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Influence of particle aggregation 
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Abstract 

The phreatomagmatic eruption at Aso volcano on October 8, 2016, released PDC and fallout up to 320 km from the 
vent, providing an opportunity to study the dispersal and sedimentation of tephra bearing wet and dry aggregates. 
We investigated fresh air-fall tephra and conducted both dry- and wet-sieving to assess the size distribution of both 
aggregate-bearing deposits on the ground and particles in the plume prior to aggregation. The tephra was asym-
metrically distributed in the ENE direction, with a relatively wide distribution and small maximum grain sizes north 
of the depositional axis, reflecting different wind directions at each altitude. The secondary accumulation maxima at 
4–8 km NE from the vent was characterized by the segregation of lapilli followed by accretionary pellets that were 
rapidly created by aggregation in the wet plume, thereby enhancing the removal of airborne ash. Coalesced aggre-
gates possibly arose from salt precipitation processes. For dry aggregates fallen in medial-to-distal regions, observed 
deposition duration and fall velocity calculations concluded that fine ash was deposited not as individual particles 
but as aggregates. Most grain-size distributions along the dispersal axis based on the two sieving methods used 
were multimodal, with the coarser mode fining according to distance from the vent and the finer mode stabilizing 
at around 4φ; this is interpreted as resulting from the mixture of grain-size distributions with different origins, i.e., the 
normal settling of individual clasts and particle aggregation. The wet-sieved total grain-size distribution included 20.4 
wt% fine ash compared with only 2.4 wt% fine ash in the dry-sieved distribution, suggesting that aggregated particles 
accounted for 18 wt% of the deposit. Total grain-size distributions based on wet-sieving showed extremely poor sort-
ing that could be explained by the following causes: the release of coarse-grained ejecta originating from the host 
rock of the crater, fine particles due to fragmentation from a phreatomagmatic eruption, the supply of water and salt 
from the crater to the plume, and aggregation enhancement of the fine ash on the ground, reflecting the effect of the 
crater lake as external water source.
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Introduction
Explosive volcanic eruptions generate ejecta of various 
sizes that are carried up within the convective plume, dis-
persed by the surrounding wind field and deposited on 
land, forming tephra-fall deposits. The transport and sed-
imentation processes of tephra particles are complicated 
due to turbulence in the plume and atmosphere, both 
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of which exhibit a variety of conditions, particularly in 
terms of physical and chemical interaction between par-
ticles. In particular, most volcanic ash finer than 125 µm 
has been considered to settle out of the atmosphere as 
particle aggregates with higher settling velocities than the 
individual constituent particles (Carey and Sigurdsson 
1982; Sorem 1982; Lane et al. 1993). Particle aggregation 
and meteorological effects can cause the secondary thick-
ening of deposits (e.g., Cashman and Rust 2016). Aggre-
gation thus exerts a first-order control on the dispersal 
of fine ash within eruption clouds, however, the precise 
physical and chemical processes involved and the effect 
of tephra sedimentation have never been completely con-
strained (Brown et al. 2012).

The atmospheric residence time of fine ash deter-
mines whether it poses a hazard to aviation (Casadevall 
1994). Ash falls can also harm local environments and 
infrastructure (Stewart et  al. 2006; Brown et  al. 2012). 
Ash aggregation should thus be accounted for when 
developing our understanding of the transport of vol-
canic particles. Ash dispersal and sedimentation are not 
straightforward, mostly due to (1) the poor exposure 

of most tephra deposits, such that important areas are 
often difficult to access; (2) variable rates of deposit 
erosion; (3) difficulty in recognizing and correlating 
proximal and distal deposits, and (4) sequences of mul-
tiple eruptive styles and processes that complicate the 
understanding of individual deposits (Bonadonna and 
Houghton 2005; Bonadonna et al. 2015a; Murrow et al. 
1980; Costa et al. 2016).

In this study, we investigated grain-size variations in 
a deposit from a discrete phreatomagmatic eruption 
of Nakadake crater, Aso volcano, Japan, on October 8, 
2016 (Fig.  1). The eruption produced a simple erup-
tive column that dispersed tephra ENE along the Jap-
anese island arc such that we were able to sample the 
deposit more than 300 km away from the vent (Fig. 2). 
This eruption is therefore an ideal model for studying 
processes of tephra dispersal and sedimentation using 
the total grain-size distribution of the deposit. By cor-
relating aggregate characteristics and tephra size varia-
tions with their distance from the vent, we provide new 
information regarding the aggregation of tephra during 
sedimentation.
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Fig. 1  Location of Aso volcano and Nakadake crater. (left) Red triangles indicate active volcanoes in the Japanese island arc, and white circle 
denotes the Fukuoka Regional Volcanic Observation and Warning Center. (right) Red triangles indicate central volcanic cones within Aso caldera, 
and white circles denote the observatories of Aso Otohime, Asosan and Takamori
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Fig. 2  Distribution of fallout deposits resulting from the 8 October 2016 Mt Aso eruption within approximately 330 km (a) and 30 km from the 
vent (b). The accumulation per unit area (black characters, g/m2) and maximum observed grain size (white characters, mm) are indicated for each 
sampling site (black dots). The maximum grain size of the ash fallen at the MTY site is based on our measurements from Fig. 4l of Sugawara (2017). 
The interpreted isomass (red to pale green-shaded areas, g/m2) and maximum clast contours (white dashed lines, mm) were hand drawn to fit the 
observed data. The black dashed line in the top figure indicates the zero accumulation line of Fukuoka Regional VOWC (2016), which was used in 
the total grain-size calculation. Circles represent radii of 50, 100, 200, and 300 km from Nakadake crater. The black dashed line in b indicates the Aso 
caldera wall
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Geological setting and the October 8, 2016 
eruption
Aso volcano and Nakadake crater
Japan’s 24-km-wide Aso caldera in Kyushu Island (Fig. 1) 
has been active since its first caldera-forming eruption 
(270  ka; Japan Meteorological Agency and Volcanologi-
cal Society of Japan (2013). Several post-caldera cones, 
with compositions ranging from basalt to rhyolite, have 
formed near the center of the caldera since the last cal-
dera-forming eruption (Ono and Watanabe 1985) at 
90 ka (Japan Meteorological Agency and Volcanological 
Society of Japan 2013). Nakadake (1506 m in altitude) is 
an active basaltic to basaltic–andesitic stratocone and 
has been most active of the 17 central cones during the 
past 2000 years (Global Volcanism Program (2013). Dur-
ing the last 6000 years, the dominant eruptive products 
at Nakadake have been black ash with some scoria, indi-
cating that its main eruption style has been continuous 
ash emission, which is referred as “ash eruption” (Ono 
et  al. 1995). Only one crater (First crater) in Nakadake 
has been active during the last 80  years (Japan Mete-
orological Agency (JMA) and Volcanological Society of 
Japan (VSJ) 2013) and the most recent activity includes 
several ash emissions that occurred in 2003–2005 and 
2014–2016 (JMA and VSJ 2013). The summit crater of 
Nakadake hosts a hot, acidic crater lake that submerges 
the crater bottom during periods of quiescence; the water 
level decreases during periods of volcanic unrest (e.g., 
Kawakatsu et al. 2000).

October 8, 2016 Aso Nakadake eruption
A small initial eruption occurred at First crater at 21:52 
(all times reported are JST, UTC + 9) on October 7, 2016 
(Fukuoka Regional Volcanic Observation and Warn-
ing Center (2016). Approximately 4 h later, an explosive 
phreatomagmatic eruption occurred at 01:46 on October 
8, 2016 (Sato et al. 2018). This eruption was not captured 
on camera, but was detected by weather radar equipment 
(Weathernews Inc. 2016; Sato et al. 2018). The duration 
of the eruption was estimated to be 160–220 s based on 
seismic records (Shimbori 2017) and the plume rose to 
approximately 8 km above sea level (a.s.l.) by 01:58 (Fig. 3; 
Weathernews Inc. 2016). Based on the infrared band of 
Himawari-8, the plume is assumed to have reached a 
maximum height of 11.9  km a.s.l. (Tokyo Volcanic Ash 
Advisory Center 2016; Sato et al. 2018). Volcanic ash in 
the atmosphere flowed in a northeast direction at lower 
(below 2 km a.s.l.) to middle altitude (2–8 km a.s.l.), and 
in an east-northeast direction at the middle-to-higher 
altitude (8–12 km a.s.l.) (Sato et al. 2018). The plume was 
thus influenced by various wind directions and speeds at 
lower, middle and higher altitudes (2–15  m/s from the 

southeast–southwest, 9–27 m/s from the southwest and 
22–39 m/s from the west, respectively, at 21:00 on Octo-
ber 7 and 09:00 on October 8 at Fukuoka city (Additional 
file 1, see Fig. 1 for locality; Japan Meteorological Agency 
2019. At ground level around Mt. Aso, wind was blowing 
from the SE with speeds of 8.3 m/s, the temperature was 
17.2 °C, it was very humid (100% humidity), and the pre-
cipitation was 0.0  mm at the observatories of Aso Oto-
hime and Takamori at 01:40 on October 8 (see Fig. 1 for 
localities; Japan Meteorological Agency 2019). The plume 
was strongly affected by westerly winds at middle-to-
high altitudes and thus drifted more than 300 km ENE. 
Tephra deposition started at approximately 01:58 at Ichi-
nomiya (7 km NE) based on our interview survey, before 
02:30 at Oita (63 km ENE), around 05:00 at Matsuyama 
(190  km ENE), and before 08:00 at Takamatsu (318  km 
ENE) (see Fig.  2 for localities; Shimbori 2017). We also 
observed the ashfall at site IKT (132.2 km from the vent) 
at 04:39, where the short period of sedimentation lasted 
approximately 5  min (see Fig.  2 for locality). Around 
1.8 × 108 kg of volcanic ash (Miyabuchi et al. 2017) fell on 
the NE side of the volcano and volcanic ash was observed 
at Kyushu Island, Shikoku Island, and around the Seto 
Inland Sea (Shimbori 2017; Sato et  al. 2018). The sum-
mit area became covered with thick tephra deposits, 
approximately 1 m thick at the SW crater rim, amounting 
to approximately 4.5 × 108 kg of eruptive material around 
the crater, including pyroclastic density current deposits 
(Miyabuchi et  al. 2017) and the crater lake still existed 
8 h after the eruption (Fukuoka Regional VOWC 2016). 
The total amount of ejecta associated with the eruption is 
estimated to be approximately 6.0–6.5 × 108 kg (Miyabu-
chi et al. 2017), i.e., as large as the recent major eruptions 
on September 6, 1979, and April 20, 1990 (Miyabuchi 
et al. 2017). Based on the total eruptive mass and erup-
tion duration, the eruption rate is calculated to be 2.7–
4.1 × 106  kg/s (Miyabuchi et  al. 2017). As of October 
2018, no further explosive eruptions have been recorded 
(Global Volcanism Program 2013).

Methods
Field investigation
Seven hours after the eruption, we started a field cam-
paign to characterize the tephra-fall deposits in terms 
of mass-per-unit area, grain size, components, particle 
aggregation, stratigraphy and distribution (Additional 
file  2). We classified grain-size divisions based on the 
schemes of Cas and Wright (1987) and Cashman and 
Rust (2016). Aggregates were described, following total 
grain-size distribution Brown et al. (2012), as accretion-
ary pellets (poorly structured pellets, AP1, and liquid 
pellets, AP3) and particle clusters (ash clusters, PC1, and 
coated particles, PC2). At site IKT (Fig.  4), ash fall was 
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Fig. 3  Plume dimensions as sketched from images at a 01:55, b 01:58, c 02:01 and d 02:05 on October 8 from the trial operation of WITH radar 
observation images (Weathernews Inc. 2016). The strong and weak reflectivity of the radar are shown by orange and light blue colors. The summit 
area covered by proximal fallout and pyroclastic density current deposits is shown in gray. Black and white bold numbers denote isomass (g/m2) 
and maximum clast contours (mm), respectively, which are equivalent to those of Fig. 2
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observed at 04:39, approximately three hours after the 
eruption (Additional file  2). Tephra particles were col-
lected using a rainwater-filling waterproof polyester sheet 
which covered a container at site TKM, 323 km from the 
vent (Fig.  2). Contours of isomass and maximum clast 
size were hand drawn based on measured accumulation 

per unit area and maximum observed clast size, respec-
tively (Fig. 2).

In total, we studied tephra deposits from the erup-
tion at 17 sites, ranging from 4 to 323 km from the vent 
(Additional file 2). 15 tephra samples were collected for 
grain-size analyses out of which nine were collected b 
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Fig. 4  Field photographs of proximal deposits within 7 km of the vent. a View of Nakadake crater from site IG (6.4 km from vent). The ground 
2–3 km from the vent remained green, suggesting incomplete coverage by the gray fall deposit. b The baseball field at site IG was completely 
covered by the gray fall deposit. Note the absence of the deposit where we removed a coarse lapilli particle (white area to the right of center), 
suggesting that coarse lapilli were among the first clasts to fall. Scale bar 1 cm. c Upper surface of a lapilli particle at site IG, containing accretionary 
pellets of type AP1 (white arrow marks) and AP3. d AP3 deposited on the upper surface and the side of a concrete wall at the baseball field (site IG). 
AP1/2 were covered by AP3, although particles that fell under the net fence were not covered. e Coarse lapilli particles that broke a window and fell 
inside a building at the Aso youth intercommunion house (site ASK, 4.4 km from vent). Fine ash particles coated the lapilli particles, although to a 
lesser degree less than those that fell outside the building. f Lapilli and AP3 that fell at site SES (7.5 km from vent). Fewer AP3 were deposited relative 
to site IG (6.4 km) and the ground was not completely covered by the fall deposit. All locations are shown in Fig. 2
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they authors (localities for which survey times/dates are 
listed in Additional file  2) and the other six were col-
lected by our collaborators (H. Takano, T. Nagata and T. 
Yamane; localities for which survey times/dates are not 
listed). In addition, we added the maximum grain size of 
the ash fallen at the MTY site (Fig. 2), based on Sugawara 
(2017).

Grain‑size analyses, microscope observation and density 
measurement
Nine tephra samples were collected before a period of 
precipitation began at 13:30 October 8, and were dried in 
an oven at 60 °C for 1 day before being dry-sieved down 
to 4φ (φ = − log2D, where D is the particle diameter in 
millimeters) at 1φ intervals. 15 samples were wet-sieved 
down to 4φ. Wet-sieved ash fractions finer than 4φ were 
analyzed down to 11φ using a Microtrac MT3000 laser 
diffraction particle size analyzer in dispersion mode, 
which provided measurements from 0.021 to 1408  µm 
assuming an ash refractive index of 1.51 and a non-
spherical grain shape; volume fractions were converted 
into weight fractions assuming constant particle density, 
as is appropriate for particles < 63 µm (Eychenne and Le 
Pennec 2012). For selected samples, overlapping laser dif-
fraction and wet-sieving analyses between 1 and 4φ were 
used to validate and merge the results of the two tech-
niques. Mdphi and sorting were calculated for all samples 
according to Inman (1952).

We identified particle clusters (PC1 and PC2) using 
light microscopy, and accretionary pellets, except liquid 
pellets, using scanning electron microscopy (SEM) back-
scattered electron (BSE) imaging to identify AP1 and 
AP2.

We selected samples for density measurements from 
three representative proximal and distal sites along the 
dispersal axis, which was taken as the line connecting the 
largest curvature point on each contour line (Fig. 2). The 
samples were dried following the same procedure as for 
the grain-size analyses and were weighed in the labora-
tory. Sample volumes were measured in a water-filled 
cylinder to calculate the average density of clasts between 
− 3 and 5φ.

Total grain‑size analysis
Calculations of total grain-size distribution (TGSD) 
depend strongly upon the number and distribution of 
sampling sites used (Bonadonna and Houghton 2005). 
We used nine and 15 sites to calculate the TGSD of dry- 
and wet-sieved samples, respectively (totaling 15 sites, 
since the wet- and dry-sieved samples shared nine com-
mon sites). Grain-size analyses were conducted according 
to the Voronoi tessellation technique using TOTGS soft-
ware (Biass and Bonadonna 2014) in order to investigate 

individual subpopulations. TGSDs obtained using the 
Voronoi technique are less dependent on the position 
of the “zero accumulation line” than those obtained by 
other techniques (Volentik et  al. 2010). We defined the 
zero accumulation line based on the Fukuoka Regional 
VOWC (2016) (black dashed line in the top of Fig.  2). 
Additionally, we analyzed grain-size distributions using 
DECOLOG 5.6.1 (Borselli and Sarocchi 2004), which is 
based on an iterative algorithm for optimizing nonlinear 
fitting of log-normal functions to calculate mean particle 
size, standard deviation (σφ) and asymmetry; for this, we 
used two- and three-component log-normal distributions 
for the dry- and wet-sieved TGSDs, respectively.

Results
Distribution of tephra‑fall deposits
The mass loading was highest around the vent and, where 
the ground was completely covered by thick deposits, up 
to 1 m at the southwest rim of the crater (Figs. 2, 3; JMA 
2016, Miyabuchi et al. 2017). In the most proximal area 
we observed, around 2–3 km NE of the vent, the ground 
remained green (Fig.  4a), suggesting incomplete cover-
age by the fall deposit. Proximal to the vent (4–10 km), 
the deposit was distributed in a narrow zone to the NE–
NNE, which was completely covered by the fall deposit 
(Fig. 4a, b). The maximum accumulation (2695 g/m2) was 
recorded 6.4 km NE from the vent (site IG, Fig. 2). From 
the area around site IG to the distal area, the accumula-
tion per unit area decreased again (Fig. 2). We also noted 
a shift of the deposit axis from NE to ENE around 10 km 
from the vent (Additional file 2, Figs. 2, 3). Furthermore, 
the axis of the maximum clast contour was offset south of 
the dispersal axis (Figs. 2, 3). These features are consist-
ent with weather radar observations indicating that the 
plume drifted NE at lower to middle altitudes and ENE-E 
in middle-to-higher altitudes (Additional file 1, Fig. 3).

Medial to distal ash fall was observed at nine locali-
ties beyond Aso caldera, including two sites on Shikoku 
Island (Fig. 2). The isomass map indicates narrow cross-
wind deposition compared with broader down-wind 
deposition (Fig.  2). With the exception of the near-vent 
region, no sedimentation in the upwind region has been 
reported (Fig. 2).

Deposit characteristics
In proximal areas, the deposit comprises lapilli-bearing 
ash fall overlain by AP1 and AP3 (Fig. 4b–e, Additional 
file 2). At site ASK, lapilli coarser than 60 mm in diame-
ter were not found on concrete, but were found on grass. 
This suggests that clast breakage occurred on the ground. 
Measuring the maximum grain size on grass, we found 
that the amount of AP1 and AP3 decreased from site IG 
(6.4 km from the vent) to site SES (7.5 km from the vent) 



Page 8 of 19Tsuji et al. Earth, Planets and Space          (2020) 72:104 

(Fig. 4f ). In localities IG and I5, lapillus, AP1 or 2, and 3 
coalesced and formed platy fragments with flat bottoms 
(Fig. 4c). In medial areas, the deposit comprised mainly 
fine lapilli-bearing materials with AP1 or 2, and 3, and 
PC1 and 2 (Additional file  2). Distally, the deposit was 
dominated by PC2 with small amounts of PC1 (Addi-
tional file 2).

The aggregates comprised a significant volume of 
tephra regardless of the distance from the vent (Addi-
tional file  2), suggesting that particle aggregation was 
an important process during the 2016 eruption. How-
ever, the dominant type of aggregate changed with dis-
tance from the vent: proximal aggregates were larger and 
included water upon deposition, whereas distal aggre-
gates were much smaller and more fragile (Fig.  4f ). In 
proximal areas, almost all lapilli particles were coated 
with fine ash particles (Fig. 4b, c). Lapilli that fell inside 
buildings were coated with fine ash (Fig.  4e), although 
these coatings were thinner than those on lapilli falling 
outside (Fig. 4b–d). This suggests that the lapilli that fell 
inside buildings were coated with fine ash prior to depo-
sition. AP1 were mostly deposited between 4 and 10 km 
from the vent, however, they were identified as far as 
24.6 km away (Additional file 2, site OAZ). Within 20 km 
of the vent, AP1 deposited atop the coarse lapilli layer 
exhibited coalescence (Fig. 4c).

Liquid pellets (AP3) were recognized using tracks 
of mud-rain deposited on the roofs and walls of struc-
tures and on the ground as far as 26.4 km from the vent 
(Fig.  4d); their aggregate structures were completely 
destroyed upon impact. AP3 decreased in diameter with 

increasing distance from the vent. At site IG (6.4 km from 
vent), AP3 on roofs were 10–14  mm in diameter while 
those on the south wall were 5–10 mm along their short 
axis and light to pale gray in color when dry. In contrast, 
AP3 on roofs were 2–7 mm in diameter at a distance of 
26.4 km from the vent (site ICY).

Internal structure, grain‑size, and fraction of ash 
aggregates
Poorly structured accretionary pellets (AP1)
Accretionary pellets were subspherical or slightly pro-
late or oblate in shape when observed under the micro-
scope (Fig. 5a), with an average diameter of 2.64 mm and 
a density of 1380  kg/m3 (Additional file  3). AP1 pellets 
were so strong that they could not be crushed by depo-
sition, sampling, wet-sieving and ultrasonic cleaning. 
Based on SEM observations, accretionary pellets were 
poorly structured (i.e., AP1) with massive ash cores and 
porous rims 0.2–0.6 mm wide (Fig. 5b). Cores consisted 
of < 400 µm particles and were densely packed with finer 
particles (< 32 µm), whereas rims consisted of ash parti-
cles (32–400 µm) relatively poorer in fines.

Coated particles (PC2)
Regardless of distance from the vent, unwashed samples 
of coarse ash and lapilli mostly consisted of core parti-
cles coated with finer particles (Additional file 2, Fig. 6a). 
Most of the finer coating particles were removed by water 
washing (Fig. 6b).

Unwashed samples of lapilli were separated into core 
particles and finer coating particles (i.e., < 2  mm) by 

a b

1 mm1 mm

Fig. 5  Examples of accretionary pellets (AP1) at site IG, 6.4 km from vent. a Photograph of AP1. b SEM micrograph showing the cross section of an 
AP1 pellet. Scale bars 1 mm
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wet-sieving (Additional file  4). When washed, coat-
ing particles finer than − 1φ accounted for ~ 3.4 wt% of 
the unwashed lapilli sized 8–16  mm, 13‒14 wt% of the 
unwashed lapilli sized 4–8 and 2–4 mm, and ~ 75% of the 
unwashed very coarse sand-sized ash fraction (1–2 mm) 
(Additional file  4). We noted that, in the 1–2  mm frac-
tion, it was difficult to distinguish between cores and 
finer coating particles. Particles finer than 5φ included 
very fine ash particles and absorbing compounds.

Grain‑size variations between sites
We performed grain-size analyses using dry-sieving and a 
combination of wet-sieving and laser diffraction analyses. 
To avoid redundancy, we herein refer to the combina-
tion of wet-sieving and laser diffraction analyses as “wet-
sieving”. The dry-sieved results represent the grain-size 
distributions (GSDs) of particles that fell on the ground, 
although some particles were broken or disrupted during 
impact (Bagheri et al. 2016), sampling, and sieving. Since 
wet-sieving can disrupt aggregated particles, the wet-
sieved results represent the initial GSDs of tephra within 
the eruption plume (i.e., before sedimentation, aggrega-
tion, and deposition). In 9 of the 15 samples analyzed, 
coarse- and fine-grained subpopulations were identified, 
here referred to as SP1 and SP2, respectively.

Dry sieving
At site ASP, 2 km NW of the dispersal axis, the deposit 
is well-sorted and unimodal with a peak at 2φ (Fig.  7). 
In the area of maximum deposition, a very poorly sorted 
and multimodal deposit was identified (sites ASK, I5, and 
IG; Fig. 7). With the exception of the most proximal site 
(ASP; 3.6  km from vent) and the most distal site (IYM; 
257.4 km), the deposit is roughly bimodal along its entire 

dispersal axis (Fig.  7), with a predominant coarser peak 
and a minor finer peak. The diameter of the coarser 
peak shifted from − 3φ to 2φ, and the percentage of the 
coarser fraction decreased from proximal to distal study 
areas. In contrast, the finer peak is stable at 4φ and the 
percentage of the fine fraction increases with distance 
from the vent (Fig. 7). At the most distal site (IYM), the 
deposit is well-sorted and unimodal with a peak at 4φ.

Wet sieving
Differences between the dry- and wet-sieved GSDs are 
dominated by the differing fraction of aggregated parti-
cles. In all samples, the wet-sieved fine ash fractions were 
larger than those in the dry-sieved fractions (Fig. 7). Fine 
ash accounted for only a few percent of the proximal dry-
sieved sample and 22 wt% of the proximal wet-sieved 
sample (site IG, 6.4 km from vent), 10–20 wt% of the dis-
tal dry-sieved sample and 30–33 wt% of the distal wet-
sieved sample (sites KND and SGN, 58.4 and 84.4  km, 
respectively), and 28 wt% of the dry-sieved sample and 46 
wt% of the wet-sieved sample at the far distal site (IYM, 
257.4 km) (Fig. 7). In the sample collected at I5, coalesced 
coarse particles decomposed during wet-sieving, result-
ing in a decrease of fragments coarser than − 1φ wet-
sieved GSD (Fig. 7).

Grain‑size variation with the distance from the vent
Detailed analyses of individual samples highlight a 
rapid decay of both the median grain size of dry-sieved 
samples and the maximum grain size from proximal 
to distal samples, followed by a less sharp decrease 
between 50 and 350  km (Fig.  8a). The fining trend is 
segmented into three parts by two breaks in the slope 
at approximately 10 km and 50 km (Fig. 8a).The median 
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Fig. 6  Comparison of coated particles and core particles after removing their fine ash coating. a Unwashed samples and b washed samples from 
site ASP (3.6 km from vent) sieved to 2–3φ. The unwashed ash mostly consists of particles coated by finer ash particles. Gridded scales are 1 mm. 
AP1 accretionary lapilli 1, AR altered rock, GTL gray tuff/lava, GS glass shard, M mineral, OC opaque clast
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and maximum grain sizes collected northwest of the 
sedimentary axis were finer than those collected from 
the southwest side and close to the axis (Fig.  8a). The 
population fraction based on dry- and wet-sieving is 
characterized by a very steep decrease of lapilli clasts 
within 10 km of the vent (Fig. 8b, c). The fraction of fine 
ash is very small in the proximal area but progressively 
increases in more distal areas as measured by dry-siev-
ing, whereas the fraction at the proximal area measured 
by wet-sieving is significantly larger (Fig. 8b, c).

TGSD
The TGSD based on dry-sieved GSDs (TGSD-d) has 
mean particle size of −  0.5φ and very poor sorting of 
2.3φ, reflecting a bimodal distribution. This popula-
tion can be separated by three log-normal fittings with 
coarse (SP1, peak at − 2.5φ) and intermediate subpopu-
lations (SP2, peak at 1.2φ), together with a smaller fine 
subpopulation (SP3, peak at 3.7φ) (Fig.  9a). The TGSD 
based on wet-sieved GSDs (TGSD-w) has a mean parti-
cle size of 1.0φ and very poor sorting of 3.6φ, being tri-
modal with coarse (SP1, peak at − 2.7φ), intermediate 
(SP2, peak at 1.0φ), and fine subpopulations (SP3, peak 
at 3.8φ) (Fig. 9b). SP1 is the predominant mode in both 
TGSDs. Although SP2 is secondary and SP3 is minor in 
TGSD-d, SP3 is wider than SP2 in TGSD-w. SP3 is posi-
tively skewed in TGSD-w, including abundant fine ash 
(4–11φ) compared to TGSD-d, which could be caused by 
an increase of fractions finer than 2φ when compared to 
TGSD-d (Fig. 9c). Indeed, the fine ash fraction is 2.4 wt% 
in TGSD-d, increasing to 20.4 wt% in TGSD-w.

Particle density
We measured the density of clasts in each size range 
between − 4 and 5φ. clasts larger than 1  mm were col-
lected from sieved samples at site IG (6.4 km) and finer 
particles were collected at sites SGN (84.4 km) and IKT 
(132.2  km). Plotting density versus diameter shows that 
values range from approximately 1320 to 2750  kg/m3 
(Additional file  5). Density values are high for particles 
with diameter 3–4φ and decrease according to increasing 
particle diameter following an approximately linear trend 
(Additional file 5).

Component analysis
We also performed component analysis of two wet-
sieved samples (Fig.  10) representative of the proximal 
(site ASK, 4.4 km from vent) and medial areas (site OAZ, 
24.6  km). We classified particles as follows: (1) brown 
to green–brown colored glass shards of mostly vesicu-
lar or non-vesicular glass with vitreous surfaces, where 
the particle size was less than 1  mm (glass shards); (2) 
opaque volcanic rock or glassy clasts with variably crys-
talized surface, adhering white secondary minerals, 
and with particle sizes less than 4  mm (opaque clasts); 
(3) broken fragments of vesicular lava or solidified tuff 
with weakly oxidized surfaces onto which ash and lapilli 
coalesced, exhibiting a wide particle size range below 
64 mm (gray tuff); (4) moderately to highly oxidized and 
altered particles including holocrystalline, volcanic rock, 
etc., with a wide range of color including yellow, brown, 
white, orange, and red, and particle sizes less than 8 mm 
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(altered rocks); and (5) free minerals or broken fragments 
of feldspar and orthopyroxene with or without adhering 
glass, exhibiting particle sizes less than 1 mm (minerals).

The GSD at site ASK is bimodal, with a predominantly 
coarse mode peaking around − 2 to − 1φ and a minor finer 
mode peaking at 2–4φ (Fig. 10a). The deposit at site ASK 
comprised 77 wt% gray tuff, 8.8 wt% altered rocks, 10.5 
wt% opaque clasts, 3.5 wt% fresh glass, and 1.2 wt% min-
erals (Fig. 10a). Lapilli were mostly gray tuff (95 wt%) with 
small amounts of altered rock and opaque clasts, whereas 
ash particles consisted of variable fractions of gray tuff/lava, 
altered rocks, minerals, opaque clasts, and glass shards 
(Fig. 10a). The GSD at site OAZ, representative of medial 
areas, is bimodal, with a predominant coarse mode peaking 
around 1φ and a minor finer mode peaking at 4φ (Fig. 10a) 
and skewed from 0 to 11φ (Fig. 10b). The components at 
this site are similar to that of the ash-sized particles at the 
ASK site (Fig. 10).

Grain size‑dependent terminal fall velocity
The terminal velocity depends on particle properties, such 
as grain size, shape, and density, on atmospheric density, 
and also on the altitude at which the plume spreads. To cal-
culate the terminal fall velocities of clasts at the bottom of 
the eruption plume, we adopted the numerical method of 
Walker et al. (1971) on the assumption that clasts can be 
accurately approximated as spherical solid particles. This 
method accounts for the effects of varying drag coefficients 
depending on the particle Reynolds number Re. For parti-
cles more than several millimeters in diameter, the relation-
ship may be approximated by the terminal fall velocity v at 
high Re:

where ρair and ρclast are the atmospheric and clast densi-
ties, respectively, g is the acceleration due to gravity, D is 
the clast diameter, and Cd is the drag coefficient, which 
is on the order of 1 (e.g., Bursik et al. 1992; Sparks et al. 
1992; Koyaguchi 1994). In this study, we used Cd = 0.47 
at Re > 1000 following Koyaguchi (2008). For particles 
smaller than 102 µm, this relationship is approximated by 
Stokes’ settling velocity at low Re as follows:

where μ is the viscosity of air. Finally, for particles 
between 102 µm and several millimeters in diameter, the 
relationship is approximated by the terminal fall velocity 
at medial Re:
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The average density of clasts generally varies from 
1000 to 3000  kg/m3 depending on grain size, reflecting 
the variation of the modal composition with grain size. 
Atmospheric density varies by one order of magnitude 
from ~ 100  kg/m3 near sea level to ~ 10−1 kg/m3 at the 
tropopause (Additional file  6). Since variations in clast 
and atmospheric density may affect the estimated termi-
nal fall velocities in several ways, these effects must be 
taken into account. Terminal fall velocities calculated as a 
function of grain size, clast density, and atmospheric den-
sity are shown in Additional file 7.

Due to our limited sample size, particle densi-
ties included inherent uncertainties, and we therefore 
approximated grain densities as a function of grain size 
using the linear trend shown in Additional file 5 to calcu-
late terminal fall velocities for each grain size (Additional 
file  7). Our results show that the terminal velocity of 
grains is affected by the assumed altitude of the bottom 
of the erupted plume, particularly for grains coarser than 
0.25 mm (2φ, Fig. 11). Thus, we suggest that the dispersal 
behavior of particles finer than 2φ is different from that 
of lapilli.

Discussion
Wind‑effected tephra deposition
Our study of tephra transport and deposition from the 
2016 Aso eruption has highlighted important aspects of 
sedimentation processes associated with wet volcanic 
explosions. The tephra fall was characterized by vari-
able accumulation and grain size features that were pos-
sibly related to the primary grain-size distribution in the 
plume, atmospheric heterogeneities, and particle aggre-
gation. Various aggregation processes enhanced the sedi-
mentation and settling velocities of fine particles.

The tephra-fall deposits show a narrow cross-wind dep-
osition (Fig.  2), the median diameter rapidly decreasing 

with distance from the vent (Fig. 8). These characteristics 
are typical of tephra deposits associated with a bent-over 
plume (Bonadonna et  al. 2005). The offset of the proxi-
mal deposition from the Aso volcano, e.g., that the region 
2–3  km NE of the vent was not covered by the tephra, 
but 6 km away there was strong coverage, is similar to the 
deposition of tephra following the 14 October 1995 Rua-
pehu eruption; tephra from that eruption was interpreted 
to have been deposited under a strong wind after form-
ing a high plume (10–12 km; Cronin et al. 2003). The Aso 
ejecta is also interpreted to have deposited under strong 
wind from a plume that reached 11.9 km. Winds at lower 
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to middle altitudes strongly affected the flow of the 
plume to the NE (Fig. 3, Additional file 1). The dispersal 
axis shifted northwestward against the axis of maximum 
grain size (Fig. 2). Relatively wider distributions and finer 
maximum grain sizes were noted northwest of the depo-
sitional axis compared to the southeast and along the axis 
(Figs.  2, 8a). This asymmetric distribution is considered 
to result from advection caused by different wind direc-
tions, i.e., from SW-west at middle-to-higher altitudes 
and from SE-SW at lower and middle altitudes (Addi-
tional file  1). Relationships between asymmetric distri-
butions and different wind conditions at each altitude 
have been reported for other eruptions (e.g., the 2004 
Mt. Asama eruption; Yoshimoto et al. 2005, and the 1992 
Spurr eruption; Durant and Rose 2009). Within 10 km of 
the vent, tephra-fall depositing to the NE side of the vent 
formed secondary accumulation maxima. Beyond 10 km, 
however, it deposited in the ENE direction. From these 
observations, we assume that wind at lower-to-middle 
altitudes caused the plume to drift to the NE, whereas 
wind at middle-to-higher altitudes caused it to flow ENE 
(Figs. 2, 3, Additional file 1; Sato et al. 2018).

Secondary accumulation maxima
A plume with strong reflectivity was estimated to have 
formed at 6 km NE by 01:58 (Fig. 3b; Weathernews Inc. 
2016). The strong reflectivity could be traced up to 8 km 
NE from the vent at middle altitudes, but it disappeared 
beyond 8 km NE (Fig. 3b, c). The passage of the strongly 
reflective plume coincided with the secondary accumu-
lation maxima of tephra (Figs.  2, 3), which also started 
around 01:58 at approximately 6 km NE of the vent. This 
suggests that tephra forming the secondary accumulation 
maxima originated from the strongly reflective plume 
(Fig. 3). The plume at 6 km NE was still at lower to mid-
dle altitudes, estimated to reach approximately 8 km a.s.l. 
at 10 km ENE from the vent (Fig. 3b), suggesting that the 
tephra did not fall from the top of the plume but from the 
lower portion. Furthermore, a large amount of aggregates 
in the proximal tephra suggest that the plume was rich in 
water, denoting that the wet aggregation was formed rap-
idly (approximately 10 min after the end of the explosive 
eruption) within the plume. Wet aggregation increases 
the size and density of tephra particles, facilitating the 
effective removal of fine ash from the plume (e.g., Brown 
et al. 2012) to form secondary mass accumulation max-
ima in proximal areas approximately 4–8  km from the 
vent (Fig. 2). In general, secondary accumulation maxima 
are documented in distal regions, typically hundreds of 
kilometers from the volcano (e.g., the 1980 eruption of 
Mt. St. Helens; Sarna-Wojcicki et al. 1981, June 15, 1991 
eruption of Pinatubo; Weisner et al. 2003, and the August 
18 and September 16–17, 1992 eruptions of Mt Spurr; 

McGimsey RG Neal and Riley 2001). Wet aggregation 
could have enhanced the effective removal of airborne 
fine particles from the plume. Rapid aggregation within 
the wet plume and the deposition of abundant fine ash 
were also recorded in the 2009 Redoubt eruption (Van 
Eaton et al. 2015).

Wet and dry aggregation
We observed various types of aggregates (Additional 
file  2, Figs.  4, 5, 6), the type and size of which varied 
according to the distance from the vent: proximal aggre-
gates were larger and contained more water upon depo-
sition, whereas distal aggregates were much smaller and 
more fragile (see “Deposit characteristics” section).

The large amount of AP3 deposited within 30  km of 
the vent suggests that abundant water played an impor-
tant role in aggregation. When water is present, the mix-
ture becomes oversaturated and the aggregates collapse 
into either structureless slurry or liquid pellets (e.g., Van 
Eaton et  al. 2012) rather than forming individual solid 
spherical particles such as AP1. Indeed, large volumes of 
ash and water within plumes are known to produce local-
ized rainfall beneath plumes (Gilbert and Lane 1994), 
and may also encourage the formation of liquid pellets 
(AP3). During the 2016 eruption, it was humid at ground 
level around Mt. Aso (Japan Meteorological Agency 
2016), and the crater lake was present. This might explain 
the volume of water supplied to the plume (Fukuoka 
Regional VOWC 2016).

AP1 particles were either subspherical or oblate 
(Fig.  5), suggesting that water (surface tension) was 
involved in their formation. However, AP1 particles 
were coalesced by finer particles and could not be dis-
aggregated by deposition, sampling and ultrasonic 
cleaning. Their strong and stable aggregation is diffi-
cult to explain only by adhesion forces from hydrostatic 
bonding (e.g., Gilbert and Lane 1994) and electrostatic 
bonding (e.g., Carey and Sigurdsson 1982), such that 
other mechanisms must have acted to stabilize the 
aggregates (e.g., salt precipitation, Colombier et  al. 
2019). During the eruption, a large amount of soluble 
acidic gas, such as SO2, was observed, and the preced-
ing small eruption on October 7 at the same crater 
included 15,000 tons of SO2 (Ishii et al. 2016) that has 
been considered to drive salt precipitation on volcanic 
ash surfaces (Colombier et  al. 2019). Further chemical 
analyses are needed to understand the mechanics of the 
aggregation process, including whether salt precipita-
tion played a role in the coalescence of the aggregates 
(Colombier et  al. 2019). Witness observations suggest 
that deposits including lapilli and AP1 and AP3 par-
ticles at locality IG were deposited under dry condi-
tions and yet coalesced with each other (Fig.  4c). This 
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suggests the dry-up of a liquid phase subsequent to the 
deposition of AP3 caused salt precipitation and pro-
moted the coalescence of particles.

Small amounts of ash clusters (PC1) and coated par-
ticles (PC2) were ubiquitous within 260  km from the 
vent (Figs.  7, 8). Microscopic observation of particle 
clusters suggests that they comprise loosely bound, 
irregular morphologies. They are fragile and disaggre-
gate during water washing (Fig. 6). Relatively dry condi-
tions can give dry aggregations such as loosely bound 
particle clusters characterized by low density and irreg-
ular morphologies (Sorem 1982). Moisture, electro-
static bonds, or mechanical interlocking may also play 
a role in the formation of such dry aggregates (Carey 
and Sigurdsson 1982). Fine particle aggregation is thus 
important in the settling of ash from eruption clouds 
(e.g., Taddeucci et al. 2011; Brown et al. 2012).

Effect of aggregation on ash sedimentation
The eruption plume with a maximum height of 11.9 km 
a.s.l. (JMA 2016; Tokyo Volcanic Ash Advisory Center 
2016; Sato et al. 2018) was strongly affected by westerly 
winds (Fig.  3, Additional file  1) and drifted more than 
300 km ENE. Tephra deposition started at 01:58 JST in 
proximal areas and at 04:39 JST at site IKT (132.2 km 
from vent); the duration of sedimentation was approxi-
mately five minutes at the site. Based on our calcu-
lated terminal velocities for particles of different sizes 
(Fig. 11, Additional file 7), the terminal fall velocity of 
4φ particles is 0.3 m/s at sea level and 0.4 m/s at 10 km 
a.s.l. Assuming that the particles fell at a constant 
velocity from the eruption plume at 10  km a.s.l., such 
fine ash particles should have settling times around 
6.9–9.3 h, which is inconsistent with the observed dep-
osition time. This result suggests that particles finer 
than 4φ were not deposited as individual particles, but 
instead settled as aggregates.

Aggregated fine ash particles have terminal veloci-
ties up to several orders of magnitude greater than their 
individual fall velocities, which likely prompted the 
early sedimentation of AP1 in proximal areas (Figs.  8c, 
11). Bagheri et  al. (2016) reported that the aggregation 
of fine particles also delayed sedimentation via the raft-
ing of aggregate particles. The plot of maximum grain 
size versus distance from the vent shows a gentle slope 
beyond 50  km from the vent, suggesting distal ashfall 
advection by the wind, while rafted large particles were 
not observed (Fig. 8a). The aggregated fine ash shells of 
coarse lapilli-sized cored clusters comprised ~ 3.5 wt% of 
the aggregated particles (Additional file 4), which is too 
little to significantly affect the terminal velocity of the 
larger core particles.

Grain‑size bimodality in individual samples
Most grain-size distributions based on both sieving 
methods along the dispersal axis were multimodal. The 
coarser mode in dry samples progressively decreased in 
grain size with distance from the vent, whereas the finer 
mode was evenly distributed around 4φ regardless of 
distance from the vent (Fig. 7). The regular fining of the 
coarse mode suggests normal settling of individual clasts 
as dictated by the released altitude and wind advection of 
particles, which also explains the significant decrease in 
maximum grain size with distance from the vent within 
10 km (Fig. 8a). The fine mode shows evidence of settling 
dominated by size-selective sedimentation processes 
(e.g., particle aggregation and/or convective instabil-
ity; Bonadonna et  al. 2015b). We conclude that particle 
aggregation is the key sedimentation process based on 
the ubiquitous distribution of aggregates (Fig.  8c). The 
medial segment of the slope of maximum grain size is 
considered to reflect the mixing of both the proximal and 
distal trends.

TGSDs of aggregate‑bearing deposits and particles 
before aggregation
This portion of the study conducts a comparison between 
size distributions, representing the aggregate-bearing 
deposit on the ground (TGSD-d) and particles before 
aggregation in the plume (TGSD-w) following the 2016 
phreatomagmatic eruption of Aso volcano.

TGSD-d is bimodal and could be separated into 
coarse (SP1, peak at −2.5φ) intermediate (SP2, peak at 
1.2φ), and small subpopulations (SP3, peak at 3.7φ). SP1 
and SP2 are considered to be related to the components 
of the deposit. Lapilli-sized particles mostly consisted 
of gray tuff/lava, whereas ash-sized particles consisted 
of more varied components, including gray tuff/lava, 
altered rocks, glass shards and minerals (Fig.  10a). 
Nakadake released meter-scale bombs of gray tuff/
vesicular lava that had previously composed the cra-
ter wall (February 26–28, 1933 eruption; Aoki et  al. 
1940). The lapilli of gray tuff/vesicular lava and meter-
scale bombs around the eruption crater on October 8, 
2016 (JMA 2016; Miyabuchi et al. 2017) are thought to 
originate from a part of the crater wall, conduit or their 
collapsed material. Fragments of altered rocks are con-
sidered to have been oxidized at and around the crater 
bottom as previously suggested by Watanabe (1991). 
Glass shards and minerals adhered by glass originate 
from magma. The maximum sizes of altered rock, glass 
shards and minerals were consistent with the upper 
limit of the SP2 mode (Figs.  9, 10a). Thus, we inter-
pret the two peaks in TGSD-d to represent the mixing 
of two grain-size populations of different origins: the 
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coarse subpopulation originating from the crater wall 
rock, conduit or collapsed material, and the fine sub-
population originating from a mixture of fragmented 
magma and altered material at and around the bottom 
of the crater. The bimodal subpopulations of TGSD-d 
could be affected by the breakage of lapilli and disag-
gregation of particle clusters upon their impacting the 
ground. The finest subpopulation, SP3, which clearly 
appears in TGSD-w, is due to the disaggregation of a 
large amount of aggregates in TGSD-d, however, since 
AP1 particles were not disaggregated by wet-sieving, 
AP3, PC1 and PC2 together efficiently resulted in a tri-
modal grain-size distribution in TGSD-w (Fig.  9b, c). 
TGSD-w included 20.4 wt% fine ash compared to only 
2.4 wt% fine ash in TGSD-d, suggesting that aggre-
gated fine particles represented 18 wt% of the deposit 
(Fig.  9). These findings contribute to understanding 

the influence of aggregation on tephra dispersal pro-
cesses and have implications for tephra-fall hazard 
assessment.

The TGSD-d and -w of Aso volcano may be compared 
to those of other eruptions that have been similarly 
sampled. Although the aggregate-bearing TGSD of the 
2009 Redoubt E5 eruption was calculated by a different 
method (Van Eaton et al. 2015), it is also shown for com-
parison (Fig. 12). TGSD after aggregation of the 2016 Aso 
eruption shows similar Mdphi and sorting to that of the 
andesitic sub-Plinian 1996 eruption of Ruapehu (Bona-
donna and Houghton 2005). Aso TGSD-d are poorly 
sorted compared to those of both the 1974 Fuego erup-
tion (Rose et al. 2008) and the aggregate-bearing TGSD 
of the 2009 Redoubt eruption (Van Eaton et  al. 2015). 
TGSD-w indicates that the disaggregate GSD of the 
particles of the 2016 Aso eruption are extremely poorly 
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sorted compared to other recent mafic eruptions listed in 
Fig. 12. The percentage of particles finer than 4φ is simi-
lar to that of the 2009 Redoubt E5 eruption (Mastin et al. 
2013) and 2010 Eyjafjallajökull eruption (Bonadonna 
et al. 2011). This poor sorting could have been caused by 
certain features of phreatomagmatic eruptions. Firstly, a 
large fraction of coarse-grained ejecta originating from 
the vent area (Fig.  10) was released by a strong phrea-
tomagmatic explosion. Our TGSD-d did not include 
samples from the near-vent area, therefore the actual 
sorting could have been poorer if it had included these 
deposits. Furthermore, a large fraction of fine ash was 
formed by fragmentation following the strong explosion. 
Finally, the water supply present at the time of the erup-
tion enhanced the removal of fine ash from the plume 
to be deposited on the ground, making it easier to col-
lect fine ash by ground-based sampling compared to dry 
eruptions. Considering the supply of water and volcanic 
acid salts to the plume, an external source of water, such 
as the crater lake, could have played an important role in 
the formation of poorly sorted TGSD.

Conclusions
The tephra-fall deposit associated with the 2016 phreato-
magmatic eruption at Aso volcano was studied between 
4 and 320 km from the vent in order to characterize the 
deposit’s stratigraphy, distribution, aggregation and grain 
size.

1.	 The dispersal axis shifted northwestward against the 
axis of maximum grain size. A relatively wide distri-
bution and small maximum grain sizes were found 
at the northwest of the depositional axis. This asym-
metric distribution is explained as resulting from the 
advection of particles by different wind directions 
from the southwest in the lower troposphere and the 
west in the middle troposphere. Tephra-fall depos-
ited to the NE within 10 km of the vent, but shifted 
to the ENE beyond 10 km from the vent. This could 
have been caused by the plume, which drifted to the 
NE in the lower troposphere and the ENE in the mid-
dle troposphere (Sato et al. 2018).

2.	 The secondary accumulation maxima at 4–8 km NE 
of the vent is characterized by the deposition of lapilli 
followed by abundant accretionary pellets (poorly 
structured pellets, AP1, and liquid pellets, AP3) 
over a short duration. These particles resulted from 
aggregation in the wet plume, enhancing the removal 
of ash from the plume to form the secondary mass 
maxima at a short distance from the vent.

3.	 The plume produced various types of aggregates. 
Poorly structured pellets (AP1) coalesced to become 
strong and stable. Coalesced aggregates were pos-

sibly related to salt precipitation processes. The cra-
ter lake is considered to be major source of water 
and volcanic salt supply to the plume. Abundant 
water supplied in the cloud caused the formation of 
liquid pellets (AP3) by hydrostatic attraction. Fol-
lowing deposition, the drying of the liquid phase of 
AP3 caused salt precipitation. A small amount of ash 
clusters (PC1) and coated particles (PC2) were ubiq-
uitous within 260 km of the vent. PC1 and PC2 are 
considered dry aggregates, and were probably related 
to hydrostatic attraction, electrostatic bonding or 
mechanical interlocking.

4.	 The dry aggregates fell ubiquitously in medial to dis-
tal regions. Based on observed grain size, deposition 
duration, and the calculation of fall velocity, it is esti-
mated that particles finer than 4φ settled not as indi-
vidual particles, but as aggregates at terminal veloci-
ties increased by up to several orders of magnitude.

5.	 Most grain-size distributions along the dispersal axis 
based on both sieving methods were multimodal, 
with the coarser mode fining according to distance 
from the vent and the finer mode stabilizing around 
4φ, which is interpreted as the mixture of different 
origins of grain-size distributions. The regular fin-
ing of the coarse mode suggests normal settling of 
individual clasts as dictated by the particle’s release 
height and wind advection, whereas the fine mode is 
considered to be evidence of settling dominated by 
size-selective sedimentation processes, such as parti-
cle aggregation.

6.	 This study presents a rare chance to compare the size 
distribution of aggregate-bearing deposits on the 
ground (TGSD-d) with particles before aggregation 
in the plume (TGSD-w) of a phreatomagmatic erup-
tion. The bimodal subpopulations of TGSD-d were 
affected by the breakage of lapilli and disaggregation 
of particle clusters when they impacted the ground. 
The slightly trimodal distributions of TGSD-w repre-
sent the mixing of two grain-size populations of dif-
ferent origins: the coarse subpopulation originated 
from wall rock of the crater, conduit or collapsed 
material, whereas the fine subpopulation originated 
from mixture of fragmented magma and altered 
material at and around the bottom of the crater. Most 
of the fine subpopulation appeared in TGSD-w due 
to the disaggregation of fine particles, which were 
aggregated in TGSD-d. TGSD-w included 20.4 wt% 
fine ash compared to only 2.4 wt% fine ash in TGSD-
d, suggesting that aggregated fine ash accounted for 
18 wt% of TGSD-d. These findings contribute to 
understanding the influence of aggregation on tephra 
dispersal processes and to assess tephra-fall hazards. 
TGSD-w is extremely poorly sorted compared to 



Page 18 of 19Tsuji et al. Earth, Planets and Space          (2020) 72:104 

other recent mafic eruptions. This could be related 
to features unique to phreatomagmatic eruptions: (1) 
the release of coarse-grained ejecta originating from 
the host rock of the crater; (2) the fine particles due 
to the fragmentation from a phreatomagmatic erup-
tion; and (3) the supply of water and salt from the 
crater to the plume and aggregation enhancing fine 
ash on the ground.
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