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X-Ray micro-tomography unveils the
internal features of volcanic ash
aggregates
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Volcanic ash aggregation occurs during transport in the atmosphere when individual ash particles
collide and stick together. It significantly impacts ash residence time in the atmosphere, with major
consequences for hazard assessment and ash dispersal forecasts. Nonetheless, aggregation
processes are still not adequately parametrized, mostly due to the low preservation potential of most
aggregate types. We present here the first, detailed structural and morphological characterization of
the major aggregate types, combining an innovative field collection strategy, which allows for the
original aggregate structure to be preserved at deposition, coupled to X-Ray micro-tomography.
Resulting observations together with weather information, allowed for the structure of fragile ash
clusters and of the elusive cored Ash Pellets (cAP1s) to be fully resolved and their genesis to be better
described. The collected dataset represents a fundamental advancement towards a comprehensive
characterization of the principal aggregate categories, which is key to accurately interpreting and
modelling the process of volcanic ash aggregation and dispersal.

The importance of volcanic ash aggregates
Explosive volcanic eruptions inject large amounts of tephra into the
atmosphere that are transported long distances by wind advection and
atmospheric diffusion. Characteristics of tephra fallout strongly depend on
several factors, including plume and atmospheric conditions, aero-
dynamical and physical properties of the particles, and size-selective sedi-
mentation processes (e.g., ash aggregation, gravitational instabilities1).
Volcanic ash aggregates are the result of multiple collisions, electrostatic
attraction and sticking processes of single ash particles that agglomerate
during transport to create larger clusters of variable composition, size (from
a few microns to a few millimeters) and shape2–5. While the density of
aggregating ash fragments typically ranges between the bulkmagmadensity
(2.3–2.7 g/cm3) and the density of vesicular pyroclasts (0.5–1.5 g/cm3),
resulting aggregates show a wider range of densities (0.1–2.5 g/cm3)6–8

depending on packing conditions. Density and size control the terminal
settling velocity of ash aggregates and, therefore, their sedimentation
dynamics and their residence time in the atmosphere. Fine ash (particles<63
microns) scavenged by large particle clusters typically increases its terminal
velocity4,9–11 while coarse ash and lapilli surrounded by afine-ash shellmight
decrease their terminal velocity because of an increase in their drag coeffi-
cient (the so-called rafting effect12). Given the complexity of sedimentation
dynamics, it is of fundamental importance to increase our capability to fully

characterize ash aggregates and their airborne internal structures to accu-
rately perform ash-dispersal forecasting13. According to recent classification
schemes2,9, volcanic aggregates can be classified in two main categories: (i)
accretionary pellets (APs), including poorly structured sub-spherical clus-
ters (AP1), pelletswith concentric structures (AP2), and liquidpellets (AP3);
(ii) particle clusters (PCs), including irregular ash clusters between particles
of roughly the same size (PC1), coated particles with a large core and a thin
coating (PC2), and cored clusters with a large central core enclosed by a
thick shell of fine ash (PC3).

Volcanic ash aggregates have a generally low preservation potential as
they typically disaggregate upon impact with the ground2,9. This is primarily
due to the high energy of the impact, compared to the weak adhesive and
cohesive (liquid water and ice) forces and electrostatic bonds that hold
individual constituents together, especially inside PCs6,11,14–16. Important
insights into the structure and grain size of fragile APs and PCs have been
obtained via in-situ collection of samples on adhesive tapes, later analyzed
with the Scanning ElectronMicroscope (SEM)8,17,18. Additional information
on cluster density and settling velocity has been derived from high-speed
camera observations7,19, while the combination of adhesive-tape collection
and high-speed camera footage provided a better characterization of indi-
vidual APs and PCs categories8,9,20. Nonetheless, due to their fragility and
their elusive and occasional occurrence (often under extreme logistical
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conditions such as heavy ash fallout), investigating the internal structure of
specific aggregate types, especially AP1, PC1, and PC3, turns out to be very
challenging or even impossible. An exception is represented by the AP2
aggregates (also defined accretionary lapilli in literature), generally well
preserved in deposits thanks to their high overall mechanical strength and
rigid habit given by their matrix-supported structure2 and the presence of
binding salt 21. Their formation is related to specific plume mixture condi-
tions,whichprobably involvewater, salty aerosol, andhigh temperature22–27.

A new strategy for studying volcanic ash aggregates
In this study, we present the first detailed information on the internal
structure of the most fragile volcanic aggregates thanks to the ad-hoc
combination of a new state-of-the-art field sampling strategy, involving the
coupleduse of ultra-violet (UV) sensitive resins andHR-HScameras (HSC),
with laboratory analysis based on the use of high-resolution X-Ray micro-
Computed Tomography (µCT). The combination of UV resins and HSC
allows for the preservation of the original airborne structure of the aggre-
gates and for the determination of their settling velocity. The use of µCT
guarantees access to the inner structure with a high-resolution and non-
invasive approach for the sample. During collection, we used a thin layer of
UV resin on a glass support to dampen the impact of the falling aggregate
andprevent the collapse of its delicate airborne structures.Aggregate fallwas
also recorded by an HSC to guarantee that no modifications (breakage,
rebound) occurred during ground sedimentation (Fig. 1; see Section S2 of
supplementary materials and Supplementary Movie 1 in the online repo-
sitory). Just after landing, the aggregate was then fully covered with addi-
tional UV-sensitive resin, if needed, and hardened by a UV-light source.
Finally, the embedded sample (ash aggregate and UV resin) was analyzed
using the µCT to provide a 3D tomographic reconstruction of the internal
structure and of the spatial distribution of the single ash constituents.

The µCT is used as a diagnostic device in medical applications, for the
internal reconstruction of disparate objects in the industry28 and in earth
sciences to look at mineral and fossil structures29. Several studies have
applied µCT scanning to the investigation of single ash and lapilli particles30

and AP2 aggregates (i.e., accretionary lapilli), which are typically foundwell
preserved in the deposits26. However, thanks to the proposed sampling
technique and the high-resolution of our µCT instrument (~ 4.2 µm), the
present work represents the first application of X-raymicro-tomography to
a wide set of different aggregate types, particularly the most fragile and
elusive ones (PCs and APs). The analyzed samples were collected during
ash-dominated Vulcanian eruptions that occurred at Sakurajima volcano
(Japan) in November 2019. The dataset presented here includes PC1, PC2,
PC3, AP1, AP3 and some newly observed hybrid samples, hereafter called
“cored AP1” (cAP1). Meteorological conditions during aggregate settling
were also monitored during field sampling (Table 1), to discuss possible
relations with aggregate types and variable atmospheric conditions. In a
complementary paper, Vecino et al.20 showed the significant influence of
meteorological conditions on aggregate speciation, highlighting in parti-
cular the role of air moisture or liquid water (i.e., rain) in controlling the
occurrence of AP aggregates. The relationship between meteorological
conditions and aerodynamical features of the different aggregates is of
high interest for the present study since it facilitates the interpretation
of the structural and morphological information observed using µCT
analysis.

The X-ray tomography of aggregates with size of a few hundred
microns required an accurate calibration of the resulting images, which has
been achieved by defining a calibration curve based on measured standard
materials with known densities and volumes. In addition, a semi-automatic
MATLAB algorithm has been specifically designed for the post-processing
of the tomographic images (see on-lineMethods). As a result, here we show
the first comprehensive dataset of high-resolution, 3D renderings of both
the external morphology and the internal structure of a variety of natural,
well preserved PCs and APs aggregates. Several fundamental physical
quantities were measured thanks to the tomographic images and the post-
processing analysis (i.e., volume of the original aggregate, bulk density,

porosity, and mass distribution). In addition, the inner lithology and the
internal arrangement of the single particles were visualized by means of
scaled 3D renderings.

Our high-resolution images aim to set a newstandard for classification,
quantitative descriptions and theoretical studies of the most common ash
aggregates associated with volcanic plumes and volcanic clouds2,9.

Aggregate formation is generally driven by collisional and sticking
processes, in their turn influenced by particle size, relative particles velocity,
and dissipative mechanisms4. We also know that ash aggregation depends
on factors like particle-turbulence interactions, electrostatic charges, liquid
layers, and particles concentration. However, all these scenarios remain
limited due to the lack of a detailed, complete, and unbiased benchmark of
how the internal structure of aggregates is organized by natural and not
easily reproducibleprocesses, especially forwhat concerns fragile andpoorly
preserved structures. The presented dataset fills a crucial gap, offering a
detailed look at thenaturally complex internal structure of aggregates,which
embodies their entire formation history.

Results
Field conditions and observations
A large set of HSC videos of aggregates landing on UV-sensitive resin was
collected. This sampling approach allowed us to entirely preserve the
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Fig. 1 | Schematic representation of field sampling and laboratory analysis
adopted in this work. a In-situ sampling of ash aggregates; b working principle of a
µCT: X-rays are generated in an X-ray source at a constant voltage. The best images
were obtained with a voltage of 50 kV. The x-rays passed through the sample to the
CCD detector as a 2D projection image. The sample is rotated on the stage in steps.
For each step on several X-ray projection images are taken. Step size depends on the
resolution required (down to fraction of degree). The resolution (pixel size) is a
function of the distance between x-ray source and the CCD camera, the pixel size, as
well as the X-ray generation spot. The series of X-ray projection images (c) is then
computed into cross-sectional images through the computational process called
“reconstruction”. These slices can be analyzed and processed to produce 3Dmodels
of the aggregates.
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airborne structures of the large majority (more than 90%) of the observed
aggregates (see Section S2 of supplementary materials for details).

The dataset consists of 51 aggregates and includes the principal
aggregate types observedduringpreviousfieldworks at Sakurajima volcano,
and other volcanoes2,7–9,17,18,20,31: PC1, PC2, PC3, AP1, and AP3. We also
identify an additional type of poorly structured pellets with larger internal
particles (one ormore) acting as nuclei2, here named as cAP1 to distinguish
them from classical AP1, normally occurringwithout an internal core. Only
internally structured pellets (accretionary lapilli, AP2) were not observed in
our dataset. The studied samples show the potential of X-Ray tomography
in discriminating the presence and quantifying the abundance of different
aggregate types and particularly of the cAP1s in ash fallout. In fact, based
only on the external morphology, cAP1 are not easily distinguishable from
normal AP1.

Table 1 shows the details of the eruptive activity, the sampling and the
weather conditions associatedwith the aggregates selected for thiswork.The
selection of 12 samples from the dataset is made in order to illustrate the
end-members of the structural andmorphological variability existingwithin
each category.

The eruptive activity of Sakurajima during samplingwas characterized
by suddenvariations in the style and intensity of ash emission,well in accord
with the classical pattern representing the most recent, long-lasting activity
periodwhich started in 19558,32,33. Activity was characterized by a persistent,
low-intensity ash emission forming weak plumes, laterally displaced by
wind and associatedwithmodest proximal sedimentation.This background
ash emission was occasionally punctuated by sudden and violent Vulcanian
explosions,which injected into the atmosphere considerable amounts of ash
in the form of strong plumes that vertically rose up to amaximumheight of
3700m a.s.l. A detailed description is reported in Section S1 of the Sup-
plementary Materials.

All aggregates were collected at distances of 4.5–5.2 km from the vent,
under thedispersal axis ofVulcanianplumesof comparable intensity (plume
heights from 1780 to 3700m asl). While tephra fallout was often char-
acterizedby the simultaneous sedimentationofmultiple aggregate categories
(e.g., Table S4), some aggregate types better correlate with meteorological
conditions than others (Fig. S8)20. PC3s were observed to primarily occur in
clear sky conditions, while APs are specific of high-humidity and rainy
conditions (Fig. S8 and Table S4). In particular, the cAP1 and AP3 were
identified only in the presence of high-humidity conditions (i.e., cloudy and
rainy conditions), suggesting a key role of raindrops in controlling the
bindingmechanism (Tables 1, S4, and Fig. S8). On the other hand, PC1 and
PC2 show a poor correlation with local atmospheric conditions, suggesting
bindingmechanismsmostly controlled by intra-conduit and/or intra-plume
particle-particle interaction, as the case of triboemission and fractoemission
processes. These mechanisms promote the superficial electrostatic charging
of ash particles within high-concentrated regions of the conduit and plume,
and, therefore, they are independent on atmospheric conditions34–36.

External morphology of aggregates
A major result of X-ray tomography applied to the study of volcanic
aggregates is represented by the 3D rendering of the external surface of each
aggregate type (Fig. 2). This was achieved by means of two different
representations: Stereolithographic (STL) models, where the external sur-
face of the greyscale volume renderings is discretized in triangles and
classically used for 3D printing (Fig. 2b, d), and volumetric renderings,
where each voxel is given a color (depending on the voxel value or grayscale
level) and an opacity in order to visualize the µCT results as a 3D volumetric
rendering (Fig. 2a, c).

The obtained STL models (Fig. 2b, d and Table 2; see.STL files in the
online repository) allowed us to characterize key features of the aggre-
gates’ morphology, such as shape and external surface roughness.
Moreover, this approach opens the path to the use of high-quality and
high-resolution 3D printing for analog simulations and experiments
aimed, for example, at evaluating the influence of specific morphologies
on aggregate sedimentation.T

ab
le

1
|F

ea
tu
re
s
o
fe

ru
p
ti
ve

p
ar
am

et
er
s,

w
ea

th
er

an
d
at
m
o
sp

he
ri
c
co

nd
it
io
ns

re
co

rd
ed

at
th
e
d
iff
er
en

t
sa

m
p
lin

g
lo
ca

ti
o
ns

(s
ee

al
so

re
f.
20

)f
o
r
ea

ch
ag

g
re
g
at
e

ID
T
yp

e
S
am

p
lin

g
Lo

ca
ti
o
n

D
is
ta
nc

e
fr
o
m

ve
nt

E
ru
p
ti
o
n
o
ns

et
ti
m
in
g

T
im

e
o
fc

o
lle

ct
io
n

P
lu
m
e
he

ig
ht

A
tm

o
sp

he
ri
c
an

d
w
ea

th
er

co
nd

it
io
ns

–
–

[L
at
°
Lo

n
°]

G
P
S
co

d
e

km
{J
S
T
}

{J
S
T
}

m
(a
.s
.l.
)

T
(°
C
)

R
H
(%

)
S
ky

co
n
d
it
io
n
s

T
T
_2

10
0

P
C
1

31
.6
22

97
2;

13
0.
66

01
67

L3
4.
5

20
19

-1
1-
17

[1
3:
52

]
14

:0
9

33
00

22
.8

61
.6

C
le
ar

sk
y

T
T
_2

10
7

P
C
1

31
.6
19

22
2;

13
0.
68

95
28

L6
4.
9

20
19

-1
1-
26

[1
4:
24

]
N
A

37
00

18
.8

73
.0

R
ai
ny

T
T
_2

10
9

P
C
2

31
.5
89

76
1;

13
0.
60

10
38

L5
5.
2

20
19

-1
1-
23

[1
6:
11

]
16

:2
5

22
00

20
.9

75
.6

C
lo
ud

y

T
T
_2

14
0

P
C
2

31
.5
89

76
1;

13
0.
60

10
38

L5
5.
2

20
19

-1
1-
17

[1
1:
12

]
11

:4
0

17
80

22
.8

61
.6

C
le
ar

sk
y

T
T
_2

11
8

P
C
3

31
.6
19

22
2;

13
0.
68

95
28

L6
4.
9

20
19

-1
1-
26

[1
4:
24

]
N
A

37
00

18
.8

73
.0

R
ai
ny

T
T
_2

12
6

P
C
3

31
.5
89

76
1;

13
0.
60

10
38

L5
5.
2

20
19

-1
1-
23

[1
4:
20

]
14

.2
8

31
00

21
.3

75
.2

C
lo
ud

y

T
T
_2

15
3

A
P
1

31
.5
89

76
1;

13
0.
60

10
38

L5
5.
2

20
19

-1
1-
23

[1
4:
20

]
14

.3
3

31
00

21
.3

75
.2

R
ai
ny

T
T
_2

12
9

A
P
1

31
.5
89

76
1;

13
0.
60

10
38

L5
5.
2

20
19

-1
1-
23

[1
4:
20

]
14

.3
3

31
00

21
.3

75
.2

R
ai
ny

T
T
_2

11
1

cA
P
1

31
.5
89

76
1;

13
0.
60

10
38

L5
5.
2

20
19

-1
1-
23

[1
4:
20

]
14

.3
3

31
00

21
.3

75
.2

R
ai
ny

T
T
_2

12
7

cA
P
1

31
.5
89

76
1;

13
0.
60

10
38

L5
5.
2

20
19

-1
1-
23

[1
6:
11

]
16

:3
1

22
00

20
.9

75
.6

R
ai
ny

T
T
_2

13
3

A
P
3

31
.6
19

22
2;

13
0.
68

95
28

L6
4.
9

20
19

-1
1-
26

[1
4:
24

]
N
A

37
00

18
.8

73
.0

R
ai
ny

T
T
_2

13
7

A
P
3

31
.6
19

22
2;

13
0.
68

95
28

L6
4.
9

20
19

-1
1-
26

[1
4:
24

]
N
A

37
00

18
.8

73
.0

R
ai
ny

Th
e
p
lu
m
e
he

ig
ht

an
d
th
e
tim

in
g
of

th
e
er
up

tio
n
on

se
ta

re
al
so

re
p
or
te
d
in
Ja

p
an

S
ta
nd

ar
d
Ti
m
e
(J
S
T)
.T

he
G
P
S
lo
ca

tio
n
of

th
e
co

lle
ct
io
n
sp

ot
an

d
its

p
os

iti
on

la
b
el
ar
e
sh

ow
n
he

re
,a
cc

or
d
in
g
to

Fi
g.

1
in
re
f.
20

.T
he

at
m
os

p
he

ric
Te

m
p
er
at
ur
e
(T
)a
nd

th
e
R
el
at
iv
e
H
um

id
ity

(R
H
)

m
ea

su
re
d
at

gr
ou

nd
le
ve

la
re

sh
ow

n
in

th
e
la
st

co
lu
m
n
of

th
e
ta
b
le
w
ith

th
e
sk

y
co

nd
iti
on

ob
se

rv
ed

d
ur
in
g
sa

m
p
lin
g.

https://doi.org/10.1038/s43247-025-02378-y Article

Communications Earth & Environment |           (2025) 6:521 3

www.nature.com/commsenv


3D shape parameters calculated for aggregates shown in Fig. 2 and for
all the aggregates considered in this study are presented in Table 2 and Fig.
S9, respectively (see Section S5 of Supplementary Materials and on-line
methods for further details and definition about used shape indexes). The
value of Surface Roughness, an index introduced in this study and used to
quantify the roughness of the external aggregate surface (Eq. S5.4), is also
reported in Table 2 for each aggregate type.

In addition, the volumetric renderings (Fig. 2a, c) provide com-
plementary information to STL models. They allow the unbiased visuali-
zation of the external aggregates’ morphology with details on the spatial
arrangement of particles forming the external surface.

The different types of aggregates are characterized by specific shape
parameters (Fig. 2). In general, the external shape of Particle Clusters (PCs)
is characterized by several lobes and asperities which result in a higher
irregularity compared to the smoother and more equant morphologies of
the APs (Fig. 2 and Table 2). This is also confirmed by the lower values of
Sphericity andSolidity (respectively “S”, the ratio between the surface area of
a spherewith the samevolumeas the givenaggregate and its external surface

(Eq. S5.3), and “SLD”, the ratio of the aggregate volume to the volume of its
convex hull (Eq. S5.1)) showed by PCs compared to APs (respectively blue,
red and yellow colored areas and violet, green and light blue areas in Fig. S9).

A thick and pervasive layer of fine particles characterizes the external
surface of both PC1 and PC3, whichmakes these aggregates very difficult to
be distinguished if only the external surface is analyzed. Both PC1 and
PC3 show highly complex external morphologies, which are strongly
influenced by grain size, thickness, and specific architecture of this fine-ash
shell of aggregating particles. The similar external aspect (Fig. 2a–c) also
yields to a similar global shape, as indicated by converging S values resulting
in the partially overlapping of blue and yellowareas in Fig. S9). The presence
of diffuse asperities and pronounced lobes on the outer perimeter (Fig. 2)
produce a rough and convoluted external surface, marked by very high
degree of Surface Roughness, between 42 and 64% (Table 2) and by SLD
values always below 0.7 (Fig. S9). The slight morphological difference
betweenPC1andPC3 iswell representedby variable S andConvexity values
(“CVX”, the surface of the convex hull to the surface of the aggregate—
Eq. S5.2 andFig. S9b), respectively comprised between 0.7 and 0.85 and 0.25

Fig. 2 | External morphologies of aggregates.
Volume (a, c) and stereolithographic (b, d; STL
model) renderings of two selected aggregates for
each aggregate category. These 3D renderings were
obtained using a dedicated MatLab routine (see the
on-line materials for further details). Downloads of
the associated STL files are available in the on-line
repository.

https://doi.org/10.1038/s43247-025-02378-y Article

Communications Earth & Environment |           (2025) 6:521 4

www.nature.com/commsenv


and 1. This indicates that PC1 are characterized by higher irregularity (e.g.,
TT2100 in Table 2) compared to PC3 (e.g., TT2126 in Table 2). These
morphological characteristics well agree with the pronounced fragility
shown by these aggregates.

On the contrary, PC2 aggregates are characterized by a thin, sometimes
discontinuous coating of fine ash (< 63 µm), which results in a generally
smoother external surface (Fig. 2) as also indicated by the lower values of
Surface Roughness (Table 2) and higher CVX. The shape of PC2 is, there-
fore, essentially controlled by the morphology of the large single particle
(Fig. 2) rather than by the features of the coating ash. In fact, PC2s show the
highest values of SLD among Particle Clusters (Fig. S9a, b) indicating a
blocky global form reflecting the typical shape of ash particles produced
during Sakurajima’s recent activity37.

Finally, Accretionary Pellets (APs) are characterized by less variable
and more equant external morphologies (Fig. 2). These aggregates vary
from a typical spherical shape for AP1s and cAP1s, to a characteristic
hemispheric shape in the case of AP3s (Fig. 2b–d), resulting in a high value
of SLD (between 0.6 and 0.9; Fig. S9). S is also very high (S > 0.85) in all the
observed aggregates (Table 2; Fig. S9) except for AP3s, whose S values are
comprised between 0.631 and 0.737 due to their characteristic hemispheric
shape. The external surface of all the APs is in general smoother than
those of the PCs, as indicated by the very low values of Surface Roughness,
always between 13 and 32% (Table 2). However, the number of small-scale
asperities is generally higher as suggested by the low CVX values (<0.7),
possibly due to the lower grain size which generally characterize these
aggregates.

Internal structure of aggregates and density mapping
A multi-level segmentation approach was used to reconstruct the internal
regionsof the aggregates andobtain amodelwithdifferent iso-density levels.
The raw gray-scale tomographic reconstruction (i.e., volume renderings) is
shown together with the maximum intensity projection (MIP) images, and
the spatial distribution of density and porosity (Fig. 3). The main physical
parameters were also estimated for the different aggregates: size, density,
porosity, relative volume of internal components and, when present, the
core size (Table 2).

In general, both PCs and APs are made of a polydisperse size dis-
tribution of particles characterized by variable density and lithology
(Fig. 3a, b). On the other hand, the specific architecture of the internal
constituents and their grain size vary according to the aggregate type (Fig. 3).
PC2s are characterized by the presence of sparse and small clasts forming a
discontinuous layer arounda largeparticle,which generally representsmore
than 90 vol.% of the aggregate volume (Table 2). The morphology of this
large particle strongly controls the general shape of the aggregate (Fig. 3a).
Conversely, PC1s consist of a polydisperse distribution offine-to-coarse ash
particles (generally below 50–100 µm)with no apparent arrangement of the
internal constituents (Fig. 3a). Finally, PC3s display a well-organized
arrangement of the internal constituents, characterized by the presence of a
large,massive core particle in the central position surroundedby an ash shell
of variable thickness. In the observed PC3s the core represents a small
volumetric fraction of the whole aggregate (around 8–10 vol.%; Fig. 3 and
Table 2) and is totally coated by a thick ash shell made of particles finer than
100 µm. No evident spatial and dimensional organization (e.g., iso-oriented
clast or regular bedding geometries) were revealed in the coating shell of
PC3s (Fig. 3).

According to ref. 2, Ash Pellets do not show an organized structure of
their internal constituents, except for the AP2 type (not observed in the
present study). This is also confirmed by the tomographic images, in which
particles of variable size and lithology are distributed all around the aggre-
gates (Fig. 3). However, cAP1 clearly show amassive core (around 10 vol.%;
Fig. 3) at the center of the aggregate that is totally covered by finer particles,
similarly to what is observed for PC3 aggregates. Interestingly, the cAP1 are
indiscernible from normal AP1 based solely on their external appearance
(Fig. 2). In this case, as also observed for PC3s, the detail on the internal
structure is crucial for a correct aggregate identification.T
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Porosity network of the ash aggregates
The original geometry of the porosity network of the analyzed aggregates
was reconstructed basedon the internal densitymapping (Fig. 3c). Values of
bulk porosity are reported in Tables 2 and S4 for each aggregate. Both the
relative volume fraction of pores (porosity) and their 3D spatial distribution
are highly variable and correlate with aggregate category (Fig. 3c). PC2s
showavery lowporosity, generally lower than1vol.% (Table 2), and entirely
localized in external ash rim. The volume fraction of voids is significantly
higher in PC1s and PC3s (around 13 and 16 vol.%, respectively; Table 2). In
PC1s the porosity forms an interconnected network of pores that perva-
sively extends through the entire aggregate without apparent internal
organization (Fig. 3c). In PC3s, pores are confined to the external shell, thus
highlighting the presence of a dense core located in the center of the
aggregate.

Ash pellets (AP1s, cAP1s, and AP3s) show lower porosity than PCs
(Fig. 3c),which ranges between a fewpercent to 20 vol.% inAP1sand cored-
AP1s, respectively, while it reaches values up to 27 vol.% in AP3s (Table 2).
In the case of AP1s and cAP1s, the porosity forms a disconnected frame-
work composed of small and sparse voids homogeneously distributed
through the 3D volume of the aggregates (Fig. 3c). AP3s display a slightly
more interconnected network of voids which is characterized by slightly
bigger pores that are localized in the close vicinity of the larger clasts.

Discussion
Quantification of physical parameters using µCT: pros and cons
The derived calibration curve allowed us to establish objective density
threshold limits for the aggregate constituents from theX-ray tomographies
and, therefore, to quantify several parameters including aggregate porosity

based on CT data (Fig. 3c and Table 2). The derived parameters allow the
identification of some important trends, providing insights into aggregation
mechanisms.Moreover, this approach represents the onlymethod currently
available to quantify the porosity of the most fragile aggregates categories
(PCs, AP1s, and AP3s). It is worth noticing that this information was
previously presented in literature only for the rigid andwell preservedAP2s,
while the bulk density for the other aggregate categories was derived from
the coupled measure of the mean aggregate size and settling velocity7,8,19,20.
This new technique thus represents an independentmethod tomeasure the
density and the porosity of all the aggregate types. In addition, the µCT
analysis also allows the effective visualizationof the3Dspatial distributionof
the internal porosity network of the aggregates (Fig. 3c), which is an original
piece of information, never obtained for themost fragile aggregate categories
(PC1, PC2, and PC3)8,9.

Othermajor physical parameters were also calculated, such as size and
density of both the aggregates and of their internal constituents (Table 2).
Information was finally derived on morphometry (Fig. 2 and Table 2) and
spatial distribution of the internal constituents (Fig. 3b), providing a high-
precision description of the internal structures of the aggregates. This
information was used to better constrain the physical characteristics of
aggregates and reveal possible general trends and fields of existence peculiar
to the different aggregate types.

The aggregate density was compared with the bulk porosity and the
relative volume fraction of high-density components (mostly Fe-Ti oxides),
revealed thanks to the iso-density mapping reported in Fig. 3 (Fig. 4 and
Table S4 of Supplementary Materials). As expected, a general inverse trend
confirms that density is primarily controlled by the aggregate porosity
(Fig. 4a). However, also the internal lithology can play an important role as

Fig. 3 | Internal structure of aggregates. 3D volume
rendering of each aggregate (a) is reported close to
the 3DMaximum Intensity Projection image (MIP)
with inverted greyscale in order to display the spatial
arrangement of internal components (b). In these
density calibrated images the color bar is scaled
according to single voxels density and the darker the
pixels the denser is the constituent; (b) 3D rendering
of the internal architecture of the components
matching three different density intervals (Low-
density, Mid-density, High-density) which corre-
sponds with the typical density of Glass-Feldspars
(1.9–3 g/cm3),Mg-Olivine (3–4 g/cm3) Fe-TiOxides
(>4 g/cm3) (c) 3D mapping of porosity frameworks
calculated for the different aggregate categories
showing the spatial distribution and the exact posi-
tion of voids within the aggregate. Images were
obtained applying an appropriate degree of opacity
and white color to the solid particles and showing
the voxels network representing internal voids as
blue opaque.

https://doi.org/10.1038/s43247-025-02378-y Article

Communications Earth & Environment |           (2025) 6:521 6

www.nature.com/commsenv


indicated by partially misaligned particles with respect to the trend, parti-
cularly evident for PC2s and a PC3 in Fig. 4b. Conversely, the main factor
controlling density for cAP1s and PC3s is related to the size and the nature
of the massive core fragments. Finally, due to the presence of a coarse-
grained core (around 95–97 vol.%; Fig. 4b), PC2s are characterized by the
highest values of bulk density (up to 3.8 g/cm3) and low porosity
(< 10%; Fig. 4a).

APs show a limited scatter both in terms of density, which ranges
between 2.3 and 3 g/cm3, and in terms of porosity, which is very low for all
theAPs (onlyoneAP1 reaches a valueup to20%).All the cAP1sdisplay very
low porosity and a density between 2.5 and 3.1 g/cm3, which also accounts
for a general limited variability of the internal lithology associated with a
general higher fraction of fine components (size <63 µm).

The derived physical parameters are sometimes affected by a large
uncertaintymainly due to the presence of dark artifacts in the reconstructed
tomographies: these consist of dark shaded zones in the X-ray images likely
caused by minimal sample motions during scanning which can occur as a
consequence of sample heat up due to X-ray exposure (see Fig. S6 in sup-
plementary materials and Methods for further details). The effect of these
artifacts on the estimation of physical parameters is likely increased by the
large lithological variability and morphological complexity proper of the
polydisperse internal components of aggregates.

Given this considerable uncertainty affecting the dataset, the absolute
values of parameters like aggregate density or derived porosity might be
overestimated. This possibly justify also the presence of some outliers in our
dataset (e.g., PC1 in Fig. 4a), in which both the estimated porosity and
density are affected by a large uncertainty.

For all these reasons, the newdata are in some cases poorly comparable
with data derived with different methods from previous literature. As an
example, themeandensity values ofPC3s in ref. 8 and in ref. 20never exceed
1.6 g/cm3 and 1.1 g/cm3, respectively. Both these values are lower than the

range reported here for PC3, which is between 1.7 and 2.9 g/cm3. This
inconsistency also arises for other types of aggregates (e.g., PC1 and PC2),
for which the density values obtained with µCT are always about twice the
values estimated using the HSC approach8,20.

This inconsistency can be partially explained with the intrinsic
uncertainty proper of the two approaches used to conduct the measure-
ments. The two methods are, however, in part complementary in defining
the range of aggregate densities. The µCTanalysis possibly produces density
values at their higher limit, as a consequence of a general overestimation of
the volume occupied by the particles (due to the fuzzy limits of the grey-
scale), and especially of the densest components (for the dark flare effect
described above). On the other hand, the HSC method may result in an
underestimation of the aggregate density, because of a likely overestimation
of the volume of the aggregate, approximated to the convex envelope of the
aggregate7,8,20. In this method terminal velocity and volume of the falling
aggregates are in fact obtained through themeasurement of the position and
2D average diameter of the projected perimeter of the aggregate, as derived
from a few images of the falling aggregate7. Accuracy of this measure is
difficult to estimate, since it is related to the complexity of shapes and to the
quality in theHSC frame due to bad image focusing, which is not often easy
to optimize due to the extreme working conditions and occasional presence
of ash aggregates. Despite that, an approximation of the overestimate
associated to theHSCmethodcanbederived fromtheSLDvalues calculated
for the aggregates (Table 2 and Fig. S9), which show that the volume of the
convex envelope of an aggregate can be up to about 2.5 times larger than its
real volume, especially for those aggregates with complex external mor-
phology (PC1, PC3).

On the other hand, the accuracy of µCT analyses is mostly controlled
by the resolution limit of the instrument (here is approximately 4.2 µm) and
by the occasional presence of dark flares artifacts in the reconstructed
tomographies associated with the denser components. However, these
limits in the application of µCT do not undermine its unique capacity to
provide information on the spatial distribution of porosity and density
inside the aggregate volumeand the 3Dmorphological renderingof external
shape and internal structures, that are not available in the literature. Fur-
thermore, the performed quantitative results presented inTable 2 display an
overall good consistency, which agrees with the structural characteristics
evidenced by the 3D imaging for the different types of aggregates.

New insights into aggregation mechanisms of APs
Particle clusters and accretionary pellets are characterized by specific and
different externalmorphologies (Fig. 2) and internal structures (Fig. 3). This
suggests different aggregation mechanisms. All the APs share a common
smooth external morphology, which differs from the higher complexity of
PCs. In particular, APs display very low values of Surface Roughness
(Table 2) given by external surfaces varying from a sub-spherical (AP1 and
cAP1; Fig. S7) to a marked hemispheric morphology (AP3). The
morphologies of the APs (Fig. 2 and Table 2) show a poorly organized
internal architecture (Fig. 3), suggesting the presence of a liquid phase as the
main factor controlling the aggregation mechanisms. However, while the
AP3s were observed to be closely related to liquid droplets while impacting
on the UV resin, a more rigid structure was observed for both AP1s and
cAP1s. No significant differences were shown in the magnitude and per-
vasiveness of the porosity network for AP aggregates that could justify a
remarkable variability in the kinetics of water evaporation during settling
from the plume betweenAP3 and other APs. As a matter of fact, the plastic
behavior shown by AP3s at themoment of impact can be interpreted as the
difference in the source origin rather than a difference in the aggregation
mechanism. For these aggregates, data suggest a genesis controlled by the
direct interaction with rain droplets occurring sufficiently close to the
ground to preserve water as a liquid phase. This is consistent with
meteorological observations carried out during sampling, which highlight
the occurrence of AP3 only during rainfalls and, on the other hand inform
about the occurrence of PC3 only during dry atmospheric conditions (Fig.
S8 and Table S4).

Fig. 4 |Main physical parameters extracted from calibrated tomographies. Plot of
density vs porosity (a) and density vs relative contents of heavy minerals (high-
density components) (b) for all the analyzed aggregates in this study. Colors refer to
the different aggregate categories identified in the considered sample dataset. Visual
examples of the internal structure characterizing each aggregate type are reported on
the right (as MIP images).
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AP2s is the only aggregate category that has never been observed
during this type of volcanic activity at Sakurajima8,9,20,23,31,38. In fact, AP2s are
indeed typically associated with water-rich eruptions, often involving pyr-
oclastic density currents3,24,27,39 in which humidity and temperature can
reach higher values, and turbulence is much more intense than what
observed in Sakurajima activity.

Another important result of the application of the µCT analysis is the
accurate description of the cAP1 with internal larger particles acting as a
nucleus. In fact, the 3D imaging of the aggregate structures confirms the
presence of a core in some AP1, a possibility already suggested by ref. 2.
Given the non-distinctive external features, cAP1 could not be easily
identified without MicroCT imaging. Structural details on the architecture
of cAP1 suggest a specific mechanism of formation. Despite the different
external shapewith respect to PC3, their similarities in the internal structure
(i.e., presence of a large core surrounded by a shell of fine to coarse ash with
no visible gradient in grain size) together with the exclusive occurrence of
cAP1 during rainy conditions (Table 1), suggest a formation process pos-
sibly related to the interactionofPC3swithwater droplets. This supports the
idea thatmost of the collisionsbetween large and small particles - that trigger
the formation of PC3 type aggregates - occur inside the volcanic plume,
chronologically before the interaction with atmospheric water droplets.
Conversely, pureAP1s (i.e.,without the inner core) are likely to be formed in
the free atmosphere, or in the outer part of the column, where rain droplets
may be present.

According to the theoretical kernels for particle collisions in
turbulent or sedimentation regimes4,15, we expect a collision rate
β / ðri þ rjÞ2 � h ~ur

�
�

�
�i, where ri and rj are the particle radii and ~ur the

relative radial velocity between the objects. Thismeans that the collision rate

of relatively large objects, such as PC3 and rain droplets (~200–1000 μm)
that move with non-zero relative velocities is more than probable from a
theoretical point of view.However, the fact that thiswork represents thefirst
field-based evidence of cAP1 should stress how important is the use of
cutting-edge techniques in modern field volcanology.

We suggest that the absence of a clear radial trend in the spatial dis-
tributionof density andporosity values in cAP1andPC3outer shells, clearly
shown by Fig. 5, is a characteristic feature of these aggregates, as the net
X-ray attenuation is likely to be conserved notwithstanding the already
discussed limitations of the derived quantitative data. This suggests that the
formation mechanisms of these aggregates are not expected to be gradual
and related to the progressive passage through environments characterized
by the presence of well size-sorted material.

Comparison of the various field strategies used to characterize
volcanic ash aggregates
Since the eruption of Mt. St Helens in May 1980, volcanic ash aggregation
started claiming a continuously growing attention by the scientific com-
munity due to its crucial role in affecting the atmospheric dispersal and
ground sedimentation of volcanic ash2,6,7,9,10,16,19,23,27,38,40–42. Since then, var-
ious techniques were developed to characterize volcanic ash aggregates and
to measure the associated physical parameters, all with specific advantages
and limitations (Table 3).

One of the most recently developed strategies used to characterize
volcanic ash aggregates is performed during deposition and includes the
collection of aggregates on adhesive tapes for the analysis at the SEM
combined with the analysis of their HR-HS video footages8,9,18,20. This
strategy allows both for the classification of aggregates and for the

Fig. 5 | Radial distribution of porosity in the shell of PC3s and cored-AP1s. Profile
plot show the spatial variability of porosity calculated across the horizontal and
vertical profiles (rectangular shaded profiles) traced along a random2Dcross section

of the aggregate. Corresponding images were segmented based on the computed
calibration and local porosity (black pixels) was calculated based on the measured
greyscale value across horizontal and vertical profiles.
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determinationof associatedphysical parameters (e.g., size, density, velocity).
Limitations mostly include the preservation capability of aggregates, due to
the extreme fragility of PCs and the inherent difficulty to preserve the entire
particle assemblage (and in particular the coarser particles) and the limited
optical resolution imposed by the complex field setup of HSC cameras8,20

which often precludes a precise measurement of the aggregate size (and
hence volume).

The innovative sampling and analytical strategy introduced in this
work greatly increased the preservation potential of the different types of
aggregates.We demonstrate that even themost fragile aggregates (PCs) can
be preserved by means of a UV-light sensitive resin, capable of rapidly
immobilizing both the external and internal structure of all 0 the aggregate
types here analyzed. HR-HS videos of settling aggregates, acquired in syn-
chro with the aggregate collection (see Section S2 of supplementary mate-
rials and Supplementary Movie 1 in the online repository) clearly
demonstrated the efficiency of the collection strategy. In addition, the col-
lected aggregates can be stored in small, resin-cured handy tubes and
transported in the laboratory to perform X-ray micro-tomographic inves-
tigations without affecting the reliability of the sample. Porosity evaluation
as well as the comparison between the architecture of the internal porosity
network and the aggregates structure (Fig. 3) are also particularly useful
when we consider the aerodynamic behavior and the boundary layer gen-
erated by the particle shape while falling, that results in a modified effective
external shape and apparent density of falling aggregates. Such a char-
acterization is crucial to an accurate quantitative parametrization of
aggregate structure within numerical schemes.

Concluding remarks
In this work we presented the results of the study of volcanic ash aggregates
based on a new methodology which couples an unbiased sampling tech-
nique with µCT analyses. This approach revealed features and complexities
in the inner structures of the volcanic ash aggregates with a detail and
accuracy never reached before on such a large range of different aggregate
morphologies, giving the possibility to derive a set of physical data on the
different aggregate types. This unique, cutting-edge technique specifically
designed for volcanic ash aggregates represents the benchmark for future

theoretical studies in this field, as it can be used to discuss some main
important processes related to ash aggregation in volcanic clouds.

The observedmorphological variability of ash aggregates is the base to
discuss sedimentation processes. For example, more equant and low-
roughness aggregates morphologies, like those observed for APs and PC2s,
will generally result in a reduced atmospheric drag and higher terminal
velocities compared to other PCs. The description of the aggregates’ mor-
phology is, therefore, key to the definition of their aerodynamic behavior
and, therefore, to ash dispersal forecasting.

The complete description of external morphometry and inner struc-
tures of the main types of volcanic ash aggregates (PC1, PC2, PC3, AP1,
AP3), and their association with external parameters (atmospheric condi-
tions, plume height, etc.) are the key to discuss basic formation processes of
the different types of aggregates. This new dataset represents an important
step forward that also integrates previous studies based on more simplified
sampling and analytical techniques2,7–9,20,31.

The high preservation potential of the adopted sampling technique is
fundamental for the recognition of some particularly fragile aggregates. We
report the first observations of poorly structured, sub-spherical pellets,
presenting one or more large particles acting as a core (defined as cored-
AP1: cAP1). The occurrence of the cAP1s in the fallout is strongly related to
rainy weather conditions, suggesting an aggregation mechanism controlled
by the interaction between PC3 aggregates with water droplets.

The proposedmethodology can produce high resolution images of the
inner regions of all the aggregate types reported in the literature.The interior
of aggregates provides fundamental insights into their genesis: their for-
mation, the population of particles encountered along its path, the sticking
mechanisms, the leading collisional kernels as a function of time, the
number of collisions, the density. The dataset thus represents a unique
benchmark for all those studies that aim tobetter characterize the theoretical
description of the ash particles collisional and sticking processes4, and a
calibration for all those works that investigate the packing of volcanic ash
and its consequence on sedimentation12,13,43.

For the first time, we have access to the hidden side of ash aggregation
for a large variety of aggregate types, as it occurs in nature, without any
alteration of the original structure.

Table 3 | Summary of main existing strategies used to characterize volcanic ash aggregates collected in the field

Strategy Main objectives Main limitations

Analysis of tephra deposits Identification of aggregates that have been preserved in the
tephra deposits and/or interpretation of tephra sedimentation
based on grainsize populations (e.g., unimodal vs polymodal
distributions)

This analysis can only be applied to AP2s (i.e., Accretionary
Lapilli) that are often preserved in tephra deposits. Polymodal
grainsize distributions cannot be solely associated with
aggregation processes.

SEM analysis of aggregates
embedded with resin after
sedimentation

Characterization of internal structure and porosity of aggregates. This analysis can only be applied to AP2s (i.e., Accretionary
Lapilli) that are often preserved in tephra deposits.

Collection of aggregates on
adhesive tapes for analysis at
the SEM

Characterization of the external morphometry and texture of
aggregates. Internal grainsize is also possible in case of partial
breakage of the aggregate.

Themost fragile aggregates (i.e., PCs) generally do not preserve
their airborne structure during the impact with SEM tape. The
internal structures of un-broken aggregates cannot be
determined.

HS-HR camera video analysis Determination of aerodynamic parameters of ash aggregates
(size, shape, terminal velocity, and bulk density).

Unless combined with the collection on adhesive tape, this
strategy does not provide any direct information upon the
internal structure of ash aggregates. In fact, the image quality is
often too low to allow for a good recognition and identification of
the aggregate type.

µCT analysis Determination of high resolution and high-quality information on
the external and internal structure of ash aggregates, including
internal porosity network and internal layering. Possible
quantification of bulk density and of density of single
constituents.

The quality of CT data is related to the resolution of the µCT
(instrument used here, approximately 4.2 µm), and to the
possible occurrence of dark artifacts, likely caused by minimal
sample motion during scanning. These factors, combined with
the complex structure of aggregates, characterized by the
presence of heterogeneous and polydisperse materials,
represent major challenges influencing the uncertainty
associated with the quantification of the physical parameters
(such as density and grain size of aggregates constituents).
Density calibration can partially mitigate the problem by
reducing uncertainty.
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Methods
Aggregate sampling strategy
Atotal of 51natural volcanic ash aggregates includingdifferent types of both
Particle Clusters (PCs) and Ash Pellets (APs) were collected at Sakurajima
volcano (Japan) during several pulses of cyclic, high-frequency and ash-
dominated Vulcanian activity occurred in the period from 17 to 26
November 2019 (see Table 1).

Analyzed aggregates were collected during tephra fallout bymeans of a
state-of-the-art sampling strategy in which a dedicated glass support, posed
in the field of view of a High-Speed, High-Resolution Phantom Pro camera
(HS-HRC), is coatedwith a thick layer ofUV-sensitive epoxy resin and later
exposed for a short amount of time (~ 10 s) to the ash fallout. The HS-HSC
was equipped with a Nikon 60mm f/2.8D AF Micro Nikkor lens. Falling
aggregates were filmed during their impact into the resin in order to verify
the occurrence of eventual structural modifications. Finally, the resin and
the embedded aggregates were cured in a few seconds with the use of a UV-
light lamp, resulting in a solid shell that preserved the shapeof the aggregates
during transport from field to lab. This sampling strategy has shown to fully
preserve the airborne structure of even the most fragile Particle Clusters
(PCs), preventing the original structure to be disaggregated at the impact
with the sampling support (Supplementary Movie 1: HS-HRC video of
falling aggregates reported in the on-line repository and detailed in sup-
plementary materials S2).

The meteorological conditions during the whole period of data col-
lection were monitored using a portable meteorological station (Kestrel
5500 weather station) and the main physical parameters are reported in
Table 1 (see also ref. 20 for details about sample locations).

Micro-CT tomography setup
Two samples of each aggregate category as defined by refs. 2, 9 (i.e., PC1,
PC2, PC3, AP1, AP2, AP3) were selected to be analyzed by means of the
Bruker SkyScan 1273X-Ray µCT of the University of Lausanne, Institute of
Earth Sciences (ISTE) (Switzerland) (see Section S3 of the supplementary
materials). The X-Ray images of the aggregates were collected directly
mounting the resin coated samples on adedicated 4mmwide brass support.
Afixedanalytical setupwasused for the analysis of the entire sample set (e.g.,
source voltage = 50 kV; source current = 100 µA; 1674ms of exposure time;
angle step = 0.125). For a given aggregate, analysis resulted in a set of
thousands raw images consisting in the 2Dangular projections along the x-y
plane over 360° degrees (see Fig. 1). The final 3D tomography reconstruc-
tion along the z axis was then obtained by using the SkyScan NRecon
software44. The setup used in the analysis allowed us to reach a constant
Image Resolution (IR) of 4.2 µm per pixel corresponding, in the recon-
structed tomographies, to a cubic voxel size of 4.2 × 4.2 × 4.2 µm3.

Greyscale calibration for the estimation of aggregate density
In the reconstructed tomographic images, the µCT associates a gray-scale
value to each 3D cubic voxel (4.2 µm3 in size). The setup adopted during the
X-ray scanning resulted in afixeddependencybetween thegreyscale color of
a single voxel and the actual density of the material enclosed within that
voxel (i.e., the Bulk Voxel Density). In particular, the gray level depends on
beam attenuation, resulting in the intensity measured on a variety of rota-
tion angles (see methods for further details, see also ref. 45 and visit https://
www.ctlab.geo.utexas.edu). In order to associate the gray-scale value of each
voxel to a specific density value, a specific calibrationwas performed using a
dataset of homogeneous and not porous specimens that were selected as
reference materials and therefore used to estimate the effective density of
each voxel in the aggregates (Table 4).

The density of each reference material was measured using a water
pycnometer obtaining a list of values that span from about 0.001 g/cm3 (air)
to 5 g/cm3 (titanium) (Table 4). This density range was selected to reason-
ably cover the expected density of ash and crystal components which are
normally found in volcanic ash at Sakurajima volcano (e.g., ref. 33). The
different materials were then X-ray scanned with the µCT using the same
setup adopted for the aggregates. Finally, the reconstructed3D tomographic

images were processed using Fiji software to obtain the greyscale distribu-
tion of the voxels that characterize each specimen (Fig. 6).

The mode of each voxel’s distribution was selected to represent the
characteristic greyscale for each material listed in Table 2, together with a
2-sigma interval of confidence (16° and 84° percentiles). The mathematical
relationship that relates the grey-scale values of the knownmaterials to their
density has been found by means of a power-law fitting (Fig. 7):

ρvox ¼ b � gmvox ð1Þ

where ρvox is the bulk density of a voxel, gvox is the voxel greyscale, and the
fitting coefficients are respectively b = 0.3786 and m = 0.4466. It is worth
noticing that titaniumwas not considered in the fitting curve due to its high
degree of saturation in the raw images.

3D image processing
We created a dedicated software that combines MATLAB and Fiji46 to
process the raw dataset of images resulted from the X-ray scanning of the
collected aggregates. The algorithm (Fig. 8)was implemented to reconstruct
3D images starting from the 2D projections and to derive themain physical
parameters of the aggregates.

The procedure is described as follows. Initially, the slices acquired on
the x-y plane after a complete 360° degrees µCT analysis (see the X-ray slice
reported in the inset for image quality check) were vertically aligned to
produce a greyscale volumetric image of the aggregate (Fig. 8a). Each
reconstructed tomography was then processed using Fiji to characterize the
greyscale distribution of the resin in which the aggregate was embedded. In
this step we analyzed the variability of the voxels’ greyscale associated with
the resin to identify possible artifacts that can occasionally affect the resin in
the vicinity of the aggregate boundaries. Then, different grey-scale thresh-
olds were defined to perform the 3D segmentation of the tomography
(Fig. 9b). This allowed us to obtain several indexed volumetric images that
could be later used to extract information about the aggregate morphology
and the internal structure.

The first grey-scale threshold is set corresponding to the upper limit of
the resin greyscale distribution and used to segment the aggregate from the
surrounding resin. The indexed greyscale image resulting from this process
defines the set of xyz coordinates and the grey values of the voxels forming
the aggregate (Fig. 8c), and allowed the calculation of several physical
parameters. In particular, the bulk volume of the aggregate was calculated
considering the cumulative volume of the voxels included in this indexed
image. The density of the aggregate was computed as the average density of
all the voxels that define the aggregate in the volumetric image, by iterating
the greyscale-to-density function over all the voxels of the indexed image

Table 4 | List of the selected materials used as a reference for
the greyscale calibration of the aggregate tomography

Reference
materials

Measured
density

Mode 16th Perc 84th Perc

(g/cm3) Greyscale
value

Greyscale
value

Greyscale
value

AirBubble 0 0 0 1

Alluminium 2.71 89 85 91

Hydrogen
Borate

1.44 16 8 21

PureUVResin 1.1 12 10 13

Glass Bead 2.5 83 79 87

MgOlivine 3.3 109 104 114

Sanidine 2.5 81 77 85

Titanium 4.5 255 254 255

Information about the associated greyscale colors of each material (statistical descriptors) is
reported together with their density values measured using a water pycnometer. The 16th and 84th
percentile correspond to the values of the grey-scale distribution corresponding respectively to the
16% and 84% of curve integral.
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also including voxels belonging to the internal aggregate porosity network,
which are considered having zero density. The aggregate size wasmeasured
as the diameter of the sphere having equivalent volume, while the size of its
internal core, where present, was estimated considering the best approx-
imating cross-cutting slice of the tomography. Finally, a movie of the
rotating3Daggregatewasproduced and stored in the on-line repository (see
Supplementary Movie 2 in the on-line repository).

Though the reconstruction of the bulk volume of the aggregate is
straightforward thanks to the large density contrast existing between the
embedding resin and the sample, the reconstruction of the internal part of
the aggregate ismuchmore complexdue to thepresence of different internal
constituents (volcanic glass and minerals) having similar density. The cri-
terion applied to visualize the inner structure is based on the definition of
three density intervals: low-density components (1.9–3 g/cm3), mid-density
components (3–4 g/cm3) and high-density components (>4 g/cm3) (see
Fig. 8c). These density intervals were chosen to correspond respectively to
the typical density range of: (i) volcanic glass and feldspars, (ii) Mg-Olivine,
and (iii) Fe-Ti Oxides, which are the typical components found in the ash

from Sakurajima33,37,47–49. The internal regions of the aggregates were
reconstructed as the set of greyscale voxelsmatching a givendensity interval,
selected according to the calibration procedure, and obtained thus a model
in which different iso-density levels are highlighted. This technique allowed
the visualization of the spatial arrangement of the aggregate internal con-
stituents, and thequantification their cumulative volume, density, andmass.
Information on density of constituents were also used to determine the
position of both the geometrical and the mass centroids of the aggregate. A
dedicated video of the slice-by-slice segmentation procedure is reported in
the online repository (see SupplementaryMovie 3 in the on-line repository).

The study of the overall porosity of the aggregate requires a dedicated
threshold, which is defined as the voxel value corresponding to the 50°
percentile of the greyscale distribution of the resin affected by dark artifacts.
The threshold represents the best compromise of analysis and it set
assuming that no or very few UV resin permeated inside the internal
structure of the aggregates, since only ~10 s elapsed between the aggregate
landing and the resin curing. According to this, the porosity is then esti-
mated as the sum of the voxels with grey value below this threshold.

Fig. 7 | Power-law fitting of the bulk densities of
known materials as a function of the greyscale
color of the voxels. In the top-left corner the fitting
parameters are reported. Although reported in the
plot and perfectly matching the fitting function,
titanium (void circle) is not considered in the point
fitting calculation since its grey-scale distribution
was saturated.

Fig. 6 | Color characterization of the materials
used to calibrate microCT results. Frequency dis-
tributions of the voxels greyscale colors for different
materials used as a reference for the color scale
calibration.
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Considering the coordinates of the voxels with a grey-scale index below this
threshold, this procedure allowsus to visualize the three-dimensional spatial
distribution of pores inside the aggregates. Similarly, the porosity and its
spatial distribution can be estimated also for the external shell of aggregates,
in the case of aggregate types showing a structure characterized by the
presence of an internal core (PC3 and cAP1).

Finally, the voxels comprised in the volumetric image of the aggregate
were treated as a 3D point cloud to produce a triangulated surface of the
external boundary (Fig. 8d). Each aggregate can be thus represented as a
complex solid polyhedron using the MATLAB built-in function alpha-
Shape, that uses a Delaunay triangulation and a dedicated alpha-radius to
connect the external vertexeswith a variable degree of approximation for the

Fig. 8 | Flow-chart of the algorithm designed to
analyze the µCT data, with the outlined macro
steps (color boxes). a the reconstruction of the
aggregate tomography starting from the stack of 2D
x-ray slices; b Greyscale characterization of the UV
resin and the referencematerials in order to perform
a density calibration of the microCT results; c 3D
rendering of the different aggregates features to
visualize the density distribution of the inter-
nal components, the geometry and volume fraction
of iso-density levels and architecture of the porosity
network; d 3D mesh and STL models represent-
ing the approximated external aggregates mor-
phology resulted from point clouds triangulation.
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non-convex regions. Among all the possible alpha-radii, two triangulated
surfaces are finally selected to describe the minimum and the maximum
volumes compatible with the 3D point cloud of the object, corresponding
respectively to the tightest alpha shape and to the convex hull (minimum
convex polyhedron enveloping the shape). These two polyhedrons repre-
sent the end-members that can be used as proxies to calculate fundamental
shape descriptors, such as Solidity (volume of the particle surface to the
volume of its convex hull), Convexity (surface extent of the convex hull to
the surface extent of the aggregate), Sphericity (defined as the ratio of the
surface area of the sphere with the same volume as the given aggregate to its
surface area), and to the external Surface Roughness (defined as the relative
difference between the volume of the convex hull and the volume of the
tightest alpha shapeof the aggregate to the volumeof aggregate convexhull).
All these 3D shape parameters are defined according to refs. 50–52; see
Section S5 of supplementary materials for further information.

A remarkable aspect of the designed procedure is the possibility to
compute the stereo lithography model of the aggregate (e.g., the STL file),
which is based on the tightest alpha shape representation of the triangula-
tion,which closely follow the real aggregate boundary. STLfiles allow for the
3D printing of the aggregate or its inner parts, defined by the previously
mentioned thresholds. The STL files of the aggregates analyzed in the pre-
sent work can be found in the online repository (see.STL files in the online
repository).

Uncertainties and validation
Stability of the setup and reproducibility of the results. Themicro-CT
scanning setup was kept constant during the whole scanning session,
both for the aggregates and the reference materials. However, a certain
variability in the results can always occur due to random drifts in the
support and the sample. This can introduce biases or artefacts in the final
results. In order to test the effective stability of the setup, we used a fixed
sample as a benchmark and we repeated the micro-CT scanning of the
object at the beginning (TT_2104), in an intermediate (TT_2124) stage
and at the end (TT_2157) of each daily session. The resulting imageswere
aligned and reconstructed using theNRecon software in order to produce
three replicated volumetric images of the benchmark. The greyscale
distribution of the voxels was computed and compared for all the repe-
titions (Fig. 9). The comparison between these distributions clearly shows
a high degree of stability in the setup and an almost perfect matching
among the three replicated analyses.

Volume and density evaluation. The accuracy on the evaluation of
volume and density of aggregate and their internal constituents was
tested using a calibration glass-bead with a known volume
(VGB ~ 0.0082 mm3) and density (ρGB ~ 2.5 g/cm3). The glass-bead was
mounted on the same support used during the analysis of all the samples
and scanned with the same standard procedure designed for the aggre-
gates (e.g., Eq. 1 for the grey-scale to density calibration). The measured
volume of the glass-bead (VGB m = 0.0086 mm3) resulted to be over-
estimated by about 4.8% respect to the reference value, while the mea-
sured density (ρGBm ¼2.79 g/cm3) was overestimated by about 10%.

This test indicates a good agreement between the theoretical and the
measured volumes and densities.

Though uncertainty related to density estimation of large objects yields
good results, the calculation of density associated to natural volcanic
aggregates implies other source of errors like the presence of dark artifacts
affecting in a variable degree of intensity the different aggregates and their
internal constituents. In order to account for this issue, for each aggregate,
we measured the voxels greyscale distribution of the resin affected by dark
artifacts, and considering the greyscale level corresponding to the 16th and
84th percentiles of the voxel distribution we defined a minimum and
maximum value of bulk density for the aggregates.

Estimation of the aggregate porosity. Aggregate porosity results from
the ratio between the total volume of voxels considered as voids (e.g., grey
level below the 50th percentile of the resin distribution affected by dark
artifacts), and the total volume of the aggregate. Since porosity estima-
tions can be viewed as a ratio between volumes, we can affirm that the
good results obtained for the volumes estimation, in particular for large
particles, will result in good estimations also for aggregate volume. The
uncertainty associated to the volume of aggregate internal voids was
instead evaluated considering segmented volumes resulting from two
thresholds corresponding respectively to the 16th and 84th percentiles of
voxel values from the resin affected by dark artifacts. This provided
estimates for both minimum and maximum porosity.

Greyscale artifacts affecting the resin. A probable source of uncer-
tainty, during the segmentation process, is due to the presence of dark
artifacts that contaminates the true grey color of voxels in the tomo-
graphies (see Section S6). These artifacts are possibly caused by slight
misalignments of the raw 2D slices of tomographies resulting in
geometric reconstruction errors. This is possibly due to minimal
sample movements during X-ray scanning caused by modifications
experienced by the plasteline used to fix the sample to the sample carrier
during prolonged X-Ray exposure. Their presence is promoted by the
very fine-grained nature of ash aggregates which push the analysis very
close to the resolution limit of the instrumental setup. The abundancy
and intensity of altering flares is certainly enhanced by the complex
nature of the investigated samples, since they consist of non-
homogeneous materials with highly variable density and lithology,
characterized by complex geometries and sharp boundaries between the
inner particles.

This significant source of error was taken into account in the proce-
dure, by performing an ad-hoc statistical evaluation and acquisition of the
grey-scale levels that defines the resin. For each sample, we identified a
representative set of voxels where only resin is present, and we computed
two different grey-scale distributions: a first distribution of pure resin not
affected by dark spurious colors and a second distribution of resin con-
taminated by dark flares due to the artifacts. Both the distributions were
considered in the definition of the thresholding levels used to account for
possible uncertainties due to the presence of dark artifacts in the aggregate
perimeter and in the contours of their internal iso-density levels.

Despite the ad-hoc procedure useful to mitigate the altering effect of
these artifacts, we cannot exclude they could affect results of quantification,
potentially leading to the overestimation of aggregates density and under-
estimation of their porosity.

Fig. 9 | Greyscale distribution of the voxels associated with the repeated analysis
of the same sample. Colors indicate the distribution associated with the first
(TT_2104), the second (TT_2124) and third (TT_2157) repetition.
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In particular, the most affected aggregates categories are those exhi-
bitingmore complex geometries and finer components, and hence PC1 and
PC3. On the other hand, we consider PC2 and other APs as reasonably the
least affected by the problem.

Sub-voxel resolution. The tomography analysis produces a greyscale
image inwhich the intensity of each voxel is a function of the bulk density
and the chemistry of the material within the voxel. However, µCT
averages whatever is smaller than the voxel resolution (i.e.,
4.2 × 4.2 × 4.2 µm3). This lack of smaller resolutions is the principal
source of uncertainty when the size of the scanned objects is smaller than
the pixel size (e.g., very fine grained and heterogeneous particles). In
order to consider this source of error, we followed a precautionary
approach in which we varied the percentiles of the grey-scale distribu-
tions to finally produce minimum and maximum values of all the esti-
mated quantities.

SEM analysis
Since µCT allows a non-destructive analysis of the samples, a selected set of
embedded aggregates was used to collect SEM images to better resolve and
describe internal structures. sThe resin coated aggregates were sectioned,
polished and carbon coated in order to be reanalyzed with SEM using the
back-scattered electrons mode (BSE-SEM) to obtain images representative
of the internal characteristics of the aggregates.

Data availability
All the raw data used in this study are reported in the tables of included in
main text and supplementary information.
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