral compositions, which differ depending on the biomass composition

and combustion conditions. Among more than 180 minerals described in the ashes (Vassilev et al., 2013,

and references therein), there are numerous phosphates including apatite, and carbonates including calcite,

K‐Ca carbonates, and the rare Na‐Ca carbonate natrofairchildite Na2Ca(CO3)2. Although fly ash does not

contain fluorite, the latter is a common mineral of lava tubes (Jakobsson et al., 2008) and could also be

formed through the interaction of calcite and apatite from ash with volcanic gases containing HF.

Apatite inclusions in fluorite (Figure 12b) can be evidence of incomplete substitution of fluorite for apatite.

The presence of abundant small (100–500 nm) crystals of gold and Ag2S on phosphate‐carbonate aerosol par-

ticles (Figures 11 and 12) is consistent with their ubiquitous presence in products of the 2012–2013 Tolbachik

eruption (Chaplygin et al., 2015; Zelenski et al., 2016). Any mineral or rock aggregate in contact with volca-

nic gas, especially within the lava tube, could be covered by scattered nano‐size crystals of gold.

6. Conclusions

The 2012–2013 Tolbachik eruption was accompanied by strong emissions of volcanic aerosol from the

eruptive crater, from skylights in the roof of lava tubes and from the surface of the more distant lava flow.

Three main classes of aerosol were identified: (1) fragmented silicate melt, (2) fragmented altered silicate

and nonsilicate rocks, and (3) condensed gaseous species. The relative role of each class varied depending

on sampling locations and dates of sampling. Droplets of H2SO4 represented a liquid fraction of the

condensation aerosol.

Fragmented silicate melt includes particles of quenched glass and small crystals of rock‐forming minerals.

Silicate microspheres were assigned to originate from bursting bubbles on the surface of lava flows. The frag-

mented rock particles were composedmainly of secondaryminerals. Thermodynamicmodeling showed that

the main phases observed in the aerosols are the predicted equilibrium products of the [silicate aerosol‐

volcanic gas‐air system] in the temperature range of 600–900°C.

The main components of the condensation aerosol, Na‐K sulfate, and hematite account for >95 wt. %. In

addition to the main phases, other phases include sulfides of Fe, Cu, Ag, and Re; oxides and hydroxides of

Al, Fe, Cu, Zn, Mo, W, Te, Ta, and Zr; halides of Al, Mg, Na, K, Ca, Cd, Pb, Ag, and Tl; sulfates of Na, K,

Pb, Ca, and Ba; and others. Micron to submicron particles of Au and Ag2S were ubiquitous everywhere
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on larger particles of any of the aerosol classes, and in samples taken at all four sampling points, consistent

with previous observations. Relatively large particles of volcanic sublimates occurred on filters and were

considered as a subclass of the condensation aerosol. Such particles probably formed in cracks and cavities

of lava flows and were subsequently fragmented and ejected with the volcanic gases. The variety of mineral

composition in the condensation aerosols reflects the complex trace element composition of volcanic gas and

variability of the condensation conditions.

The aerosol also contains minerals that are not characteristic of the volcanic fumarole or eruption environ-

ment. The most abundant mineral of this class was pyrite, but some other hydrothermal minerals, such as

digenite, ferberite, and native silver, were present. The most likely source is from hydrothermal veins in

the volcanic basement or from deeper altered country rocks. The presence of hollowmagnetite microspheres

was assigned to combustion of pyrite crystals during the course of the eruption. Filters collected at the distal

part of the lava tube contained phosphates, fluorite, carbonates, and native iron, exotic minerals for active

volcanoes but similar to minerals associated with biomass fly ash, formed after incineration of

wood/shrub/grass (phosphate‐carbonate fraction), and modified by interaction with volcanic gases (which

contributed fluorite and gold crystals). Vegetation at the front of the lava flows may have been the source

of aerosols of such composition, with ash transported by the ascending flow of air through the lava tubes,

which acted as chimneys.

Volcanic aerosol is one form of volcanic emission. Depending on the eruption mode and intensity of explo-

sive activity, the mass fraction of the condensation aerosol varies from negligible, in the case of intense vol-

canic explosions and the emission of ash clouds, to predominant (nonexplosive nature of eruption, high

temperature of the lava, and presence of lava tubes), and can result in a significant redistribution of elements

between geological environments. The physical and chemical properties of minerals comprising aerosol will

determine the subsequent behavior of aerosol particles in the environment.
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