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13 Abstract

14 At present, there is concern about engineered nanoparticles in the environment, whereas natural 

15 nanoparticles (NPs) and their impact are often neglected. In our paper, we demonstrate the 

16 important role of nanoparticles of volcanic ash in transport of toxic elements on a global scale. A 

17 single volcanic eruption can eject millions of tons of ash. NPs of volcanic ash reach the upper 

18 troposphere and the stratosphere and may “travel” around the world for years affecting human 

19 health, environment, and even climate. So far, there is a gap in exposure assessment of volcanic 

20 ash NPs since their chemical composition remains largely unknown. Here we show for the first 

21 time that volcanic ash NPs can serve as an important carrier for potentially toxic elements. The 

22 concentrations of Ni, Zn, Cd, Ag, Sn, Se, Te, Hg, Tl, Pb, Bi in volcanic ash NPs (<100 nm) were 

23 found to be 10-500 times higher than total contents of these elements in bulk samples. This is valid 

24 for volcanoes from different regions of the world (Kamchatka, Far East of Russia and Andes, 

25 Chile). The work opens a new door into studies on biogeochemical impact of volcanic ash.

26

27 Keywords: volcanic ash, nanoparticles, toxic elements, natural hazard
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28 1. Introduction

29 Specific properties of nanoparticles (NPs) and related risk assessment require special 

30 attention [1-3]. Recent studies are mainly focused on engineered nanoparticles [4-7]. It seems 

31 unfair taking into consideration that about 90% of aerosol NPs in the environment are of natural 

32 origin [8]. Natural NPs coming from volcanic eruptions, soil erosion, and dust storms surround 

33 humanity from time immemorial [9]. During one eruption upwards of 30 million tons of ash, can 

34 be ejected to the height of tens of kilometers and reach the stratosphere, where volcanic ash NPs 

35 may spread worldwide and affect all areas of the Earth for years [8]. It is known that the periods 

36 of active volcanism on our planet coincide with its global cooling [10, 11], which was caused by 

37 the absorption and scattering of solar radiation by airborne volcanic ash particles [12]. Volcanic 

38 ash as a source of nutrient elements (e.g. iron and phosphorus) can increase bioproductivity of 

39 phytoplankton [13-16] and affect the global balance of CO2 [17, 18]. Along with nutrient elements, 

40 volcanic ash contains toxic metals and metalloids. Since NPs of volcanic ash are extremely mobile 

41 in the environment and have an increased ability to penetrate into living organisms (e.g. by 

42 inhalation, ingestion, through the skin) [9], their investigation is of importance to environmental 

43 geochemistry. Besides, understanding geochemical reactions and processes at nanometer scales, 

44 especially with regard to the formation of nanostructures in geological materials, the emergent 

45 properties of these structures, and their impact to geochemical processes is one of the main 

46 challenges of nanogeochemistry [19]. 

47 However, despite the rapid development of analytical instrumentation and corresponding 

48 methodologies, there is a gap in studies on chemical composition of natural NPs and their fate in 

49 the environment. The main reason is the difficulty to recover NPs from environmental samples for 

50 further characterization and quantitative analysis. In fact, NPs in polydisperse environmental 

51 samples such as dust, volcanic ash, or soil may represent only one thousandth or less of the bulk 

52 sample [20]. Therefore, the recovery of NPs followed by quantitative analysis is a complex task. 
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53 The present work aims to investigate chemical composition of NPs of volcanic ash from different 

54 regions of the world and to evaluate the potential hazard of NPs as a carrier for toxic elements on 

55 global scale. 

56 2. Materials and Methods

57 2.1 Samples of volcanic ash

58 Ash samples of volcanoes Tolbachik, Klyuchevskoy (Kamchatka, Russia, eruptions of 2012 and 

59 2015, correspondingly), and Puyehue (Puyehue-Cordón Caulle volcanic complex, Andes, Chile, 

60 eruption of 2011) were under study. Klyuchevskoy and Puyehue are stratovolcanoes, therefore, 

61 content of ash may attain one third of the total ejected mass. It should be noted that Klyuchevskoy 

62 is among the most productive arc volcanoes on Earth [21, 22]. Tolbachik is a predominantly 

63 basaltic volcanic complex in the Central Kamchatka depression and belongs to the Klyuchevskoy 

64 volcanic group. However, Tolbachik is a volcano formed by lava flows (so called Hawaiian type) 

65 and content of its ash is less than 1% of the total mass ejected during the eruption. Puyehue ash 

66 sample (about 2 kg) was collected in June, 2011 immediately after eruption of volcano and put 

67 into a polyethylene bag. Ash samples of Klyuchevskoy and Tolbachik volcanoes were collected 

68 during winter season after eruptions from the snow surface and put into polyethylene bags. The 

69 weight of each ash sample was not less than 1 kg. After melting the ash-snow mixture, the ashes 

70 were dried at 25°C in a well-ventilated room.

71 2.2 Separation and characterization of volcanic ash nanoparticles

72 The separation of nanoparticles from volcanic ash samples was performed on a planetary 

73 centrifuge with a vertical single-layer coiled column according to previously developed 

74 methodology [23, 24]. The scheme of planetary motion of the rotating coiled column is presented 

75 in Fig. 1A. The solid sample (1 g) was introduced into the column (filled with deionized water) as 

76 a suspension in 10 mL of water. Then, the column was rotated at 800 rpm and water was 
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77 continuously fed into the column. The separation of nanoparticles was achieved at a flow rate of 

78 0.7 mL min-1. The basic principle of the separation process of NPs in the rotating coiled column 

79 is shown in Fig. 1B. The particulate matter in the column effluent was monitored using a flow 

80 spectrophotometer. 

81

82

83 Figure 1. The scheme of planetary motion of the rotating coiled column (A) and the basic principle 

84 of the separation process of NPs in the rotating coiled column (B).

85 The separated fractions of nanoparticles were characterized by scanning electron microscopy 

86 (Tescan MiraLMU, Czech Republic) and laser diffraction method (Shimadzu SALD-7500nano, 

87 Japan). Nanoparticles were precipitated on membrane filters (20 kDa) under pressure of 3 bars 

A

B
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88 using a filtration cell. Then, the filters were digested and analysed by ICP-AES and ICP-MS 

89 techniques. 

90 2.3 Digestion and analysis of volcanic ash samples and their nanoparticle fractions 

91 Samples of the volcanic ash as well as standard geological samples (Gabbro GSO 521-84P 

92 (Russian Standard Sample), Andesite, AGV-2 (United States Geological Survey) and Granodiorite, 

93 Silver Plume, Colorado, GSP-2 (United States Geological Survey)) were digested in both 

94 autoclave and open beaker using a combination of acids.

95 For the digestion in open system, the particulate samples (0.1 g) were put into 50 mL Teflon 

96 beakers together with 0.5 mL HClO4 (Perchloric acid fuming 70% Suprapur, Merck), 3 mL HF 

97 (Hydrofluoric acid 40% GR, ISO, Merck), 0.5 mL HNO3 (Nitric acid 65%, max. 0.0000005% Hg, 

98 GR, ISO, Merck), and 0.1 mL of solution containing 6-8 ppb 62Ni, 76Se, 149Nd, 161Dy, and 174Yb 

99 isotopes which were necessary to control completeness of digestion [25]. The samples with acids 

100 were boiled until intensive white fumes appeared. Then the beakers were cooled, 3 mL deionized 

101 water was added to each of the beakers, and the samples were boiled down once again. After this, 

102 2 mL HCl (Hydrochloric acid fuming 37% GR, ISO, Merck) and 0.2 mL 0.1М H3BO3 solution 

103 were added to each sample, and they were boiled down to approximately 0.6 mL each. Then the 

104 samples were transferred to polyethylene beakers, diluted to 20 mL with deionized water, and 0.1 

105 mL of 10 ppm In solution was added to each sample as an internal standard. For control, all the 

106 described procedures were also performed in three empty beakers.

107 For the digestion in autoclave, the samples were put into Teflon beakers together with 2 mL HF 

108 and 0.5 mL HNO3, and 0.05 mL of solution containing 8 mg L-1 146Nd, 5 mg L-1 161Dy, and 3 mg 

109 L-1 174Yb, covered with caps and stored for 6-8 hours at room temperature. Then, the beakers were 

110 opened and boiled down at 170-180°C. After cooling, 2 mL HF, 0.5 mL HClO4, and 0.2 mL HNO 

111 3 were added to each sample, the beakers were closed and placed in the autoclave titanium 
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112 housings. The autoclaves were put in an electric furnace and held at 160°C (1 h), 180°C (1 h), 

113 200°C (1 h) and 220°C (0.5 h). After cooling, the samples were boiled down at 170-180°C. Then, 

114 1 mL HCl and 1 mL HNO3 were added to each of the sample, the beakers were closed and held 

115 for 1 h at 160°C. After the autoclaves were cooled down, they were opened and the solution was 

116 evaporated to dryness. Then, 1 mL HCl and 1 mL HNO3 were again added to the beakers and the 

117 steps of heating at 160°C and evaporation to dryness were repeated. The dry residue was dissolved 

118 in 0.8 mL HCl and 0.8 mL HNO3 at 80-100°C heating and transferred to polyethylene test tubes, 

119 the solution volume was brought up to 10 mL with deionized water. The solutions from the beakers 

120 without analyzed sample were used as control ones. Before measurements all the solutions were 

121 diluted by 5 times and an internal standard of 10 µg/L In was added.

122 The digestion of the filters were performed in a mixture of 0.5 mL HNO3 and 1.0 mL HCl  using 

123 an autoclave system at 160С (1 h), 180С (1 h) and finally 200С (1 h).

124 The contents of  B, Li, Be, Al, Sc, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, 

125 Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, 

126 Er, Tm, Yb, Lu, Hf, Ta, W, Re, Os, Ir, Pt, Au, Hg, Tl, Pb, Bi, Th, and U in the samples were 

127 determined using an ICP-MS (Х-7, Thermo Scientific, USA). The measurements were made using 

128 the following parameters: a RF generator power of 1250 W; a PolyCon nebulizer; a plasma-

129 forming Ar flow rate of 13 L min-1; an auxiliary Ar flow rate of 0.9 L min-1; an Ar flow rate into 

130 the nebulizer of 0.9 L min-1; an analyzed sample flow rate of 0.8 mL min-1. The contents of Li, B, 

131 Na, Mg, Al, Si, P, S, K, Ca, Ti, V, Mn, Fe, Cu, Zn, Sr, and Ba were determined by ICP-AES 

132 (iCAP-6500 Duo, Thermo Scientific, United States, USA). The measurements were made using 

133 the following parameters: a RF generator power of 1200 W; a VeeSpray nebulizer; a plasma-

134 forming Ar flow rate of 12 L min-1; an auxiliary Ar flow rate of 0.5 L min-1; an Ar flow rate into 

135 the nebulizer of 0.6 L min-1; an analyzed sample flow rate of 1.8 mL min-1. For elements, which 

136 were determined both by ICP-AES and ICP-MS, average values were used. It should be noted that 
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137 the data for these elements confirmed the accuracy of the results obtained by both methods. The 

138 results obtained for standard samples are in good agreement with the certified values.

139 3. Results and Discussion

140 3.1 Chemical composition of volcanic ashes

141 The determined total concentrations of representative trace elements (including toxic and 

142 potentially toxic ones) in volcanic ash samples (Table 1) do not exceed their average contents in 

143 the Earth crust [26]. The concentrations of copper in Tolbachik ash (about 250 ppm) and selenium 

144 in Puyehue ash (1.6 ppm) can be noted as an exception. Hence, it has been demonstrated that bulk 

145 samples of volcanic ashes under study are not enriched by any toxic elements.

146 3.2 Separation, characterization and analysis of volcanic ash nanoparticles

147 As has already been mentioned, the investigation of chemical composition of natural nanoparticles 

148 is limited by difficulties of their separation from bulk sample and subsequent quantitative analysis. 

149 The authors have suggested to solve this problem using their original combined analytical 

150 approach, which is based on the separation of nanoparticles by sedimentation field-flow 

151 fractionation in a rotating coiled column, characterization of their size and morphology, elemental 

152 analysis, and calculation of the obtained results. In the present study this approach has been further 

153 developed and applied to studies of volcanic ash samples from different regions of the world.
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154 Table 1. Concentration of representative major and trace elements in bulk samples and nanoparticle fractions of volcanic ashes (n=4, P=0.95)

Tolbachik Klyuchevskoy Puyehue
Element Earth’s 

crust Bulk Nanoparticles Bulk Nanoparticles Bulk Nanoparticles
%

Na 2.4 2.8 1.0 ± 0.3 2.4 2.3 ± 0.3 3.6 3.1 ± 0.3
Al 8.2 8.4 6.5 ± 2.5 8.6 11.8 ± 0.9 7.4 8.3 ± 0.1
Si 28.2 - 20.6 ± 2.4 - 21.6 ± 1.8 - 29.6 ± 2.1
K 2.1 2.0 0.6 ± 0.1 0.8 0.5 ± 0.2 2.3 1.3 ± 0.1
Ca 4.2 5.1 2.8 ± 1.0 5.7 6.3 ± 0.9 1.6 4.9 ± 3.0
Fe 5.6 6.9 20.0 ± 6.0 6.2 10.1 ± 0.8 2.9 3.9 ± 0.3

ppm
Ni 75 9 (0.28 ± 0.03)×103 22 < 26 0.7 49 ± 6
Cu 55 0.24×103 (2.4 ± 0.4)×103 68 (0.92 ± 0.06)×103 16.4 < 47
As 1.8 3.4 (0.7 ± 0.1)×103 0.6 < 2 4.0 < 17
Se 0.05 < 2.5 (0.3 ± 0.1)×103 < 0.7 < 34 1.6 < 60
Ag 0.07 0.10 6.4 ± 1.2 0.07 3.1 ± 0.8 0.1 6 ± 4
Cd 0.2 < 0.03 1.7 ± 0.8 0.1 3.3 ± 0.8 0.1 2.7 ± 0.6
Sn 2 1.6 65 ± 15 0.9 38 ± 9 2.6 29 ± 5
Te - < 0.05 27 ± 9 < 0.05 9.3 ± 3.6 < 0.07 <1.6
Hg 0.08 0.07 29 ± 7 0.08 36 ± 4 < 0.08 9 ± 7
Tl 0.45 0.19 19 ± 3 0.08 7 ± 1 0.5 11 ± 1
Pb 12.5 7 (0.24 ± 0.04)×103 3 62 ± 12 23 (0.16 ± 0.03)×103

Bi 0.17 0.10 35 ± 10 0.06 6.1 ± 0.4 0.22 35 ± 6
La 30 21 38 ± 7 7 13 ± 4 29 40 ± 2
Ce 60 51 95 ± 17 18 31 ± 10 66 84 ± 4
Pr 8.2 7.5 14 ± 2 2.8 4.5 ± 1.3 8.6 11 ± 1
Nd 28 33 63 ± 8 13 22 ± 4 37 48 ± 4
Y 33 40 51 ± 9 22 27 ± 3 53 59 ± 2

Gd 5.4 7.7 12 ± 2 3.9 6 ± 1 8.6 10 ± 1
Dy 3.0 7.2 10 ± 2 4.0 5.4 ± 0.4 8.8 10.4 ± 0.4
Ho 1.2 1.5 2.0 ± 0.3 0.9 1.1 ± 0.1 1.8 2.1 ± 0.1
Th 9.6 3.2 8 ± 1 0.6 1.5 ± 0.3 8.6 15 ± 2
U 2.7 1.7 1.8 ± 0.3 0.5 0.9 ± 0.1 2.3 3.3 ± 0.2
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156 The separated nanoparticles of volcanic ash were characterized by laser diffraction (Fig. 2). As is 

157 seen form the light scattering data, the average particle sizes in obtained fractions are 91, 54, and 

158 34 nm for Tolbachik, Klyuchevskoy, and Puyehue ashes, correspondingly. Since the same 

159 methodology was applied to the isolation of nanoparticles from all three samples, the difference 

160 in their size distributions is evidently caused by specific characteristics of the eruptions. Laser 

161 diffraction is an indirect method of measuring the particle size and the data were confirmed by 

162 scanning electron microscopy. The micrographs of separated nanoparticles of volcanic ash are 

163 shown in Fig. 3. In general, nanoparticles have a spherical or ellipsoidal shape with a smooth 

164 surface. This is evidently the result of high temperature processes occurred during eruptions. 

165 Slightly increased size of Tolbachik nanoparticles may be attributed to agglomeration of 

166 nanoparticles, which may be observed on the corresponding micrograph.
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168 Figure 2. Size distribution of separated volcanic ash nanoparticles as obtained by laser diffraction. 

169 The comparison of particle size distributions for nanoparticle fractions of ashes of Tolbachik, 

170 Klyuchevskoy, and Puyehue volcanoes.

171
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172

173

174
175 Figure 3. Micrographs of volcanic ash nanoparticles. Characterization of size and morphology of 

176 ash nanoparticles of Tolbachik (A), Klyuchevskoy (B), and Puyehue (C) volcanoes. Nanoparticles 

177 have a spherical or ellipsoidal shape with smooth surface. Slight agglomeration of Tolbachik 

178 nanoparticles is revealed.

B

C

A
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179 The problem of quantitative analysis of nanoparticles is related to difficulties of precise 

180 measurement of their weight after separation. We used another approach to the calculation of 

181 element concentrations in volcanic ash nanoparticles. The determined absolute amounts of major 

182 elements (e.g. Si, Al, Fe, Ca, etc.) were recalculated to their oxides and the total amount of oxides 

183 was considered as the weight of the nanoparticle fraction. The validity of this approach was 

184 confirmed using the bulk samples of ash. The calculated concentrations of representative trace 

185 elements in volcanic ash nanoparticles are given in Table 1. As is seen, the concentrations of toxic 

186 metals and metalloids (Ni, Cu, As, Se, Ag, Cd, Sn, Te, Hg, Tl, Pb, Bi) in volcanic ash nanoparticles 

187 are dramatically higher than their bulk concentrations. The reliability of obtained results is 

188 confirmed by their good reproducibility. The enrichment factor (EF) for these elements, calculated 

189 as

190 𝐸𝐹 =
𝐶𝐸𝑙𝑒𝑚𝑒𝑛𝑡(𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠)

𝐶𝐸𝑙𝑒𝑚𝑒𝑛𝑡 (𝑏𝑢𝑙𝑘 𝑠𝑎𝑚𝑝𝑙𝑒)  

191 is presented in Fig. 4A. Enrichment factors for toxic and potentially toxic elements (Ni, Cu, As, 

192 Se, Ag, Cd, Sn, Te, Hg, Tl, Pb, Bi) are in the range from 10 to 500. Elements such as As, Se, Te, 

193 Hg, and Bi have the highest EF (at the level of hundreds). High EF (up to one hundred, depending 

194 on sample and element) were also found for Ni, Ag, Cd, Sn, Tl, Pb. It should be noted that As and 

195 Se were determined only in Tolbachik ash NPs.

196 Along with the aforementioned toxic and potentially toxic metals and metalloids, the 

197 concentrations of rare earth elements (REE), uranium, and thorium in nanoparticles of volcanic 

198 ash were also studied (Table 1). The EF of these elements for volcanic ash NPs are also presented 

199 in Fig. 4B. In contrast to toxic elements, EF of REE varies from about 1 to 2 for NPs under 

200 investigation. The EF of uranium and thorium for nanoparticles are also 1.5 and 2.0, respectively. 

201 In general, it has been demonstrated that volcanic ash NPs are not enriched by REE, uranium, and 

202 thorium (as compared to toxic metals and metalloids) and their concentrations in NPs are 
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203 comparable with bulk ones. Since the concentrations of all elements were calculated using a 

204 uniform approach, REE as well as uranium and thorium may be considered as elements, which 

205 confirm the reliability of the results (i.e. concentrations and EF) for toxic and potentially toxic 

206 metals and metalloids.
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209 Figure 4. Enrichment factors of representative elements in nanoparticles. Enrichment factors of 

210 potentially toxic metalband elements (A) and rare earth elements, thorium and uranium (B) relative 

211 to the bulk concentrations.
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212 3.3 Accumulation of toxic elements by nanoparticles of volcanic ash

213 It is known that volcanic gases contain a lot of trace elements, for instance Ni, Zn, Cu, Se, Te, As, 

214 Pb, Sn, Sb, Ag are among the most mentioned [27-29]. We assume that these elements are 

215 accumulated by volcanic ash NPs in the course of eruption. Two processes governing this 

216 phenomenon may be suggested: sorption and/or desublimation (gas-to-solid transition).

217 The extreme specific surface and reactivity of NPs cause their high sorption capability. In this 

218 sense, volcanic ash NPs are able to adsorb elements from gaseous phase inside the volcano. Taking 

219 into consideration the “extreme” conditions of interaction of volcanic ash NPs and volcanic gases 

220 (high temperature and pressure), it can be suggested that the process of chemisorption is more 

221 probable in this case. On the other hand, the temperature drop in the plume on the outlet of the 

222 crater may result in the deposition (desublimation) of elements from gaseous phase, while volcanic 

223 ash NPs may serve as a nucleus for this process.

224 Uneven distribution of EF for different trace elements can be explained by their physical 

225 properties, namely, volatility. For elements under study the boiling points increase in the following 

226 order: Hg < As < Se < Cd < Te < Tl < Bi < Pb < Ag < Cu < Dy < Sn < Ho < Ni < Nd < Gd < Y < 

227 Ce < La < Pr < U < Th [30]. High temperature processes during volcanic eruption lead to the 

228 vaporization of some elements that assists their pre-concentration by NPs. The comparison of EF 

229 and boiling points showed that the elements with the lowest boiling points have the highest EF, 

230 and vice versa. For example, Hg, Te, As, Se with relatively low boiling points in the range 350-

231 1000°C are characterized by EFs of a few hundreds (see Fig. 4). In turn, the absence of 

232 accumulation of REE, uranium, and thorium by volcanic ash NPs may be attributed to their high 

233 boiling points (about 3000-3500°C for REE and more than 4000°C for uranium and thorium). Of 

234 course, it is evident that the chemical composition of volcanic gases is a specific characteristic of 

235 individual eruption and cannot be described only from the standpoint of physical properties (e.g. 

236 boiling point) of elements. 
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237 4. Conclusions

238 The results obtained in the present research are promising and may have very wide application 

239 prospects. Firstly, the capability of volcanic ash NPs to accumulate toxic elements forces the 

240 reassessment of their potential biogeochemical impact and health risks. Taking into account the 

241 amounts of ejected ash NPs and their high mobility in the environment, the problem is of global 

242 scale. 

243 Secondly, some benefits in volcanological studies may also be obtained. The composition of 

244 volcanic gases is one of the keys to understanding of processes taking place during eruption. 

245 Volcanic gases transport almost the complete Periodic Table. However, most elements have 

246 extremely low concentrations (ppb-to–ppm level) [28]. Moreover, the direct sampling of volcanic 

247 gases is difficult and only possible in rare cases during effusive eruptions [28]. Due to the 

248 accumulation of trace elements from volcanic gases by volcanic ash NPs, their chemical 

249 composition indirectly reflects the composition of volcanic gases and thereby may help the study 

250 of processes inside the volcano.

251 Finally, it becomes clear that studies on the fate and behavior of engineered nanoparticles in the 

252 environment as well as problems of “nanosafety” should not be separated from in-depth 

253 investigation of natural nanoparticles, which are extremely widespread in the environment.
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Highlights

 Nanoparticles (NPs) of volcanic ash were separated and quantitatively analyzed.

 Samples of volcanic ash from different regions of the world were studied.

 NPs are highly enriched by toxic elements as compared to bulk volcanic ash.

 Dramatically high concentrations of Cd, Hg, Tl, Pb, Bi, Se, Te were found in NPs.

 Volcanic ash NPs can serve as an important worldwide carrier for toxic elements.
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