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Abstract 17 

The knowledge of the Total Grain Size Distribution (TGSD) of the material erupted during explosive 18 

volcanic eruptions is one of the main factors for reducing uncertainty in quantitative hazard 19 

assessments and forecasts of tephra dispersal. A few TGSDs have been made available in the 20 

literature, mostly reconstructed by assuming that tephra deposits consisted of one single component. 21 

This simplification can introduce substantial bias in the interpretation of magma fragmentation 22 

mechanisms and significantly affect ash dispersion forecasts, since tephra actually include multiple 23 

components, such as juveniles, lithics, and crystals, each having a specific aerodynamic behaviour 24 

that depends on particle shape, density, and size. To investigate on this problem, in this study we 25 

reconstructed TGSDs by considering all components of the eruptive particle mixture. We focussed 26 

on the deposits of the Agnano Monte Spina, and Astroni eruptions, as to achieve a more robust 27 

quantitative hazard assessment of tephra fallout at Campi Flegrei (Italy). Field investigations and 28 

laboratory analyses on samples collected from proximal to distal locations allowed the input data to 29 

be obtained for the reconstruction of the TGSDs of juvenile, lithic, and crystal components by means 30 

of the Voronoi tessellation method. Results confirm that the bulk TGSD is the combination of the 31 

merging of different component subpopulations, each one with its weight. For the first time, this work 32 

shows how the systematic reconstruction of the TGSD with the presented method can give important 33 

information on magma fragmentation mechanisms, wall-rock erosion processes, and on the 34 
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aerodynamic behaviour of each component at variable distances. Finally, the integration of data from 35 

distal tephra deposit allowed reassessing the erupted volumes of the eruptions considered in this 36 

research. 37 

 38 
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 40 

1. Introduction 41 

Mechanics of fragmentation of solid rock and viscous fluids has relevance in engineering, geology, 42 

geophysics, and industry. This is because it controls particle size and shape and hence influences the 43 

transport mechanisms of fragmented particles. In volcanology, the factors controlling the 44 

fragmentation mechanisms of magma can be gained only if the total grain size distribution (TGSD) 45 

of the erupted material is reliably assessed (Kaminski and Jaupart 1998; Rust and Cashman 2011; 46 

Costa et al. 2016). The TGSD reflects the dispersal of the parent grain size distribution in the eruptive 47 

plume (Kaminski and Jaupart 1998; Liu et al. 2015, 2017), and allows assessing on tephra particle 48 

settling dynamics (Scollo et al. 2008; Costa et al. 2009; Folch 2012; Bonadonna and Costa 2013). 49 

Beside and beyond the fragmentation-controlling factors, dispersal and settling behaviour of particles, 50 

the TGSD allows better constraining the eruptive budget of a volcano (Sulpizio 2005), the calculation 51 

of the energy released at fragmentation (Büttner et al. 2006), and is of paramount importance as input 52 

parameter of tephra dispersal simulations and one of the main sources of uncertainty in tephra hazard 53 

assessment (e.g., Macedonio et al. 1988; Bonadonna et al. 2015; Costa et al. 2016; Selva et al. 2018).  54 

TGSD can be derived from the grain-size distribution of massive pyroclastic density current deposits 55 

generated during the collapse of the eruptive column (Macedonio et al. 1988; Folch and Sulpizio 56 

2010) or reconstructed by combining thickness and grain size distribution data of tephra samples 57 

collected at multiple locations and integrated using different interpolation techniques (Murrow et al. 58 

1980; Walker 1981; Sparks et al. 1981; Carey and Sigurdsson 1982; Parfitt 1998, Bonadonna and 59 

Houghton 2005; Engwell et al. 2015). For TGSDs reconstructed with the latter method, the quality 60 

of the results is affected by many factors, such as the number and spatial distribution of sample 61 

locations (Bonadonna and Houghton 2005; Bonadonna et al. 2015; Tsunematsu and Bonadonna 2015; 62 

Costa et al. 2016). Very few TGSDs are available in the literature and, with the exception of very few 63 

cases (e.g. Macedonio et al. 1988; Pfeiffer et al. 2005), generally, they are calculated by assuming 64 

that tephra consists of one single effective component (Bonadonna and Houghton 2005; Rose and 65 

Durant 2009; Scollo et al. 2014; Tsunematsu and Bonadonna 2015; Costa et al. 2016). However, the 66 

grain size distribution of tephra deposits results from the combination of subpopulations of different 67 

components (i.e., juvenile, crystal, and lithic fragments), each one characterized by its specific 68 



grainsize distribution. The distributions of the different components of the initial eruptive mixture 69 

need to be assessed separately as tephra transportation and sedimentation process are influenced by 70 

particle density and shape, which control their terminal velocities (e.g. Palladino et al. 2002; Dellino 71 

et al. 2005; Pfeiffer et al. 2005).  72 

In this paper, we reconstructed the TGSDs of juvenile, lithics, and loose crystal components, together 73 

with the classical bulk TGSDs of the fallout deposits of Agnano Monte Spina (AMS) and Astroni 6 74 

eruptions at Campi Flegrei (Italy) using the Voronoi tessellation method (Bonadonna and Houghton 75 

2005). We chose these eruptions since they are representative of the large (Agnano Monte Spina) and 76 

medium (Astroni 6) events of the Campi Flegrei Caldera (Orsi et al. 2004, 2009; Costa et al. 2009) 77 

in the last 5 ka and fallout deposit data up to a distance of 460 km from the vent are available.  78 

We show how the decomposition of bulk TGSD into the TGSD of each component can give insights 79 

into the different mechanisms characterizing magma fragmentation and host-rock erosion from 80 

conduit walls, also refining the input parameters needed in tephra dispersion simulations.  81 

 82 

2. Case Studies 83 

During the last 15 ka, the Campi Flegrei caldera (CFc) has been the site of intense volcanism, with 84 

about 70 eruptions (Di Vito et al. 1999; Orsi et al. 2004, 2009; Isaia et al. 2009) grouped into three 85 

epochs of activity (15.0-10.6 ka, 9.6-9.1 ka, 5.6-3.8 ka; Di Vito et al. 1999; Isaia et al. 2009; Smith 86 

et al. 2011). The eruptions of Agnano-Monte Spina and Astroni 6 well represent the variability in 87 

terms of magnitude of the eruptive activity occurred in the third epoch (5.6-3.8 ka, Di Vito et al. 1999; 88 

Isaia et al. 2009). For the scope of the present study, we selected the B1 and D1 fallout layers of 89 

Agnano Monte Spina (de Vita et al. 1999) and Unit 6 of Astroni (Isaia et al. 2004), for which data 90 

from proximal to distal locations, up to 460 km from the vent, were available.  91 

 92 

2.1 Agnano-Monte Spina eruption 93 

The Agnano-Monte Spina (AMS) eruption (4.5 ka, Smith et al. 2011) was the largest event occurred 94 

in the last epoch of CFc activity (5.6-3.8 ka). It was characterized by a magmatic/phreatomagmatic 95 

activity (de Vita et al. 1999; Dellino et al. 2001) that led to the emplacement of alternating fall and 96 

pyroclastic density current deposits (de Vita et al. 1999; Dellino et al. 2001). The thick sequence of 97 

deposits was subdivided into various members and sub-members, named A through E (de Vita et al. 98 

1999).  99 

Two main plinian events generated fallout deposits, named B1 and D1 (de Vita et al. 1999). The B1 100 

fallout deposit was generated during the magmatic phase of the eruption (Dellino et al. 2001), and 101 

the column reached a maximum height of about 23 km (de Vita et al. 1999; Costa et al. 2009). The 102 



isopach maps show a north-eastward dispersal of the erupted material (Fig. 1a). The D1 deposit 103 

originated from a column that reached a maximum height of about 30 km and was dispersed to the 104 

northeast (Fig. 1b) (de Vita et al. 1999; Costa et al. 2009). The deposit volumes of B1 and D1 fallout 105 

phases, were estimated (using data collected up to the distance of 45 km from the vent) to be greater 106 

than 0.45 and 0.65 km3, respectively (Dell’Erba 2004). The AMS succession between the B1 and D1 107 

deposits includes both deposits of B2 and C members and an erosional unconformity recovered in 108 

several proximal sites. At the distal site of Lago Grande di Monticchio (Wulf et al.  2008) the two 109 

tephra layers correlated to the B1 and D1 events (Smith et al. 2011) are separated by continental 110 

deposits representative of a pause of tens of years between these tephra layers.  111 

 112 

2.2 Astroni 6 eruption 113 

The thick stratigraphic succession of Astroni deposits was split into seven units, which represent the 114 

products of phreatomagmatic eruptions with subordinate magmatic phases, separated each other by 115 

short time intervals (4.3-4.2 ka; Isaia et al. 2004; Smith et al. 2011). The units include mostly 116 

pyroclastic density currents, subordinate strombolian deposits, lavas and one subplinian fallout 117 

deposit. The latter is part of Unit 6, which was generated during a magmatic phase of the eruption. 118 

The fallout deposit originated from an eruptive column of about 14 km (Costa et al. 2009) was mainly 119 

dispersed to the east (Fig. 1c; Isaia et al. 2004). For Unit 6, the deposit volume, which includes both 120 

the basal fallout and the deposit generated by pyroclastic density currents, was estimated to be greater 121 

than 0.23 km3 (Dell’Erba 2004).  122 

 123 

3. Dataset for the reconstruction of the TGSDs of AMS B1, AMS D1 and Astroni 6 phases 124 

The TGSDs of the selected fallout deposits were previously reconstructed by Sandri et al. (2016) and 125 

Costa et al. (2016) by means of the Voronoi tessellation method using a limited number of samples 126 

(5 for B1 phase, 6 for D1 phase and 4 for Astroni 6; green dots in Fig. 1). The authors used the 127 

proximal-medial grain-size data of Pfeiffer and Costa (2004a, b; Fig. 1a, b, c), adding one distal data, 128 

which was collected at a distance of about 150 km from the vent (Lake of Monticchio, Sandri et al. 129 

2016) (Fig. 1d). The obtained TGSDs (Costa et al., 2016) show a clear bimodality and a significant 130 

fine ash subpopulation. Costa et al. (2016) showed that, in order to obtain a realistic TGSD, it is 131 

necessary to integrate grain-size data of sample collected at distances from less than one tenth up to 132 

ten-twenty times the column height (up to thirty for strong wind intensity), in order to adequately 133 

sample the ash fractions down to 125 μm. This implies that for a column height of about 20-30 km, 134 

as in the case of our selected units, the maximum distance of grain size data from the vent should be, 135 

at least, about 200-300 km. Thanks to tephrostratigraphic studies carried out over the last 30 years in 136 



the Central Mediterranean (Keller et al. 1978; Paterne et al. 1988; Siani et al. 2004; Wulf et al. 2004, 137 

2008; Lowe et al. 2007; Sulpizio et al. 2010, 2014; Zanchetta et al. 2011), the presence of distal ash 138 

deposits of numerous past eruptions of Italian volcanoes has been recorded. In particular, the distal 139 

ash deposits of the Agnano Monte Spina and Astroni eruptions were found up to the distance of 460 140 

km from the vent in Lake Shkodra (Sulpizio et al. 2010, 2014). In this work, we used as benchmark 141 

the works of Costa et al. (2016) and Sandri et al. (2016), adding three more distal samples for Astroni 142 

and four for Agnano Monte Spina located in Adriatic Sea (Siani et al. 2004; Lowe et al. 2007) and 143 

Lake Shkodra (Sulpizio et al. 2010; 2014; red dots Fig. 1d). At Lake Shkodra, the Astroni tephra layer 144 

was recognized as 1 cm-thick discrete sandy–silty layers (coarse to fine ash) (Sulpizio et al. 2010; 145 

2014). We considered as primary tephra only the lower half of the visible layer, while the upper half 146 

is considered to be made of reworked sediment. The Agnano Monte Spina tephra is a 5 cm-thick light 147 

grey sandy layer (Sulpizio et al. 2010; 2014). The total thickness of Agnano Monte Spina tephra was 148 

split into 1 cm attributed to B1 layer and 1.5 cm to D1 layer, and 2.5 cm as reworked. Three samples 149 

of Agnano Monte Spina and two samples of Astroni eruptions were recovered in cores from the 150 

Adriatic Sea (Siani et al. 2004; Lowe et al. 2007; Fig. 1). We extracted the thickness of 0.5 cm and 1 151 

cm for the B1 layer Fig. 1a), and 1 cm and 1.5 cm for the D1 layer of AMS, respectively (Fig. 1b). 152 

For Astroni eruption, we extrapolated the thickness of 0.5 cm for both locations (Fig. 1c). Beside the 153 

distal data, we added also proximal-medial grain-size data (4 for B1, 2 for D1 and 4 for Astroni) (red 154 

dots in Fig. 1).  155 

Furthermore, we also used these data in order to recalculate the deposit volumes of the selected fallout 156 

units, which were previously determined using only proximal-medial locations (de Vita et al. 1999; 157 

Dell’Erba 2004; Isaia et al. 2004; Costa et al. 2009).  158 

 159 

4. Methods 160 

Both the TGSDs of single components (juvenile, loose crystals, and accessory lithics) and the bulk 161 

TGSD, which does not account for the different particle component subpopulations, were 162 

reconstructed by using TOTGS code (Biass and Bonadonna 2014), which implements the Voronoi 163 

tessellation method (Bonadonna and Houghton 2005). For each location, in order to obtain the grain 164 

size distribution and mass load necessary to reconstruct the TGSDs of each component, grain-size, 165 

density, and componentry analyses were performed. For the sake of consistency, they were carried 166 

out both on the new and old samples. 167 

The grain-size analysis of the samples was conducted using mechanical sieving for the size fractions 168 

coarser than 3  (125 m) at 1  interval ( = -log2 (d), where d is the particle size in mm). The finer 169 

fractions, from 4  (63 m) to 9  (2 m), were analysed by means of a Beckman Coulter Multisizer 170 



4 (Mele et al. 2015). The median size (Md) and the sorting parameters (Inman 1952) of each grain-171 

size distribution were calculated using a Fortran 90 code, available into the PYFLOW package 172 

(Dioguardi and Dellino 2014). 173 

Density analyses were carried out by using standard Gay-Lussac pycnometers of 5, 10 or 25 ml 174 

capacity (depending on the grain-size). For juvenile particles, since their density is a function of grain-175 

size (Houghton and Wilson 1989; Mele and Dioguardi 2018), density was measured on a selected 176 

number of particles randomly hand-picked from each grain-size fraction from -4  to 2  (i.e. 16 - 177 

0.25 mm range). For the finer fractions, density was estimated by extrapolating the regression curves 178 

(Eychenne and Le Pennec 2012) obtained in the measured range (Supp. Fig. 1 shows the variation of 179 

density of juvenile material as function of particle size expressed in  units), until it reached the value 180 

of the density of dense rock equivalent of fine ash at 6-7  (16-8 m). The latter was obtained by 181 

density measurements in a pycnometer of crushed juvenile fragments. 182 

Component analysis was carried out on a representative number of particles of each grainsize fraction 183 

of the bulk material. For the size fractions in the range from -6  to 0  (i.e. 64 - 1 mm), a subsample 184 

of particles of each component was hand-picked and weighted; the weight fraction of each component 185 

was calculated for each size by scaling the weight of the subsample to the total weight of the sample. 186 

For the grainsize range from 1  to 3  (i.e. 0.50 – 0.125 mm), particles of each component were 187 

counted under a stereomicroscope. The weight of each component was estimated by means of the 188 

density of each component in each size fraction.  189 

The mass load of each component at each location was obtained by means of the following equation: 190 

 191 

𝑀𝑎𝑠𝑠 𝑙𝑜𝑎𝑑 =  𝜑(𝜌𝑗𝑤𝑗 + 𝜌𝑙𝑤𝑙 + 𝜌𝑥𝑤𝑥)𝑇 192 

 193 

where 𝜑 is the porosity of the bulk deposit,  and w are the density and volume fraction of component, 194 

respectively, and T is the deposit thickness. The subscripts j, l and x refer to juvenile, lithic, and crystal 195 

component, respectively. The density of the juvenile component, j, is the weighted average of the 196 

measured density of each size fraction considering its volume fraction. The porosity of the bulk 197 

deposit was assumed equal to 40 % at each location, in agreement with the measured deposit density 198 

reported by Pfeiffer and Costa (2004a, b).  199 

The isopach maps were reconstructed by extending the proximal-medial ones (Costa et al. 2009), to 200 

include the distal thicknesses from Adriatic Sea and Balkans (Fig. 1).   201 

The zero lines, i.e., isolines of zero tephra load, of the three eruptive units, are shown on Fig. 1. They 202 

were drawn by extending the shape of the last isopach (Fig. 1a, b and c) to a maximum downwind 203 



distance obtained by extrapolating the regression line in the log(T) vs. Square root of the area (SRA) 204 

diagram to a thickness of 0.1 mm (Fig. 2). 205 

The volume of the fallout deposits was calculated by employing two methods: i) combining Pyle 206 

(1989) method for proximal deposits (up to 20-30 km) and Sulpizio (2005) method for distal deposits 207 

(up to 460 km), and, ii) Bonadonna and Costa (2012) method. 208 

Furthermore, in order to characterize the aerodynamic behaviour of particles, we also calculated the 209 

settling velocity of each component constituting the samples collected along the downwind direction 210 

(Fig. 3), by means of the drag law of Dioguardi et al. (2017), which is a shape-dependent formula 211 

that uses 3D sphericity as shape descriptor. 3D sphericity values of the particles were taken from 212 

Mele and Dioguardi (2018) who measured them for the same samples used in this work (Supp. Fig. 213 

2). As the representative particle size, we used the median size (Md) of the grain size distribution of 214 

each component.  For simplicity, the density and viscosity of air were assumed to be constant and 215 

equal to 0.47 kg m-3 and 1.54 10-5 Pa s, respectively, which are the height-averaged values over the 216 

first 20 km from sea level of the International Standard Atmosphere. 217 

In addition, in order to understand the relationship between TGSD and the vesicle size distribution of 218 

the juvenile material, the latter was reconstructed by means of X-CT imaging carried out with a 219 

Bruker Skyscan 1172 high-resolution scanner. Only samples of the D1 phase (pumice size of about 220 

8-16 mm) were scanned, since the vesicle data of B1 and Astroni 6 unit (Fig. 4c) were already 221 

available in Mele and Dioguardi (2018). We used the same operating conditions of Mele and 222 

Dioguardi (2018) (pixel size of 1.56 m, X-ray voltage of 70 kV, X-ray current of 141 A, Rotation 223 

step of 0.2 degree; Filer = Al 0.5 mm). The 3D vesicle size distribution was obtained selecting a 224 

volume of interest (VOI) of 16 mm3 and using a sphere-fitting algorithm, which is based on two steps, 225 

i.e. a “skeletonisation” to identify the medial axis of all structures, and a “sphere-fitting” to measure 226 

the local thickness of all voxels lying along this axis (Remy and Thiel 2002). 227 

 228 

5. Results 229 

As first result, the integration of distal ash data allowed the re-calculation of the volume of fallout 230 

deposits (Table 1), which were found to be greater than those estimated on the basis of proximal-231 

medial locations only (de Vita et al. 1999; Dell’Erba 2004; Isaia et al. 2004; Costa et al. 2009). The 232 

three fallout deposits (Fig. 2) exhibit multiple segments on log(T) vs. SRA diagrams (e.g. Fierstein 233 

and Nathenson 1992; Bonadonna and Houghton 2005). The slope of the segments is steeper at 234 

proximal locations up to about 40 km and 27 km for Agnano Monte Spina and Astroni 6 eruptions, 235 

respectively (Fig. 2), and it becomes gentler for larger distances, which is a typical feature of plinan 236 

and subplinan fallout deposits (Rose 1993; Sparks et al. 1992; Sulpizio 2005; Bonadonna and Costa 237 



2012). The estimated tephra volumes for B1, D1 and Astroni 6 using Pyle (1989) and Sulpizio (2005) 238 

methods, are 1.56, 1.62, and 0.63 km3, while using Bonadonna and Costa (2012), are 1.23, 2.04, and 239 

0.42 km3.   240 

The three components of all deposits show a similar trend of median grainsize (Fig. 3a) and weight 241 

fraction (Fig. 3b) at increasing distance from the vent. By inspecting the data of samples collected 242 

along the downwind direction, it is shown that the median size (Md), expressed in  units, of the 243 

juvenile and lithic components increases at increasing distance from the vent (meaning that fragment 244 

size in mm decreases). On the other hand, the median size of crystals (in  units) does not show a 245 

significant variation at increasing the distance from the vent (Fig. 3a). The content of the juvenile 246 

component first decreases from proximal to intermediate distance from the vent, then increases to 247 

become the main component in the distal locations, i.e. starting from a distance of about 120 km from 248 

the vent (Fig. 3b). The content of loose crystals and accessory lithics shows an opposite trend as 249 

compared to juvenile particles (Fig. 3b). The content of lithics and loose crystals is negligible in distal 250 

samples (beyond 150 km), which are almost entirely made of juvenile fragments. 251 

Figure 3c shows plots of terminal velocities of each component at different locations and for each 252 

eruptive unit. The settling velocities of crystal particles do not show any significant variation at 253 

increasing distance from the vent. Juvenile and lithic particles, instead, show similar decreasing trends 254 

of settling velocities with increasing distance. This behaviour indicates that there is grain size 255 

selectivity of the two components and that they can be considered as hydraulically equivalent (Fig. 256 

3c). 257 

TGSD of both single components and bulk tephra is shown in Figure 4. In order to identify the 258 

presence of different subpopulations inside of the TGSDs, i.e. coarse and fine subpopulations, a bi-259 

Gaussian distribution was employed (Fig. 4 and Supp. Fig. 3; Table 2), following the approach 260 

proposed by Costa et al. (2016). The TGSDs of the single components show that the bulk bimodal 261 

TGSDs result from the combination of different subpopulations of particles, each characteristic of a 262 

specific component. For all deposits, the finer subpopulation (mode at 6 ) represents the largest 263 

portion of the total distribution, and it is composed of juvenile particles.  The latter also shows a 264 

coarser subpopulation, which is a small percentage of the coarse subpopulation of the bulk TGSD 265 

(Fig. 4). The mode of the coarser juvenile subpopulation is -3  for B1 unit and Astroni 6 and -4  266 

for D1.  267 

The TGSDs of lithic and crystal components are unimodal and well discriminated from those of the 268 

juvenile particles (Fig. 4 and Supp. Fig. 3). The mode of lithic population is 0  for B1 and -1  for 269 

D1 and Astroni 6. The mode of crystal population is ~1  for all the deposits. 270 



By means of the TGSD of single components, it was also possible to estimate the fraction of the 271 

components for each eruptive unit. The percentage of juvenile particles is always larger than that of 272 

the other components with 76 % for Astroni 6, and 63 % and 62 % for B1 and D1 of Agnano Monte 273 

Spina eruptions, respectively (Fig. 4). The volume of lithics, juvenile and crystals of each eruptive 274 

unit was also estimated by combining the single abundances with the tephra volume (Table 1). 275 

In addition, for comparison with TGSDs, also bubble distribution characterizing pumices as function 276 

of  (Mele and Dioguardi 2018) were analysed and are reported in Figure 4.  277 

 278 

 279 

6. Discussion and conclusion 280 

TGSDs of the different components of fallout deposits are here reported for the first time. Before to 281 

discuss in depth the significance of the TGSD, it is important to consider the main sources of 282 

uncertainty as: i) the definition of the zero-mass isoline, which is needed as a constraint of outermost 283 

polygons area; and, ii) the number of analysed samples and their spatial distribution. In the present 284 

work, the first issue was accounted by drawing the zero line as the extrapolation of the distal 285 

regression line in the Log(T) vs. SRA diagrams (Fig. 2). The second issue was accounted by 286 

integrating the original dataset of Costa et al. (2016) and Sandri et al. (2016) with new grainsize 287 

analyses, especially from distal locations (up to 460 km from the vent). The implementation of data 288 

yielded, as first result, a new calculation of volumes, which are greater than about 240 %, 150% and 289 

174% the previous estimations for B1, D1 and Astroni 6, respectively. The addition of distal data also 290 

led to a significant change of the bulk TGSD presented in the former papers, with a shift of the mode 291 

of the fine subpopulation from 3 to 6  (B1 and D1 unit) and 4 to 6  (Astroni 6 unit). It is worth 292 

noting that our TGSDs were derived from data collected at distances from the vent that are not 293 

influenced from the pyroclastic deposition of the column margins (Fig. 1), as also confirmed by the 294 

absence of ballistic blocks inside the deposits. This may result in some underestimation of coarse 295 

populations, which, in any case, represent only a minor fraction with respect to the whole grain size 296 

distribution. 297 

The analysis of the componentry of TGSDs of fallout deposits, combined with the bubble size 298 

distributions of pumices (Fig. 4), shed light into magma fragmentation mechanisms. The bulk TGSD 299 

was, in fact, reconstructed as the combination of the grainsize distributions of different component 300 

subpopulations (juvenile, lithic, and crystal particles; Fig. 4), demonstrating that the proportion of 301 

fine and coarse subpopulations in the bulk TGSDs (Fig. 4) depends on the weight of each component. 302 

In particular, the weight of the coarse subpopulation of the bulk TGSD results from the overlap of 303 

juvenile, lithic, and crystal populations (Fig. 4). For B1 and D1, which have a higher content of lithic 304 



and crystal fragments than Astroni 6, the coarse subpopulation is represented for 81% and 92% by 305 

the densest component and for 19% and 8% by juvenile particles, respectively. For Astroni 6, the 306 

coarse population is made up by 50% of juvenile component and 50% of lithic and crystal particles.  307 

The TGSDs of crystals (that can be described as Gaussian distribution in  units) likely represents 308 

the original size distribution of phenocrysts, which were released at magma fragmentation. For all 309 

three eruptions, the crystal TGSDs are very similar and are well described by a lognormal function 310 

with the mode ranging from 0.23  for AMS D1 to 0.5  for Astroni 6 and standard deviation of about 311 

0.8-1.1  (see Table 2). 312 

Also lithics, which are generated by the erosion of country rocks of the volcanic conduit due to 313 

fragmentation and thermo-mechanical abrasion from the pyroclastic mixture (Campbell et al. 2013; 314 

Massaro et al. 2018), show lognormal TGSDs, and their average size can be related to mechanical 315 

properties of wall rocks and erosion energy (Macedonio et al. 1994; Costa et al. 2009b). The lithic 316 

volume increases as eruption intensity increases, from Astroni 6 (16%) to AMS B1 (23%) and AMS 317 

D1 (25%) eruptions (Table 1).  318 

The TGSD of the juvenile component, likely being a result of magma fragmentation, is more complex 319 

to interpret, as it shows a marked bimodality. Complexities in juvenile grain-size distributions can be 320 

related to inhomogeneity of vesicle sizes in the magma. The coarse subpopulations show a mode of 321 

about -3  and a standard deviation of ~1.0-1.4  for all the three eruptions and has a significantly 322 

lower weight with respect to the finer one (see Table 2). It represents the coarse fragmentation of 323 

rising magma, and yields information on magma vesicularity. The fine-grained subpopulations are 324 

the dominant ones and have a mode of about 5  and a standard deviation of ~1.3-1.5  for all the 325 

three eruptions (see Table 2). The fine-grained subpopulation can be related either to secondary 326 

fragmentation of coarser fragments within the volcanic conduit (Costa et al., 2016; Jones and Russel, 327 

2017) or to an intensive brittle fragmentation of a fragile highly-vesicular magma (Zimanowski et al. 328 

2003; Büttner et al. 2006; Dellino et al. 2012). In both cases the mechanical strength of juvenile 329 

material is influenced by the abundance and vesicles (Heap et al. 2014) and smaller bubbles can act 330 

as local amplificatory of the stress distribution within the material, controlling fragmentation. As 331 

shown in Figure 4, the weight % of the size-distribution of particles smaller than 0  of the TGSDs 332 

of the three eruptions presents a significant correlation with the bubble size distribution (correlation 333 

coefficient between BSD() and TGSD ( +1) is equals to 0.76, 0.63, and 0.88 for B1, D1, and Astroni 334 

6, respectively). The correlation can be interpreted as the fine vesicle population controls the grain-335 

size distribution of the fine-grained population of the juvenile material, with vesicles representing the 336 

preferred weakness location of the fragmenting material. Indeed, when the fragmentation processes 337 

intercept a vesicle, it produces particles finer than the vesicle itself. For example, the fragmentation 338 



of bubbles of 1  dimension will produce fragments finer than 1  and the same time the other vesicles 339 

will produce fragments finer than their dimensions. This processes, combined with vesicle 340 

abundance, explains the grain size distribution of fine juvenile grain population. Therefore, as 341 

suggested by Liu et al. (2017), Mele and Dioguardi (2018), the size of fine ash particles may result 342 

from the size and spatial distribution of the pre-fragmentation bubble population. 343 

The integration of component analysis, TGSD and settling velocity data helps to characterize both 344 

the aerodynamic behaviour of each component and their parent grain size, allowing also explaining 345 

the behaviour of each component at increasing distance from the vent. The juvenile and lithic 346 

components show the same settling velocity decay law at increasing distance from the vent (Fig. 3a). 347 

They settle with similar terminal velocities (Fig. 3c), and hence the two components are hydraulically 348 

equivalent. The progressive increase of lithic content, up to a maximum value at medial locations 349 

(Fig. 3b), can be related to the lithic size in the deposit approaching the mode of the parent grain-size 350 

distribution, i.e. lithic TGSD (Fig. 4 and Supp. Fig. 3). The content of juvenile fragments follows an 351 

opposite trend from proximal to medial locations (Fig. 3b) but at distal locations, they become the 352 

main component. This behaviour can be related to its parent grain-size distribution, which is 353 

characterized by a large part of finer particles (Fig. 4 and Supp. Fig. 3) that travel for long distances 354 

from the vent. On the other hand, the crystal particles have the same settling velocity at all locations, 355 

meaning that their transportation mechanism is not selective in terms of grain size but reflects the fact 356 

that the parent crystal TGSD (Fig. 4 and Supp. Fig. 3) has a relatively very narrow grain-size 357 

distribution already at fragmentation. This would also explain the increase of crystals up to medial 358 

locations where the maximum probability of sedimentation, given by the average size of their TGSD, 359 

is reached.  360 

Finally, it is worth noting that knowing the contribution of each component to the TGSD helps 361 

refining the input parameters needed in tephra dispersion simulations (e.g. Costa et al. 2016) and 362 

tephra hazard assessment (e.g. Selva et al. 2018). As it has been shown in this work, the different 363 

components can have completely different aerodynamic behaviours as resulting from their specific 364 

grainsize, density distribution, and shape. The usual assumption of a single-component tephra made 365 

when performing tephra dispersion simulation can then be overcome by means of multi-component 366 

TGSDs with the aim at improving dispersion modelling.  367 

 368 
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Figure Captions 617 

Figure 1. Isopach maps (modified after Costa et al. 2009) of a B1 fallout deposit of Agnano Monte 618 

Spina eruption, b D1 fallout deposit of Agnano Monte Spina eruption, c fallout deposit of Astroni 6 619 

eruption. d Position of the zero-mass isoline (i.e. zero line) used for the compilation of the TGSDs 620 

with the Voronoi tessellation technique. The green dots mark the locations of samples used in Costa 621 



et al. (2016); the red dots mark the locations of new samples collected in this work. The black triangles 622 

represent the vent of selected eruptions. 623 

 624 

Figure 2. a) Semilog plots of thickness versus square root of isopach area, used to calculate the volume 625 

of tephra volume combining Pyle (1989) and Sulpizio (2005) methods; b) Semilog plots of thickness 626 

versus square root of isopach area showing the Weibull best fit (Bonadonna and Costa, 2013) for 627 

tephra deposits of B1 and D1 phase of Agnano Monte Spina eruption (B1-AMS and D1-AMS), and 628 

Astroni 6 eruption.  is a thickness scale;  is the characteristic decay length scale of deposit thinning; 629 

n is the shape parameter (Bonadonna and Costa, 2013). 630 

  631 

Figure 3. Comparison of a median grain size (Md) of bulk deposit and juvenile lithic and crystal 632 

component along downwind axis, b weight percent of juvenile, lithic and crystal component along 633 

downwind axis, c settling velocity of juvenile, lithic and crystal component along downwind axis.  634 

 635 

Figure 4. a TGSD (grey rectangles) of bulk deposit of B1 and D1 phase of Agnano Monte Spina 636 

eruption (B1-AMS and D1-AMS), and Astroni 6 eruption. Dotted lines show the coarse and fine sub-637 

populations whose sum (full line) fit the observed distribution. b TGSD of juvenile, lithic and crystal 638 

components, with their weight percentage. c Vesicle size distribution histograms;  639 

 640 

Supplementary material 641 

Supplementary material Figure 1. Size vs. density diagrams of juvenile component. The vertical 642 

dashed line shows the density value of dense rock equivalent. 643 

 644 

Supplementary material Figure 2. TGSD of juvenile, lithic, and crystal components. Lines show the 645 

coarse and fine sub-populations whose sum (full line) fit the observed distribution. 646 

 647 

Supplementary material Figure 2. 3D sphericity vs. size diagram of pumices of B1 phase of Agnano 648 

Monte Spina, and Astroni 6 eruptions (after Mele and Dioguardi 2018). 3D sphericity of pumices of 649 

D1 phase (Agnano Monte Spina eruption) was assumed equal to particles of B1 phase. Error bars for 650 

each grainsize are shown. The solid black line represents the best fit, of which correlation equations 651 

and coefficients are displayed. 652 

 653 

 654 
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 Ht 

(km) 

Vprox 

(km3) 

Vdist 

(km3) 

Vt juv 

(km3) 

Vt lith 

(km3) 

Vt xx 

(km3) 

Vt 

(km3) 

Vt* 

(km3) 

Vt** 

(km3) 

Astroni 6 14 0.08 0.55 0.48 0.10 0.05 0.63 0.42 0.23 

B1-AMS  23 0.22 1.33 0.97 0.36 0.22 1.55 1.23 0.45 

D1-AMS 30 0.24 1.38 0.99 0.43 0.20 1.62 2.04 0.65 

          

 

 

Table 1 – Physical parameters of the column phases B1 and D1 units of Agnano Monte Spina and 

Astroni 6 eruptions. Ht = maximum column height (de Vita et al., 1999; Isaia et al., 2004; Costa et 

al., 2009). Vprox, Vdist, Vt, Vt juv, Vt lith and Vt xx are the proximal volume, the minimum distal volume, 

the total volume, the juvenile volume, the lithic volume and crystal volume, respectively, calculated 

combining Pyle (1989) and Sulpizio (2005) methods. Vt* is the tephra volume calculated using 

Bonadonna and Costa (2012) method. Vt** is the tephra volume calculated by Dell’Erba (2004) 

using only proximal-medial locations.  
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Bi-Gaussian 

parameters 

Astron

i U6 

(Bulk) 

AMS 

B1 

(Bulk) 

AMS 

D1 

(Bulk) 

Astr. 

U6 

(juv) 

AM

S B1 

(juv) 

AM

S D1 

(juv) 

Astr. 

U6 

(lith) 

AM

S B1 

(lith) 

AM

S D1 

(lith) 

Astr. 

U6 

(crys) 

AMS 

B1 

(crys) 

AMS 

D1 

(crys) 

p 0.44 0.26 0.42 0.29 0.13 0.05 1 1 1 1 1 1 

μ1 (in ϕ) -2.37 -1.30 -1.16 -3.59 -3.04 -3.70 -1.23 -0.67 -1.73 0.50 0.47 0.23 

σ1 (in ϕ) 2.19 1.84 1.89 1.02 1.39 1.21 1.47 1.61 1.58 1.15 0.92 0.82 

μ2 (in ϕ) 5.26 3.91 5.12 5.28 5.08 5.08 - - - - - - 

σ2 (in ϕ) 1.36 1.26 1.52 1.32 1.54 1.54 - - - - - - 

 
Table 2 – Main parameters of distribution obtained fitting selected TGSDs. p = 

fraction of the coarse populations;  μ1, μ2 means of coarse- and fine-grained 

populations, respectively; σ1, σ2 standard deviations of means of coarse- and fine-

grained populations, respectively. juv, lith and crys are juvenile, lithic and crystal 

component, respectively. 
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Total grain size distribution of components of fallout deposits and implications for magma 

fragmentation mechanisms: examples from Campi Flegrei caldera (Italy) 

 

Mele D.1, Costa A.2, Dellino P. 1, Sulpizio R.1,3, Dioguardi F.4, Isaia R.5, Macedonio G.5 

	
	
Supp.	Figure	1	
	

	
	
Supplementary material Figure 1. Size vs. density diagrams of juvenile component. The vertical 

dashed line shows the density value of dense rock equivalent. 

	
	
	
Supp.	Figure	2	
	

	
 
 
Supplementary material Figure 2. 3D sphericity vs. size diagram of pumices of B1 phase of Agnano-
Monte Spina, and Astroni 6 eruptions (after Mele and Dioguardi 2018). 3D sphericity of pumices of 
D1 phase (Agnano Monte Spina eruption) was assumed equal to particles of B1 phase. Error bars for 
each grainsize are shown. The solid black line represents the best fit, of which correlation equations 
and coefficients are displayed. 
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Supp.	Figure	3	

	
	
Supplementary material Figure 3. TGSD of juvenile, lithic, and crystal components. Lines show the 
coarse and fine sub-populations whose sum (full line) fit the observed distribution.	


