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Toquantify the size of tephra, two practical challengesmust be addressed: thewide range of particle sizes (10−8 -
101 m) and the diversity of particle shape, density and optical properties. Here we use dynamic image analysis
(DIA) to simultaneously characterise the size and shape of tephra samples from Mount Mazama, Krafla, Mount
St. Helens and Campi Flegrei. The Camsizer X2 instrument used in this study, which has a measurement range
of 0.8 μm – 8 mm, avoids the need to overlap different measurement methods and principles for fine (<125
μm) and coarse (>125 μm) particle sizes. Importantly, DIA does not require an assumption of particle properties.
DIA also allows themeasurement of grain size distributions (GSDs) usingmultiple size definitions. Quantification
by particle long axis and the area equivalent sphere diameter, for example, make DIA GSDs compatible with the
outputs of other methods such as laser diffraction and sieving. Parallel mass-based (sieving) and volume-based
(DIA) GSDs highlight the effects of particle density variations on methods of size analysis; concentrations of
dense crystals within a narrow size range, in particular, can affect mass-based GSDs and their interpretations.
We also show that particle shape has an important effect on the apparent grain size of distal tephra. Extreme par-
ticle shapes, such as the platy glass shards typical of the distal Campanian Ignimbrite deposits, can appear coarser
than other distal tephras if size is quantified according to the particle long axis. These results have important
implications for ash dispersion models, where input GSDs assume that reported measurements are for
volume-equivalent sphere diameters. We conclude that DIA methods are not only suitable for characterising, si-
multaneously, the size and shape of ash particles but also provide new insights into particle properties that are
useful for both ash dispersion modelling and studies of explosive volcanism.

© 2021 Published by Elsevier B.V.
1. Introduction

Particles with highly irregular shapes, such as the products of explo-
sive volcanic eruptions (tephra), present a particular challenge when
quantifying particle size. The ‘size’ of non-spherical particles can be
quantified in multiple ways depending on the method of measurement
and definition of ‘size’. For example, size can bemeasured as the longest
particle dimension using callipers, or the diameter of a volume equiva-
lent sphere calculated from 3D data (Bagheri et al., 2015; Saxby et al.,
2020). A clear and consistent definition of size is important because
the ‘size’ of tephra is used to predict the dispersal of the particles in
the atmosphere (Rose and Durant, 2009; Mele et al., 2011; Engwell
and Eychenne, 2016; Saxby et al., 2018). The Grain Size Distribution
(GSD) of tephra also provides insight into fragmentation mechanisms
(e.g., Barberi et al., 1989; Wohletz et al., 1989; Jones et al., 2016; Mele
Buckland).
et al., 2020) and estimates of eruption column heights for unobserved
eruptions (e.g., Carey and Sparks, 1986; Burden et al., 2011; Rossi
et al., 2019). Additionally, accuratemeasurements of theGSDof volcanic
ash (tephra <2mm) are important for understanding the risks posed to
human health and infrastructure (Horwell and Baxter, 2006; Horwell,
2007; Bebbington et al., 2008; Wilson et al., 2012; Blake et al., 2017)
and the efficiency of wind-driven remobilisation (Hadley et al., 2004;
Leadbetter et al., 2012; Liu et al., 2014; Panebianco et al., 2017). Finally,
quantitative measurements of particle shape complement size analysis
and are equally important for interpreting eruptive processes and fore-
casting tephra transport and sedimentation (Heiken, 1972; Riley et al.,
2003; Cioni et al., 2014; Bagheri et al., 2015; Liu et al., 2015; Saxby
et al., 2018; Dürig et al., 2020).

One of the main challenges faced when characterising a tephra de-
posit is the large range of particle sizes produced by an eruption (from
10−8 - 101m). This has required the use of a variety of methods tomea-
sure size, often requiring an overlap of two or more methods to analyse
the coarse and fine components of a single sample. Numerous size and
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shape parameters are associated with different methods and the choice
of parameter has implications for data interpretation and comparison.
Furthermore, particle size and shape are typically analysed separately
using different methods, leading to slow data collection and processing
as noted by several authors who have investigated the range of shape
parameters and size characterisation methods for volcanic ash (Riley
et al., 2003; Leibrandt and Le Pennec, 2015; Liu et al., 2015). Thus, de-
spite the importance of grain size and shape characterisation, data com-
pilation and comparison across different studies is hindered by the
range of methods used.

Tephra from a single eruption is a mixture of components
(e.g., lithics, free-crystals and juvenile fragments such as pumice) and
each component can have unique optical and physical properties
(e.g., refractive index, density, porosity and permeability) which can
limit the efficacy of grain size methods initially developed for analysing
more homogeneousmaterials. The different componentswithin a single
sample can have individual GSDs that overlap to produce the GSD of the
whole sample (Moore, 1934; Walker, 1971; Sparks, 1976; Mele et al.,
2020). A further complication is that the relative proportion of each
component can vary spatially in a deposit due to emplacement and
transport processes (Sparks and Walker, 1977; Carey and Sigurdsson,
1982; Williams and Self, 1983; Eychenne et al., 2015). For example,
crystal concentrations observed in fall deposits reflect a narrow crystal
size and density distribution that causes deposition over a limited trans-
port distance. Grain size procedures that do not account for variations in
particle density or componentrywith size (e.g., sieving) could therefore
produce inaccurate interpretations of GSDs.

Here we outline an analytical protocol for simultaneous size and
shape characterisation using a fast and flexible method that employs
dynamic image analysis (DIA). Methods of size measurement that use
image analysis do not need to assume particle shape, which is analysed
simultaneously. Imaging individual particles also means that multiple
size parameters (e.g., particle long axis and equivalent circle diameter)
are measured concurrently. This provides both adaptability and consis-
tency when reporting size measurements. First, we discuss the signifi-
cance of grain size measurement in studies of explosive volcanism
(Section 2) and review grain size analysis methods with emphasis on
how ‘size’ is quantified (Table 1; Appendix A). We then outline a meth-
odology for size analysis using DIA with example analyses using spher-
ical and non-spherical particles (Section 3).We follow this by discussing
Table 1
Summary of grain size methods discussed in this study with measurement range and the assu

Method name Measurement
range (μm)

Method assumptions

Sieving 20–125,000 Sieve apeture only equal to particle size
spherical

Pipette method 50–5000 Constant density spheres
Roller apparatus 1–100 Settling velocity classes of constant den

spheres
Laser diffraction (Mie theory) 0.01–3500 Spherical particles, constant refractive
Laser diffraction (Fraunhofer
approximation)

10–3500 μm Flat disc particles, particles only cause
diffraction

Electrozone sensing
(e.g., Coulter counter)

0.4–1600 Spherical particles

Image analysis (SEM) ~0.01–200 Conversion from 2D area to 3D volume
Image analysis (Morphologi) 0.5–1300 Conversion from 2D area to 3D volume
Image analysis (cryptotephra) 20–250 Conversion from 2D area to 3D volume

material <20 μm removed
Radar disdrometer
(e.g., PLUDIX)

1000–10,000 Dense spherical particles

Laser disdrometer
(e.g., Parsivel2)

200–25,000 Dense spherical particles

High resolution video 62–2000 Conversion from 2D area to 3D volume
Satellite infrared retreivals ~0–100 Spherical particles, constant refractive
Dynamic image analysis
(e.g., Camsizer X2)

0.8–8000 Conversion from 2D area to 3D volume

2

the benefits of DIA for measuring the grain size of tephra and examine
the implications of using different size measurements in volcanological
applications (Sections 4–5).We conclude by showingways inwhich in-
consistencies in size definitions for non-spherical particles affect studies
of explosive volcanism, particularly when particle shapes are extreme,
as is common for glass shards.

2. Background

Analysing the grain size of tephra is a long-established practise in
volcanology and the standard methodologies applied were adopted
from the wider field of sedimentology (Wentworth, 1922; Krumbein,
1934; Pettijohn, 1949). For example, early work characterising the
grain size of field deposits helped distinguish poorly sorted pyroclastic
density current deposits (nuée ardente or ignimbrite deposits) from
well sorted airfall deposits (Lacroix, 1904; Moore, 1934; Fenner,
1937). Standard statistical procedures from sedimentology were also
adopted, such as characterisingGSDs using themaximumclast size,me-
dian diameter (Md) and sorting (σ; Fisher, 1964). Also adapted from
sedimentology is the practise of deconvolving multi-modal GSDs into
sub-populations. Studies of sands attribute sub-populations in multi-
modal GSDs to the genesis of the material (Visher, 1969) and when ap-
plied to volcanic GSDs, grain size sub-populations can be related to
eruptive processes (Sheridan, 1971; Wohletz et al., 1989; Engwell
et al., 2014; Eychenne et al., 2015). Whilst these procedures have
merit and can provide insight into volcanic processes, the complex
and heterogeneous physical properties of tephra as a result of the mix-
ture of components suggests that volcanic GSDs measured using tradi-
tional grain size methods may need additional scrutiny.

2.1. Why is grain size important for volcanology?

Grain size data are used to interpret two key eruption source param-
eters (ESPs), the eruption column height (Carey and Sparks, 1986;
Woods and Wohletz, 1991; Sparks et al., 1992; Burden et al., 2011)
and the total grain size distribution (TGSD; Carey and Sigurdsson,
1982; Bonadonna andHoughton, 2005). Both parameters are used to in-
terpret the nature of eruptive activity from field deposits. Eruption col-
umn height can be inferred from modelled clast support envelopes
within the eruption column (Carey and Sparks, 1986) and requires
mptions required to quantify size.

Size measure Mass or
volume
distribution

if Diameter for spheres, minimum to intermediate dimension
for non-spherical particles

M

Equivalent settling velocity sphere diameter V
sity Equivalent settling velocity sphere diameter V

index Volume equivalent sphere diameter V
Maximum width V

Volume equivalent sphere diameter V

2D Miscellaneous V
2D Miscellaneous V

, 2D Miscellaneous V

Volume equivalent sphere diameter V

Volume equivalent sphere diameter or maximum width V

2D Miscellaneous V
index Volume equivalent sphere diameter V

2D Miscellaneous V
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maximum clast size data that are typically measured in the field on a
sub-sample of the largest clasts (Bonadonna et al., 2013). TGSDs are pro-
duced by combining GSDs from multiple sampling sites across the
tephra deposit andweighting them according to themass accumulation
of tephra (Carey and Sigurdsson, 1982; Bonadonna and Houghton,
2005).

ESPs are a key requirement for ash dispersion models, which can be
used to reconstruct past eruptions or to forecast tephra dispersal from
future eruptions (Mastin et al., 2009; Webley et al., 2009; Bonadonna
et al., 2012; Beckett et al., 2015). Most operational and research-based
ash dispersion models use an input particle size distribution (PSD),
where PSD is used in reference to tephra in the atmosphere (Mastin
et al., 2009; Bonadonna et al., 2012; Beckett et al., 2015; WMO, 2018).
TGSDs determined from tephra deposits (on the ground) can be used
to inform PSDs but there are several challenges to relating the twomea-
sures. First, TGSD estimates are sensitive to both the spatial coverage
and number of individual GSDs measured (Bonadonna and Houghton,
2005; Alfano et al., 2016; Pioli et al., 2019), which can propagate as un-
certainty in the outputs of dispersion models if TGSDs are used as input
PSDs (Beckett et al., 2015). Second, most ash dispersionmodel PSDs de-
scribe a distribution of spherical particles (or particles with a fixed
shape factor; Beckett et al., 2015; Saxby et al., 2018). Therefore, equating
measured TGSDs directly to PSDs is not appropriate where particle
shapes are not constant and ‘size’ measurements vary with particle
shape and/or other physical properties such as density or refractive
index.

An alternative to using TGSDs for ash dispersion modelling is to use
PSDs that have beenmeasured in situ from an active plume. In situ PSDs
have been measured following aircraft encounters with ash clouds
(Hobbs et al., 1991; Casadevall, 1994; Pieri et al., 2002), by flying sam-
pling devices through plumes (e.g., Johnson et al., 2012; Petäjä et al.,
2012; Mori et al., 2016; Schellenberg et al., 2019), from satellite re-
trievals (e.g., Prata and Grant, 2001; Bonadonna et al., 2011; Pavolonis
et al., 2013; Gouhier et al., 2019) and using ground based sensors
(Scollo et al., 2005; Bonadonna et al., 2011; Kozono et al., 2019). How-
ever, in situ measurements are limited to a small number of modern
eruptions and the range of grain sizes is never fully covered by one tech-
nique. Furthermore, how ‘size’ is quantified is not consistent across
ground-based or in situ techniques, which makes the combination and
comparison of in situ PSDs and GSDs challenging (Bonadonna et al.,
2011; Stevenson et al., 2015).
2.2. Grain size methods in volcanology

Awide variety of methods are used to quantify the size of tephra, in-
cluding laboratory-based protocols such as sieve analysis, laser diffrac-
tion, electrozone sensing, particle sedimentation and image analysis,
and in situ methods such as ground-based radar and satellite remote
sensing (see Appendix 1 for details). Importantly, each method of size
analysis measures the size of non-spherical particles according to a dif-
ferent definition of ‘size’ and several methods require an assumption or
simplification of particle properties such as shape, density and refractive
index (Appendix A; Table 1). For example, sieve analysis sorts irregular
particles by both size and shape (Komar and Cui, 1984); GSDsmeasured
by sieving, however, are reported as the mass fraction within grain size
or sieve increments with no consideration of which particle dimension
the sieve aperture refers to. Similarly, laser diffraction and electrozone
sensing methods require an assumption of particle shape that allows
the resulting GSDs to be quantified according to different particle di-
mensions (Table 1; Appendix 1). Quantifying grain size using image
analysis can ensure consistency in the size parameter measured and si-
multaneous shape quantification. However, some image analysis
methods require pre-analysis sample preparation, such as sieving, and
substantial analysis time (~hours to days) to collect and process the im-
ages, particularly when fine material necessitates high resolution
3

images. For this reason, these methods can be time-consuming or bur-
densome when analysing large sample suites (>10's samples).

Aftermeasurement the convention is to report GSD statistics that fa-
cilitate comparison with other distributions. The most common param-
eters reported for volcanic GSDs are based on the Inman (1952) or Folk
and Ward (1957) graphical methods which determine the mean (μ),
median (Md), standard deviation or sorting (σ), skewness (Sk) andKur-
tosis (K; Blott and Pye, 2001). These methods were designed for grain
size data on the φ-scale and require very little data manipulation (Ap-
pendix B). This method, however, assumes that the GSD follows a log-
normal distribution, in other words the GSD is normally distributed on
the φ-scale. Alternatively, the GSD can be described using a Weibull or
Rosin-Rammler distribution (Rosin and Rammler, 1933; Weibull,
1951; Brown andWohletz, 1995) from which shape and scale parame-
ters can be described (Appendix B). Log-normal and Weibull distribu-
tions can be fit as mixture models to account for the multimodal form
of many volcanic GSDs (Appendix B; Eychenne et al., 2012, 2015;
Costa et al., 2016; Pioli et al., 2019; Mele et al., 2020). The number and
proportion of subpopulations provide additional parameters that can
be compared between different samples; in some cases subpopulations
can be related to distinct eruptive processes (e.g., Sheridan, 1971;
Eychenne et al., 2012, 2015; Engwell et al., 2014).

Common themes found when reviewing grain size methodologies
(Appendix A; Table 1) are the lack of quantified shape characterisation,
the need to assume particle properties such as density and refractive
index (sieving, sedimentation, laser diffraction and electrozone sens-
ing), and the requirement of pre-analysis sample preparation (image
analysismethods). Furthermore, the amount ofmaterial analysed varies
between methods. Notably, methods and instruments commonly used
in volcanology such as the Mastersizer 3000, Morphologi G3 and SEM
image analysis use <10 mg of material per analysis, which can cause
undercounting of large grains. Hence the rationale for developing ap-
proaches to particle size analysis that no do not require assumptions
of shape and the pertinence of methods that can measure multiple
size parameters for non-spherical particles.

3. Methods

3.1. Instrumentation

Herewe present a relatively new analytical approach to characterise
the size and shape of tephra which addresses some of the limitations of
other techniques. The protocol involves the CAMSIZER® X2 (CX2), a
particle analyser manufactured by Microtrac MRB (formerly Retsch
Technology) that utilises dynamic image analysis (DIA; ISO 13322-2)
to characterise the grain size of particulate materials. Castro and
Andronico (2008) published a detailed INGV report outlining similar
procedures using an earlier CAMSIZER model, although the CX2 model
described in this study has capabilities toworkwithmuchfinermaterial
(>0.8 μm) thanks to the multiple particle dispersion modules.

3.1.1. Basic functions of the CX2
The CX2 is a compact particle analyser that consists of three key

components: the sample feeder and particle dispersal module, the im-
aging module, and a desktop computer running the CX2 software
(Fig. 1). The DIA principle requires that particles are dispersed past the
field of view of two high resolution digital cameras to image themoving
particles that are back lit by an LED (Fig. 1). The combination of two
cameras (one basic and one zoom) ensures that a range of particle
sizes (0.8 μm – 8 mm) can be imaged at an optimum resolution. These
images are processed in real-time by the CX2 software to generate
shape and size distributions and compute grain size statistics.

The particles are dispersed past the cameras' field of view by one of
three mechanisms: wet dispersion (X-flow), compressed air (X-jet) or
as free-falling particles (X-fall). Each dispersionmechanismhas an opti-
mum grain size range. The X-fall dispersion is best for coarse material



Fig. 1.Modular set up of CAMSIZER® X2 modified from Microtrac MRB (2020).
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(10 μmto8mm), X-jet covers 0.8 μm – 5mmandX-flow is suited tofine
material (0.8 μm – 1mm). The choice between X-jet and X-flow for fine
material (0.8 μm – 1 mm) depends on the maximum grain size and
amount of material available to be analysed. The X-flow uses only a
very small amount (<10 mg) of material for analysis so is best suited
to volume-limited fine-grained samples. The choice of dispersion
method for coarse material (1–8 mm) depends on whether sample re-
covery is required, which is only possible for the X-fall.

For every analysis, the CX2 requires a ‘task file’ (Castro and Andronico,
2008) that informs the software of the analytical conditions to use and al-
lows theuser to customise thedata acquisition. For example, particleswith
certain characteristics (e.g., related to size or shape parameters) can be ex-
cluded; this is useful for eliminating contaminating fibres which have ex-
treme values of shape parameters such as compactness and convexity
(Table 2).One important featureof the taskfile iswhether a ‘velocity adap-
tion’ is required. When using the X-fall module (free falling particles), a
correction is needed to account for large particles falling faster than
small particles under gravity, which causes them to be undercounted as
they remain in the field of view of the camera for less time. In contrast,
the X-jet dispersion mechanism requires the software to correct for
small particles moving faster in the stream of compressed air relative to
large particles. The user generates the velocity adaption within the CX2
software by producing a calibration curve of particle size versus particle
Table 2
Size and shape parameters used by the CAMSIZER® X2 software.

Notation
or
symbol

Name Definition or formula

AP Area of particle
ACH Area of bounding convex

hull
U Perimeter
r1 and r2 Particle radii Minimum and maximum radii of a particle from
xarea Equivalent circle diameter Diameter of the circle having the same projecti
xFe Feret diameter The perpendicular distance between parallel ta

profile
xcmin Chord diameter Minimum width of the particle
xMa Martin diameter Line bisecting the area of the particle
SPHT Sphericity 4πAP

U2

b/l Aspect ratio xc min
xFe max

CVX Convexity AP
ACH

CPT Compactness
ffiffiffiffiffiffi
4AP
π

q
xFe max

Symm Symmetry 1
2

h
1þ minðr1

r2
Þ
i

4

velocity. Best practise is to produce a new velocity adaption for samples
where there is a broad GSD, and for samples that have not been analysed
using the CX2 before (i.e., where there no pre-existing task file).

3.1.2. Principles of dynamic image analysis
The raw images captured by the basic and zoom cameras are con-

verted to binary images (particle versus no particle). The size and
shape of the particles in each image are measured by the CX2 software
using an algorithm that combines the results from the basic and zoom
cameras (Supplementary S1). Every particle imaged above a minimum
size threshold is measured, with the minimum size determined by the
limit of image resolution or the limit set in the task file. The software
has the capacity tomeasure 100's ofmillions of particles at>300 images
per second and can measure multiple size and shape parameters per
particle (Table 2; Microtrac MRB, 2020). Three key size parameters are
equivalent circle diameter (xarea), minimum chord diameter (xcmin)
and maximum Feret diameter (xFemax; Table 2; Fig. 2). These parame-
ters are not identical for irregular particles and therefore yield different
information about the particle distribution. Importantly, computing all
three size parameters allows CX2 outputs to be comparedwith different
grain size measurement methods. For example, laser diffraction using
Mie theory outputs equivalent sphere diameters (~xarea) while
cryptotephra data report the long axis (xFemax) and the retaining
Alternative nomenclature

the centre of the particle area
on area of the particle
ngents touching opposite sides of the Length, caliper diameter

Width, minimum rope

Form factor (Liu et al., 2015)

Width to length ratio, axial ratio (Liu et al.,
2015)
Solidity (Liu et al., 2015), roughness

Roundness (Liu et al., 2015)



Fig. 2. Schematic of three key size parameters; xcmin theminimum chord diameter, xarea
the equivalent circle diameter and xFemax the maximum Feret diameter.
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sieve aperture should be greater than or equal to the minimum diame-
ter of a particle (xcmin; Freret-Lorgeril et al., 2019).

To obtain a GSD using the CX2, the results of the 2D image analysis
are converted to 3D by calculating an apparent volume per particle.
The conversion from area to volume depends on the size parameters
chosen. Using xarea, the conversion to volume assumes spherical parti-
cles, whereas using xFemax and xcmin assumes ellipses where the long
and short axes are represented by xFemax and xcmin respectively
(Castro and Andronico, 2008). The data can be output as a GSD in
terms of volume fraction or as a particle number distribution (PND;
number of particles in each size fraction).

3.1.3. Post-processing and data analysis
The CX2 software has flexible data processing that allows adjustable

binning of raw data (logarithmic or arithmetic). This means that there
are no restrictions equivalent to those that arise from fixed sieve inter-
vals. The software outputs the GSD as a probability density function and
cumulative distribution function (PDF and CDF), and has customisable
data visualisation options. The output of the CX2 software is a ‘resource
description framework’ file (.rdf), that can be output as a Microsoft
Excel compatible file (.xle) for user-specific data processing and analy-
sis. Images can also be saved.

Another useful feature in the CX2 software is the ‘particle wizard’
tool, which crops the saved images to allow visualisation of individual
particles. This can be helpful for ensuring the task file has been designed
correctly. For example, particles with specific shape and size character-
istics can be displayed to confirm that contaminants (such as fibres) are
identified and eliminated from the GSD. The particle wizard is also use-
ful for qualitatively characterising particle shapes in different size
fractions.

To facilitate flexible and reproducible data processing and visualisa-
tion, we analyse sample GSDs in Microsoft Excel and R.We output each
GSD from theCX2 in two grain size bin configurations, one equivalent to
a half-φ scale for compatibility with sieve data, and one on the linear
scale with a bin width of 5 μm. For all GSDs we compute the Folk and
Ward, 1957 graphical parameters of mean (μFW), standard deviation
or sorting (σFW), skewness (Sk) and Kurtosis (K). We also fit log-
normal and Weibull distributions directly to the GSDs using the
‘fitdistrplus’ package in R (Delignette-Muller and Dutang, 2015). Mix-
ture models of log-normal and Weibull distributions were fit to multi-
modal GSDs using the ‘mixfit’ function from the ‘mixR’ R package (Yu,
2018). The probability density functions, and distribution fitting
methods are reported in Appendix B.

3.2. Test samples and method comparison

3.2.1. Sample preparation and data collection
To test the capabilities and performance of the CX2, we conducted a

series of preliminary analyses with fixed shape samples including glass
spheres (ballotini), sub-spherical, disc- and rod-shaped particles. We
also analysed natural samples that had been characterised using other
techniques. Prior to analysis, some sample preparation was required.
5

To gauge the approximate size, the ballotini were dry sieved into
6 sieve fractions using disposable nylon sieve meshes to ensure no
contamination: >500 μm, 355–500 μm, 100–250 μm, 65–110 μm,
50–65 μm and 20–50 μm. The natural samples include Mazama tephra
(~ 7.7 ka eruption of Crater Lake, OR, USA) sampled at different dis-
tances from source (Buckland et al., 2020), hydromagmatic fallout
samples from the Hverfjall Fires (~2.5 ka eruptive episode of Krafla
Volcanic System, Iceland) sampled by Liu et al. (2017), distal Campanian
Ignimbrite tephra (~39 ka eruption from Phlegrean Fields, Italy) sam-
pled by Engwell et al. (2014), and tephra from the 1980 eruption
of Mount St. Helens (MSH), Washington, USA sampled via multiple
sources (Meredith, 2019). Some of the MSH samples are assumed to
be equivalent to samples analysed by other authors (Sarna-Wojcicki
et al., 1981; Durant et al., 2009) based on comparable sampling locations
(Supplementary S2). The tephra was dried to eliminate particle cohe-
sion (Castro and Andronico, 2008) and dry sieved into half-φ intervals
from 8mm - 125 μm (−3 to 3 φ) where necessary. Further information
on the natural samples can be found in the supplementary information.

3.2.2. Choice of size parameters
To explore the reliability of the different size parameters calculated

by the CX2, we measured the ballotini sieve fractions using xarea,
xFemax and xcmin (Fig. 2). As expected, the choice of size parameter
for the ballotini did not significantly alter the GSD in any sieve fraction
(Fig. 3a) because xarea, xFemax and xcmin are equal for spherical parti-
cles (equivalent to circular in 2D images; Fig. 3c). The near vertical cu-
mulative distributions reflect the manufacturing of the ballotini to
achieve narrow GSDs and the efficacy of pre-analysis sieving. There is
a slight fine tail in two of the analyses (Fig. 3a) that could indicate im-
perfect sieving where the finer material had not fully segregated into
the correct sieve fraction. The largest variability in size parameter is ob-
served in the xFemax data. This is attributed to the presence of slightly
elongated spheres which we observed with optical microscope images
(Fig. 3b). Similarly, the coarsest sieve fraction contained some irregular
particles (Fig. 3c), which are likely a manufacturing fault.

We repeated this analysis on non-spherical fixed shape particles and
sieved natural samples to further explore the sensitivity of GSDs to size
parameter (Figs. 4 & 5; Supplementary S3). Non-spherical particles, in-
cluding volcanic tephra, have GSDs that vary according to the size pa-
rameter as reflected in the grain size statistics. For example, the
median xcmin of the rod-shaped particles is 1800 μm compared to
6400 μm when size is measured as xFemax. Similarly, the median size
of the disc-shaped particles ranges from 3200 μm (xcmin) to 3700 μm
(xFemax). The sensitivity of GSDs to size parameter is also observed
within the individual sieve fractions of tephra. Interestingly, GSDs quan-
tified by xcmin are closest to the expected sieve range according to sieve
diameter d. Extending the sieve range so that themaximum grain size is
equal to the hypotenuse of the sieve aperture shows better agreement
with the xarea GSD (Fig. 4b), consistent with comparisons between op-
tical image analysis (Morphologi GS3) and sieving (Freret-Lorgeril et al.,
2019). In contrast, the coarse tail on the xFemax GSD extends well be-
yond both sieve ranges, indicating that elongated particles can pass
through the sieves on their intermediate or short axes. The xarea and
xFemax distributions within a size fraction also vary between samples
(Fig. 4). For example, the median xFemax of the Campanian Ignimbrite
2 φ sieve fraction is 512 μm, compared to a median xFemax of 427 μm
for the same sieve fraction of Mazama tephra. Similar to the ballotini
analyses (Fig. 3), the observation that all GSDs of the natural samples
have fine tails below the sieve range signifies that fine material is
often retained in coarse sieves due to imperfect segregation as a result
of the aggregation of fines or the adhesion of fine material to larger
particles.

3.2.3. Shape parameters and distributions
The CX2measures multiple shape parameters. Three shape parame-

ters measured on the fixed shape particles and natural samples were



Fig. 3. Comparing the size parameters for six ballotini size fractions. a) Cumulative grain size distributions showing that the three size parameters (differentiated by the line pattern) plot
close to on top of each other for each size fraction (differentiated by the line colour). b) Optical microscope image of the 65–110 μm sieve fraction. c) CX2 image from the DIA of the >500
μm sieve fraction.
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sphericity (SPHT; 4πAP

U2 ), symmetry (Symm; 12 1þ min r1
r2

� �h i
) and aspect

ratio (b/l; Table 2). For perfectly spherical particles these parameters
should equal 1 for all grain sizes. However, small imperfections and de-
viations from perfect spheres will reduce these shape parameters to <1
and each has a different sensitivity. For example, the interpretation that
the xFemax results (Fig. 3) for the coarser ballotini contained a larger
proportion of non-spherical particles is supported by the lower mean
values of both symmetry (0.95) and aspect ratio (0.87) compared to
thefiner ballotini (Symm=0.97, b/l=0.96). In contrast, there is no sig-
nificant change in the range of SPHT, a parameter that is sensitive to par-
ticle perimeter (roughness), with grain size for the ballotini, suggesting
that the deviations from perfect spheres arise primarily from elongation
and surface protrusions rather than surface roughness (Fig. 3c;
Supplementary S3).

Shape data are also susceptible to differences in image resolution,
which becomes a problem when samples span a wide size range
(e.g., Saxby et al., 2020). For example, the large number of pixels per
particle for coarse particles could increase the particle perimeter mea-
surement relative to the particle area, which would artificially lower
the SPHT. Nevertheless, our data on ballotini show little relation be-
tween particle size and the SPHT (Supplementary S3) and we attribute
the changes in Symm and b/l with grain size to imperfections in the
ballotini rather than differences in image resolution.

Shape distributions measured for the non-spherical test particles
and the natural tephra samples show that the CX2 can be used to differ-
entiate samples according to particle shape (Figs. 5 & 6). For example,
analysis of rod-shaped glass beads generated an average aspect ratio
(b/l) of 0.32,which is close to the value expected from themanufacturer
size specifications (~0.3). Due to the varied orientation of the particles
relative to the imagingmodule, however, the CX2method can underes-
timate the size and shape of some particles. This is particularly evident
in the analyses of disc-shaped particles where the shortest dimension
is rarely perpendicular to the imaging module; this means that xcmin
and thus the aspect ratio, is overestimated (Fig. 5c; CX2 b/l ~ 0.7 versus
real b/l ~ 0.3). However, the large number of particles measured by the
CX2 means that the shape parameters and distributions still reflect the
non-sphericity of particles which is evident in the shape distributions
6

for natural samples (Fig. 6; n ~ 108 particles per tephra analysis; see sup-
plementary data).

Compared to the ballotini, the sieved Campanian Ignimbrite,
Hverfjall andMazama tephras show awide range of SPHT values as a re-
sult of the irregular particlemorphology (Fig. 6a). TheMazama distribu-
tion shows the highest SPHT values as it contains a high proportion of
free crystals with smooth surface textures compared to the basaltic
Hverfjall and micro-pumice rich Campanian Ignimbrite tephras
(Fig. 6a). Interestingly, bimodal and unimodal MSH samples display dif-
ferent SPHT distributions (Fig. 6b); here bimodal samples have been
interpreted to record particles produced by different phases of the erup-
tion (Eychenne et al., 2015). The aspect ratio (b/l), which reflects the
elongation of particles, is lowest for the Campanian Ignimbrite tephra
but shows no real difference between the Hverfjall andMazama tephras
(Fig. 6c).
3.2.4. Comparison of CAMSIZER X2 results with other methods
The GSD of the natural samples has been previously characterised

using a combination of sieving and laser diffraction (Mount St. Helens,
Durant et al., 2009; Campanian Ignimbrite, Engwell et al., 2014;
Hverfjall Fires, Liu et al., 2017; Mazama, Buckland et al., 2020). Here
we compare the GSDs of fine-grained tephras measured using laser dif-
fraction with GSDs measured using DIA with X-jet and X-flow disper-
sion mechanisms (Fig. 7). We expect the xarea CX2 GSDs to be the
most comparable to GSDs from laser diffraction if Mie scattering theory
(Appendix A) is used (Fig. 7a-b). The Campanian Ignimbrite GSD mea-
sured by laser diffraction used the Fraunhofer approximation (Appen-
dix A) and appears to be best matched by xFemax in the CX2 GSD
(Fig. 7c). The laser diffraction GSDs consistently have a broader fine-
grained tail than the CX2 results (Fig. 7). For example, laser diffraction
suggests that 10% of the volume of the MSH tephra is <4 μm whereas
the X-jet GSD quantified as xarea suggests that 10% of the sample is
<8 μm (Fig. 7b). The X-jet and X-flow GSDs also differ slightly at the
coarse end of the distribution with the X-flow distribution showing
that <5% of the Mazama tephra is coarser than 100 μm while the laser
diffraction and X-jet distributions show that >10% of the sample is
coarser than 100 μm (Fig. 7a).



Fig. 4. Comparing different size parameters for natural sieved tephras. a) Cumulative GSDs for Mazama tephra showing the three size parameters (differentiated by the line pattern) for
each half-φ sieve fraction (differentiated by the line colour). b) GSDs of the 2 φ (250–354 μm) sieve fraction for each size parameter. The light grey box indicates the size range expected
from sieving according to sieve diameter, d; the dark grey box extends this range to the length of the sieve aperture hypotenuse. c) CX2 image from the DIA (using X-Jet) of the 2 φ sieve
fraction of Mazama tephra. d) Binary images of irregular Mazama tephra particles from c)with xFemax, xcmin and xarea indicated. e-g) Comparing GSDswithin a sieve fraction according
to the size parameter for the Mazama and Campanian Ignimbrite tephras.
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In Fig. 7, the differences between the CX2 and laser diffraction at the
<10 μmend of the scale are due to the differentminimum particle sizes
measured by the instruments. Laser diffraction detects particles >0.01
μm, whereas the lower size limit of the CX2 is 0.8 μm. For very fine-
grained material (<10 μm) there are also some limitations of laser
Fig. 5. The impact of particle shape on size and shape parameters. Particle number distribution
c) disc shaped particles. The diagrams show the 3D shapes and approximate dimensions with

7

diffraction. For example, fine material can cause multiple scatterings
of the laser beam, and some authors have attributed an overestimation
of fine particles to the presence of non-spherical grains (Vriend and
Prins, 2005; Jonkers et al., 2009). The differences in the GSDs >100 μm
are likely the result of the amount of material analysed. The X-jet
s according to xFemax and xcmin for a) sub-spherical particles, b) cylindrical particles and
n equal to the number of particles analysed.



Fig. 6. Cumulative shape distributions for ballotini and natural samples: Campanian Ignimbrite (CI), Hverfjall Fires (HF),MazamaUpper and Lower Pumice Units (UPU, LPU) andMount St.
Helens (MSH). a) Comparing SPHT for individual sieve fractions of ballotini and natural tephra samples. The 2.5 φ sieve fraction (180–250 μm) is shown for the natural samples, and the
ballotini data is for the sieve fraction with 234 μm median diameter. b) SPHT distributions for distal MSH samples. c) Comparing b/l distributions for the 2.5 φ sieve fraction of natural
tephra samples and fixed shape particles.

Fig. 7. Comparing GSDs from laser diffraction (LD) with CX2 GSDs for fine-grained distal tephras. a) GSDs for distal Mazama sample from site 73. b) GSDs for distal MSH sample. Laser
diffraction analysis carried out on sample DAVIS11 by Durant et al. (2009), corresponding sample MSH_RV analysed using CX2 for this study (see Supplementary S1). c) GSDs for
ultra-distal Campanian Ignimbrite tephra. Laser diffraction analysis from Engwell et al. (2014) compared to X-jet GSDs according to size parameter.
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method analyses the largest volume of material; this ensures represen-
tative sampling of coarse particles, unlike the wet dispersion methods
which use a small amount of material per analysis and are thus more
likely to underrepresent coarse particles. Importantly, small differences
in the number of large particles can translate to considerable variability
in volume-based GSDs because of the large contribution of coarse parti-
cles to the total sample volume.

For the coarserMazama tephra, we compare GSDsmeasured using a
combination of sieving and CX2 (X-jet) with GSDs produced using the
CX2 alone, where the X-fall (>125 μm) and X-jet (<125 μm) analyses
are combined (Fig. 8). The sieve and CX2 data were combined using
the overlap between the methods at 125–250 μm by assuming a con-
stant particle density and therefore converting the volumetric size dis-
tribution (CX2) to a mass distribution (e.g., Eychenne et al., 2012). The
X-fall and X-jet data were combined by weighting the coarse and fine
distributions according to the mass percentage that was greater than
and less than 125 μm. For the sake of comparison, all data were proc-
essed in half-φ intervals to match the limits of data manipulation im-
posed by sieving.

The difference between theGSDs in Fig. 8 results from thedistinction
between coarse GSDs that are quantified as weight percent (mass%;
sieving & CX2) versus volume percent (vol%; CX2). The GSDs obtained
from sieving have a strong mode at 2–1.5 φ (250–354 μm), which cor-
responds to the sieve fraction that contains a large proportion of
8

dense phenocrysts (magnetite and pyroxene); this mode remains con-
stant throughout the Mazama tephra section (upper and lower pumice
fallout units). The modes in the CX2-only distributions (Figs. 8a-b) do
not align with the GSDs from sieving because they are represented in
terms of the vol% (rather than mass%) in each size class. This means
that although the X-fall and X-jet analyses are combined by the relative
mass% > and < 125 μm, dense individual size fractions (crystal concen-
trations) do not manifest as the mode of the GSDs.

4. Results

The method development and testing reviewed in section 3 show
that the CX2 provides an appropriate analytical protocol for
characterising the grain size and morphology of volcanic tephra up to
8 mm (≥ − 3 φ). Here we explore the unique capabilities of DIA for de-
termining GSDs of samples with non-uniform density distributions and
then examine the sensitivity of grain size statistics to the choice of size
parameter and method of grain size measurement.

4.1. Non-uniform density distributions

The CX2 and sieve analyses of the coarse Mazama tephra differ be-
cause of the non-uniform density of the pyroclasts across the GSD
(Fig. 8). In contrast, parallel sieve and CX2 analyses of natural tephras
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with less significant changes in clast density show similar GSDs when
quantified by either mass or volume (Supplementary S3). This contrast
suggests we can use simultaneous measurements of GSDs by mass and
volume to invert for density distributions.

To obtain independent measurements of density, we used a water
pycnometer (e.g., Eychenne and Le Pennec, 2012; Liu et al., 2017) to an-
alyse the−2 – 2.5 φ sieved size fractions of Mazama samples from the
upper and lower pumice units (Fig. 8c). These data show the expected
increase in particle density with decreasing size (Bonadonna and
Phillips, 2003; Eychenne and Le Pennec, 2012) but also highlight the
high density (ρ ~ 2.6 gcm−3) of the 2 and 2.5φ sieve fractionswhere py-
roxene and magnetite crystals are concentrated, a density that greatly
exceeds that of the matrix glass (~2.1 gcm−3). We used the sieved
mass and measured density of each size class to calculate a volume-
based GSD to compare with the CX2 GSD (Fig. 8e-f). This comparison
shows that relative to the sieve data, the CX2 underestimates the vol-
ume in the sieve fractions (1.5–2.5 φ) that contain the dense crystals
and overestimates the volume of the coarse pumice clasts. For example,
sieve data show that 16% of Mazama upper pumice sample is in the 2 φ
sieve fraction compared to 12% according to the CX2 GSD (Fig. 8e). This
difference is reflected in the relative density calculated by dividing the
mass % by the volume % in each class (Fig. 8d). Importantly, whilst the
resulting absolute values of relative density diverge for sieve and CX2
data, the relative density profiles derived from the CX2 data clearly
show the presence of dense crystal-rich grain size fractions (3–1.5 φ)
compared to the coarse low-density pumice clasts (<1.5 φ). These
data illustrate the important information about the particle population
that can be determined from a direct comparison of mass and volume.

4.2. Grain size distribution statistics

Grain size statistics provide a way to quantitatively compare GSDs
that arise from different measurement methods. For example, the Folk
and Ward (1957) mean grain size (μFW) calculated for the Mazama
upper pumice is 1.07 φ (476 μm) for sieve data compared to 0.38 φ
(768 μm) for the CX2 GSD (Table 3). Similarly, for fine-grainedMazama
samples (Fig. 7), μFW varies from 4.73–5.38 φ (38–24 μm) depending on
the size parameter (xcmin or xarea) and method of grain size analysis
used (laser diffraction or CX2; Table 3). The FW sorting (σFW; measure
of spread) and skewness (Sk; measure of symmetry) also depend on
the method used (Table 2). For example, the Sk of the lower pumice is
−0.20 when measured by sieving but +0.15 when measured with the
CX2. This difference affects the qualitative classification from finely
skewed (sieving) to coarsely skewed (CX2; Table B1). Another impor-
tant parameter is the proportion of fine (<125 μm) and very fine
(<15 μm) ash. Here the proportion of very fine ash (<15 μm) in sample
MZ73 ranges from16% (xarea; X-jet) to 26% (xcmin; X-flow) of the total
volume.

The statistics and interpretation of multimodal GSDs are similarly
sensitive to the method used to characterise the distribution (Fig. 9;
Table 4). The distal MSH ash has previously been shown to contain at
least two grain size sub-populations (Durant et al., 2009; Eychenne
et al., 2015). Deconvolution of GSDs into subpopulations, however, is
sensitive to differences in both the starting GSD and the distribution
chosen (log-normal or Weibull; Appendix B). We illustrate this differ-
ence using PDFs deconvolved for the laser diffraction GSD compared
to the CX2 GSD (Figs. 9c&f). When the number of log-normal subpopu-
lations is fixed at 2, the laser diffraction GSD (Fig. 9a) is resolved into
distributions with means of 9.23 φ (2 μm) and 5.47 φ (26 μm). The
Fig. 8. Comparing GSDs of Mazama tephra measured by sieving & CX2, with CX2 alone. All sam
information S1). a) Sample from the upper pumice unit, b) sample from the lower pumice unit
with the dashed line indicating the density of Mazama glass ~2.1 gcm−3. d) The relative dens
(blue). e) and f) Comparing the volume distributions measured using the CX2 with calculate
and− 2.5 φ.
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same fitting algorithm applied to the CX2 GSD resolves two sub-
populations with means of ~5.6 and 3.0 φ (21 and 125 μm) respectively
(Fig. 9b; Table 4). This comparison shows that two samples from the
same deposit, taken from the same location, can have GSDs that can
be interpreted differently simply because of measurement method.

It is well known that grain size statistics are also sensitive to bin size.
To explore this sensitivity, we processed the data inmultiple bin config-
urations (Table 4). We find that fitting of unimodal and bimodal distri-
butions is not strongly affected by the type of binning used, particularly
when working with fine-grained material (Fig. 9d-f). However, coarse
bins are still problematic for particles >500 μm when using the φ-
scale, which translates into a wide range on the linear scale and poor
resolution of the distribution within the sieve intervals (Hails et al.,
1973). Similarly, coarse linear binning (>5 μm) can obscure the GSD
in the fine grain sizes and places too much emphasis on the coarse par-
ticles (Blott and Pye, 2001).

5. Discussion

The CX2 is a valuable tool for simultaneously analysing the size and
shape of non-spherical particles, such as tephra, thanks to the dynamic
image analysis (DIA) principle. Here we discuss some of the benefits of
DIA relative tomorewidely usedmethods of grain size analysis (see sec-
tion 2; Table 1; Appendix A). We also consider the limitations of grain
size analysis methods, in particular, for studying ultra-fine (<10 μm)
particles. Finally, we discuss the implications of different grain size
methods for using and interpreting grain size data for the purposes of
studying explosive volcanism.

5.1. Appraisal of dynamic image analysis for measuring non-spherical
particles

DIA facilitates rapid and simultaneous quantification of the size and
shape of tephra whilst other particle analysis techniques compromise
on either particle shape information or analysis time. For example,
laser diffraction contains no shape information but is fast (~minutes),
whereas SEM image analysis provides excellent particle shape data
but can require pre-analysis sample preparation (sieving) and substan-
tial image processing (~hours-days). DIA has the added benefit of mea-
suringmultiple size descriptors (Figs. 2–5). Comparing GSDs quantified
by different size parameters supplements shape parameterisation as the
disparities between the GSDs can be used to infer the presence of ex-
treme particle shapes (Figs. 4-5).

Quantifying different size parameters can also explain some of the
grain size anomalies described in the literature. For example, the large
grains reported in cryptotephra studies (Stevenson et al., 2015; Saxby
et al., 2019) are quantified according to their xFemax size. Our data
show that within individual sieve classes particles can have xFemax
values that extend well beyond the range predicted by the sieve aper-
ture (Fig. 4). In other words, sieve data can mask extreme particle
sizes if the maximum particle dimension is assumed equal to the pass-
ing sieve aperture. Furthermore, we have confirmed that the size pa-
rameter measured by sieving depends on particle shape. For example,
elongated particles are most commonly sorted according to their mini-
mum dimension (xcmin), however, platy particles such as found in the
Campanian Ignimbrite tephra, are sorted by their intermediate dimen-
sion. This has implications for converting from sieve aperture to particle
volume as it will lead to the overestimation of particle volume for most
non-spherical particles.
ples are from a fallout section located at site 46–120 km from source (see supplementary
. c) Measured densities (gcm−3) of individual sieve fractions for the upper and lower unit
ity of half-φ sieve fractions calculated using the sieve data (red) and the CX2 & sieve data
d volume distributions from sieve data for the upper (e) and lower (f) units between 2.5



Table 3
Grain size statistics calculated for different methods of grain size analysis.a

Sample Method Binning μFW (φ) σFW (φ) SkFW <125 μm (%) <15 μm (%)

MZ46 Upper Pumice (Fig. 8a) Sieving & CX2 1/2 φ 1.07 0.92 −0.15
(coarse skewed)

2.4 0.2

CX2
(xcmin)

1/2 φ 0.66 1.15 −0.04
(symmetrical)

2.4 0.2

MZ46 Lower Pumice (Fig. 8b) Sieving & CX2 1/2 φ 1.32 0.67 −0.20
(coarse skewed)

0.82 0.01

CX2
(xcmin)

1/2 φ 1.00 0.65 0.13
(fine skewed)

0.84 0.01

MZ73 CX2
X-jet (xcmin)

1/4 φ 5.11 1.24 −0.01
(symmetrical)

95 23

CX2
X-jet
(xarea)

1/4 φ 4.74 1.27 −0.01
(symmetrical)

91 16

CX2
X-flow (xcmin)

1/4 φ 5.38 1.01 0.06
(symmetrical)

99 26

CX2
X-flow (xarea)

1/4 φ 5.03 1.04 0.05
(symmetrical)

99 17

LD
(xarea)

1/2 φ 4.73 1.53 0.14
(fine skewed)

89 20

a FW = Folk and Ward (1957) graphical method of calculating GSD statistics.

Fig. 9. Bimodal log-normal distributions fit to MSH GSDs. a) GSD of DAVIS11 measured with laser diffraction (Durant et al., 2009) fit with two log-normal subpopulations. b) GSD of
MSH_RV measured by X-jet (xarea) fit with two log-normal subpopulations. c) Comparison between bimodal distributions according to method and CX2 size parameter. d) GSD of
MSH_SB sample in half-φ bins with two log-normal subpopulations. e) GSD of MSH_SB sample binned on the linear scale (5 μm) fitted with two log-normal subpopulations.
f) Comparison between distributions fit on the φ and linear scales, as well as coarse (full φ; 10 μm) and fine bins (half φ; 5 μm).
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Collection of multiple size parameters allows comparison of DIA
GSDs with other widely used grain size measurement methods. The
xcmin parameter closely matches the expected sieve range (Fig. 4),
meaning that there is limited data loss and manipulation required to
combine coarse and fine-grained measurement methods. Laser diffrac-
tion (LD) estimates xarea when using Mie theory and xFemax when
using the Fraunhofer approximation (Fig. 7). Aside from differences in
11
the finest grain sizes (<10 μm,) CX2 and LD GSDs are comparable,
which is advantageous for comparisons with established grain size
datasets (e.g., Durant et al., 2009; Engwell et al., 2014; Liu et al., 2017).

An additional benefit of DIA is that it quantifies GSDs in terms of vol-
ume percent, such that coarse (>125 μm) GSDs can be compared di-
rectly with other volume-based methods of grain size analysis (laser
diffraction, image analysis). This means there is no need to convert



Table 4
Main parameters of bi-modal MSH samples calculated using different methods of grain
size analysis and different bin configurations. μφ1, μφ2 = log-mean, σφ1, σφ2 = log-stan-
dard deviation, p1, p2 = proportion of the total GSD of the fine- and coarse-grained sub-
populations respectively.

Sample Method Binning μφ1 μφ2 σφ1 σφ2 p1 p2

DAVIS11a

(Fig. 9a&c)
LD
(xarea)

1/2 φ 9.23 5.47 0.83 1.56 0.06 0.94

MSH_RV
(Fig. 9b-c)

CX2
(xarea)

1/2 φ 5.53 2.92 1.28 0.43 0.92 0.08

CX2
(xcmin)

1/2 φ 5.76 3.13 1.28 0.46 0.92 0.08

MSH_SB
(Fig. 9d-f)

CX2
(xcmin)

1 φ 5.92 3.42 1.35 0.50 0.75 0.25

1/2 φ 5.93 3.34 1.27 0.37 0.75 0.25
1/4 φ 5.93 3.34 1.25 0.32 0.74 0.26
1 μm 5.94 3.36 1.25 0.32 0.75 0.25
5 μm 5.92 3.33 1.35 0.31 0.76 0.24
10 μm 5.94 3.32 1.45 0.31 0.76 0.24

a DAVIS 11 sample was sampled very close to MSH_SB (Sarna-Wojcicki et al., 1981;
Durant et al., 2009; Meredith, 2019).

Fig. 10. Grain size of distal tephras with distance from source. a) Campanian tephra with
grain size distributions and sub-populations from Engwell et al. (2014). b) Mazama
tephra with data from Young (1990), Buckland et al. (2020) and this study. c) Mount St.
Helens 1980 data from Durant et al. (2009) and deconvolution by Engwell et al. (2014).
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between volume and mass which requires an assumption of particle
density. The effect of variable particle density on GSDs is illustrated in
Fig. 8, which shows that mass-based GSDs can be influenced by dense
grain size fractions that arise from crystal concentrations. Fig. 8d also
clearly highlights an abrupt increase in particle density that can be re-
lated to crystal concentration in the 2–3 φ size range. Importantly, dis-
parities between the volumetric GSDs calculated from direct mass and
density measurements and those measured using the CX2 (Fig. 8e-f)
can be explained by the propagation of uncertainty in the density mea-
surements (+/− 10%) as well as a limitation of the CX2 velocity adap-
tion when a wide range of particle densities exist in a narrow size
range (see Supplementary S1). Whilst the relative density distributions
calculated cannot be used quantitatively (Fig. 8d), this approach pro-
vides a fast way to qualitatively investigate changes in particle density
and can be used to identify size classes that require direct density mea-
surements, which are more accurate but time consuming.

Although DIA has clear advantages for characterising tephra it also
has limitations. Firstly, the minimum grain size measured by the CX2
is 0.8 μm, which is coarser than laser diffraction techniques (e.g., the
Mastersizer 3000 minimum size is 0.01 μm). Sub-micron and nano
scale particles are important for understanding satellite retrievals of vol-
canic ash in the atmosphere (e.g., Prata, 1989;Muñoz et al., 2004;Miffre
et al., 2012; Prata and Prata, 2012), the health impacts of volcanic ash
(Horwell and Baxter, 2006; Horwell, 2007), the electrification of volca-
nic plumes (e.g., James et al., 2000; Miura et al., 2002; Cimarelli et al.,
2014) and the meteorological (Durant et al., 2008; Gibbs et al., 2015)
and climactic effects of volcanic eruptions (Rampino and Self, 1993;
Dartevelle et al., 2002). As the proportion of particles <0.8 μm cannot
be determined with the CX2, characterisation of the ultra-fine GSD is
incomplete.

The minimum grain size and image resolution limits of the CX2
also have consequences for the shape measurements. As the DIA ap-
proaches the limit of image resolution, the edge detection for parti-
cles will be increasingly affected by image pixelation. This could
lead to over smoothed or imprecise particle outlines, which will be
particularly significant for shape parameters that include particle
perimeter (e.g., SPHT; Fig. 5; Liu et al., 2015). Additionally, the
shape parameter formulae are not always consistent with other
studies, for example, the convexity formulation used by the CX2 soft-
ware is equivalent to the ‘solidity’ parameter used by Cioni et al.
(2014) and Liu et al. (2015). The CX2 is also limited to 2D shape char-
acterisation whereas some studies of volcanic ash compute 3D shape
parameters (e.g., sphericity; Ganser, 1993; Dioguardi et al., 2017;
Saxby et al., 2018). Whilst it is common that shape parameters
have different definitions and formulations, it is not possible to
12
modify the shape parameter formulations in the CX2 software,
meaning that not all shape parameters and formulations can be com-
puted and compared with other shape studies without reanalysing
the saved images using other methods.
5.2. Significance of comprehensive grain size characterisation

DIA is a valuable method for scrutinising the size and shape of distal
ash samples simultaneously. Themedian grain size of distal ash deposits
is known to stabilise at large distances from source (Fig. 10; Engwell
et al., 2014; Engwell and Eychenne, 2016; Cashman and Rust, 2020).
The transition to the stable distal grain size occurs when the sedimenta-
tion of particles is no longer governed by Stokes law (Engwell and
Eychenne, 2016). However, analysis of distalMSH,Mazama and Campa-
nian Ignimbrite tephra shows that the median grain size of distal ash is
not uniform across different eruptions, meaning particle ‘size’ alone
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cannot explain this phenomenon (Fig. 10). We propose that differences
in how particle size is quantified can partly explain the dissimilar distal
grain sizes. For example, the laser diffraction method used to measure
the GSD of the Campanian Ignimbrite tephra (Fraunhofer theory;
Engwell et al., 2014) produces the equivalent of an xFemax distribution
(particle long axis), which may explain the apparent coarse distal grain
size when compared to GSDs quantified as xcmin (sieving) or xarea
(laser diffraction using Mie theory).

The inputs used by ash dispersion models, moreover, use a different
measure of size than used by physical ash samples. Particle size distribu-
tions (PSDs) used by ash dispersion models are specified in terms of
equivalent volume sphere diameter (Dv; Beckett et al., 2015; Saxby
et al., 2018). Saxby et al. (2020) used 3D data of ash volumes to demon-
strate the divergence between volume-equivalent sphere diameters
and long axis (xFemax) measurements that result from extreme ash
morphologies. The 3D data show that for extreme ash shapes the vol-
ume equivalent sphere diameter (Dv) is consistently less than the par-
ticle long axis (L) as the data plots above the 1:1 line in Fig. 11. For
example, for a Campanian Ignimbrite ash shard with an average shard
thickness of ~10 μm, the resulting difference between the maximum
length (L or xFemax) and volume equivalent sphere diameter (DV) is
more than 5-fold. Importantly, to quantify particle size as an equivalent
volume sphere diameter, 2D image analysis techniques assume that the
equivalent area circle diameter (xarea) can be converted directly to DV,
although the relation between xarea and DV varies with the 3D shape.
These differences partly explain the mismatch between physical mea-
surements of ash shape (GSDs) and the PSDs used in ash dispersion
models.

Another explanation for the coarse grain size of the distal Campanian
Ignimbrite andMazama samples relative to the MSH distal tephra is re-
lated to particle shape (Fig. 12). Non-spherical particles have higher
drag coefficients and lower settling velocities than volume-equivalent
spherical particles (Mele et al., 2011; Dioguardi et al., 2017; Saxby
et al., 2018, 2019). The low values of SPHT for distal Campanian Ignim-
brite ash, for example, reflect the high proportion of glass shards and
plates seen in SEM images (Fig. 12b). The higher SPHT values of MSH
1980 tephra, on the other hand, are consistent with SEM images that
Fig. 11. Volume-equivalent sphere diameter Dv vs long axis length L with example extreme Ca
equivalent circle diameter. Square symbols show means (from X-ray CT data, Saxby et al., 20
symbols are individual particle measurements collated in Saxby et al. (2020). Solid line: y
illustrate how the long axis (L) and equivalent circle diameter (Dc) is determined from 2D ima
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show particles that are more elliptical in shape (Fig. 12d). Therefore, it
is likely that the differences in the distal grain sizes (Fig. 10) reflect
both different parameterisations of size and the impact of particle
shape on terminal settling velocities. It is also possible that the differ-
ences in distal median grain size reflect the initial fragmentation pro-
cesses. For instance, the fine-grained MSH ash (Md ~20 μm) has been
attributed to the co-PDC plume formed as a result of the lateral blast
(Eychenne et al., 2015).

Particle density also governs the settling velocity of tephra. Parallel
sieve and CX2 analyses, paired with density measurements, highlight
the non-uniform density distribution in coarse Mazama tephras
(Fig. 8) and provide a qualitative assessment of density across the size
array. Importantly, the density distribution measured for the coarse
Mazama samples (Fig. 8c) differs from the sigmoidal distributions of
clast density that have beenmeasured andmodelled in other tephra de-
posits (e.g., Barberi et al., 1989; Koyaguchi and Ohno, 2001; Bonadonna
and Phillips, 2003; Eychenne and Le Pennec, 2012). Themain difference
is that the maximummeasured density (~2.6 gcm−3) exceeds the glass
density (~2.1 gcm−3), which is often used to approximate the density of
the very fine ash that is typically dominated by glass fragments. Whilst
the high proportion of lithics and iron titanium oxides in the Mazama
tephra contribute to this extreme density value, crystal concentrations
are frequently observed in fallout deposits (Taupo, Walker, 1981;
MSH, Carey and Sigurdsson, 1982; Santa Maria, Williams and Self,
1983) and it is likely that their occurrence could influence interpreta-
tions of GSDs, especially when quantified as mass distributions without
reference to parallel componentry analyses. Moreover, componentry is
often determined from SEM images (Liu et al., 2017; Buckland et al.,
2018;McNamara et al., 2018);without consideration of particle density,
the componentry proportions from SEM images do not map directly to
the proportion of the sample mass. This has implications for methods
that use the proportion of crystals in deposits to calculate erupted vol-
umes (Walker, 1980; Pyle, 1989; Fierstein and Nathenson, 1992;
Scarpati et al., 2014). Whilst crystal and lithic concentrations pose a
challenge for grain size analysismethods, sample density does converge
on the glass density at small grain sizes (distal ash). Understanding
where the transition to stable ash density occurs is important for ash
mpanian Ignimbrite ash shard (circle symbol). A is the 2D area of the particle and Dc is the
20); diamond symbols are from optical measurements (Saxby et al., 2019) and all other
= x, dashed line: y = 2×. The SE image (top right) and binary image (bottom right)
ge analysis. (Vonlanthen et al., 2015; Wilson and Huang, 1979)



Fig. 12. Sphericity distributions and SE images of distal tephras. Sampling distance ranges: Campanian Ignimbrite ~600–2300 km, Mazama tephra ~400–1350, Mount St. Helens
~150–400 km from source. a) Ranges of multiple individual SPHT distributions for each distal tephra suite. b-d) Images collected on the Hitachi S-3500 N SEM at the University of
Bristol in secondary electron mode. Samples were sieved between 90 and 125 μm, mounted on carbon stubs gold coated. Images were collected at 20 kV using a working distance of
~27.7 mm. White bars are 500 μm in all images. Sample name and distance from source: b) Borschevo ~2300 km; c) Andies Prairie (MZ73) 444 km and d) Starbuck (MSH_SB) 314 km
(Supplementary S2).
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dispersion modelling and likely relates to the eruption intensity and
parent magma.

6. Conclusions

Quantifying the size of an irregular shaped particle can be ambigu-
ous and the range of methods available to analyse grain size adds an-
other source of variability to the definition of particle ‘size’ (Bagheri
et al., 2015). The heterogenous nature of tephra, which is often a mix-
ture of components with varied particle densities and shapes, also com-
plicates size analysis. We have shown, however, that dynamic image
analysis methods can provide a useful protocol for characterising the
size and shape of irregular particles. For example, sieving, which is
often considered to sort by size, actually sorts non-spherical particles
by size and shape and the size range within a sieve fraction depends
on the size parameter used (Sanford and Swift, 1971). In contrast, DIA
canmeasure continuously over a large size range andGSDs can be quan-
tified according to multiple size measures. DIA also quantified GSDs as
volume distributions which the facilitates comparisons between DIA
methods and other techniques such as laser diffraction. Using grain
size statistics, we show that both GSDs and the interpretation of GSDs
are sensitive to themethod of particle size analysis. For example, differ-
ent sub-populations may be deconvolved from multi-modal deposits
that have been analysed in different ways. This suggests that caution
14
should be used when comparing GSDs and their statistics for samples
that have been analysed using different methods. Similarly, associating
eruptive processes to grain size sub-populations could be influenced by
the starting GSD and the method of deconvolution.

Our analysis shows that the observed discrepancy between PSDs used
in volcanic ash dispersion models and ground-based GSDs (Bonadonna
et al., 2011; Stevenson et al., 2015) can be explained by a combination
of different analysis methods, different size parameterisations, different
size ranges and the impact of non-spherical particles. For instance, large
distal ash grains often exhibit extreme shapes, that when described
using xFemax or their long axis appear oversized compared to their
volume-equivalent sphere diameter (Saxby et al., 2020). Importantly,
the disparity in size definitions needs to be considered when comparing
model results to deposit data and when using deposit data (GSDs) as
the basis for model PSDs. Characterising the 3D morphology of volcanic
particles and their density is impractical on a large scale, although this
wouldprovide thenecessary information to fully resolve the aerodynamic
properties of tephra. We have shown however, that 2D methods of size
analysis such as DIA can provide insight into the properties of distal ash
and that careful consideration of size methods and the impact of non-
spherical particles have in part explained the differences between the
grain size of distal tephras. This information could be used to inform the
PSDs used by ash dispersion models, especially if predicting long range
ash dispersal is the main goal.
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Appendix A. Review of grain size methods in volcanology

A.1. Coarse sieving

The GSD of coarse (>125 μm) unconsolidated tephra is typically measured by sieving. The tephra is passed through a series of nested sieves where
the aperture size typically decreases on the logarithmic φ or Krumbein scale (Krumbein, 1934) in whole-φ, half-φ or quarter-φ increments where

φ ¼ − log 2d ðA:1Þ

and d is the length of the side of the square aperture inmm. The φ-scale is widely used in sedimentology and volcanology instead of an arithmetic or
linear scale to avoid emphasis of thismass-basedmeasure on the coarse sediment (Blott and Pye, 2001).Manual ormechanical shaking,with orwith-
out the addition of water, is used to segregate the tephra into the individual sieve fractions. The minimum particle ‘size’ (diameter for a sphere)
within a sieve fraction is equal to d. The GSD is then reported as the percentage of the analysedmass (weight percent) retained in each sieve fraction.
Sieving is a low cost and establishedmethod that is often the only available tool formeasuring very coarse size fractions particularlywhilst in thefield
(Folk andWard, 1957;Walker, 1971; Fairbridge and Joanne, 1978). However, sieving does have limitations. Firstly, the sieve size is only equal to the
particle size for spheres. Anisotropic particle shapesmean that clasts do not always pass through the sievemesh according to the same dimension. For
example, flat or elongated particles can be sorted according to their largest or smallest dimension which can vary substantially (e.g., needle like par-
ticles in Katla SILK layers; Saxby et al., 2018, 2020). This means that sieving sorts by both size and shape (Komar and Cui, 1984). Agitation of delicate
tephra when sieving can also lead to clast breakage and alteration of the GSD and particle shape during analysis (Cox et al., 2017) so the reproduc-
ibility of the GSD depends on themethod and duration of agitation. The amount of material sieved affects the ease of GSDmeasurement, particularly
for coarsematerial where large quantities ofmaterial are required to ensure a representative aliquot (Swineford and Swineford, 1946; Sarocchi et al.,
2011; Román-Sierra et al., 2013). Interpretations of GSDs produced by sieving also depend on the sieve interval. Ideally, sieve intervals should be
quarter- or half-φ, because larger intervals present difficulties in computing statistics, especially for fractions >2 mm (−1 φ; Hails et al., 1973).
The grain size range typically covered by sieves is from ~125 mm to 20 μm (Table 1). However, sieving below ~125 μm is challenging as fine sieves
are prone to overloading, and finematerial can form coarser aggregates or loft when agitated meaning that the particles do not pass into the correct
sieve fraction and can be lost. For this reason, other methods are preferred for measuring particles <125 μm.

A.2. Particle sedimentation

An alternativemethod of grain size analysis uses rates of particle sedimentation; this methodmeasures the velocities of particles settling in a fluid of
known viscosity and density and can cover a wide range of particle sizes (~50–5000 μm; Table 1; Gibbs et al., 1971). From themeasured settling ve-
locities, the diameters of dense equivalent spheres that would have the same settling velocities are calculated using an empirical equation (Gibbs
et al., 1971). A variant is the pipette method, which uses water as the fluid and has been used with volcanic tephra (Watanabe et al., 1999;
Wiesner et al., 2004). Another sedimentation method is the Roller apparatus (Roller, 1931; Riley et al., 2003), an air elutriation device that separates
particles according to their settling velocities in air. As with sieving, however, sedimentation methods of grain size analysis indirectly measure the
effects of grain shape, and specifically for these methods, variations in particle density (Sanford and Swift, 1971; Komar and Cui, 1984; Beuselinck
et al., 1998). Moreover, the settling behaviour of fine material (<125 μm) is poorly described by existing settling laws because of aggregation,
Brownian motion (<10 μm) and complex flow and depositional regimes (Rose and Durant, 2009; Brown et al., 2012; Engwell and Eychenne,
2016; Saxby et al., 2018).

A.3. Laser diffraction

Laser diffraction is themost commonmethod used in volcanology to characterise the GSD of finematerial (e.g., Horwell, 2007; Buckland et al., 2018;
Genareau et al., 2019). The sample is dispersed in a liquid (commonly distilledwater) to form a suspension that passes by three lasers with different
wavelengths. The diffraction of the laser beams by the suspended particles is used to calculate particle size by inverting themeasured scattering pat-
tern. TheGSD is then output as a volumedistribution; combining laser diffraction datawith sieve data thus requires estimates of particle density. This
method is rapid (<2min per analysis) and instruments such as theMastersizer 3000 byMalvern Panalytical (formerlyMalvern Instruments Ltd) can
measure a particle size range of 0.01–3500 μm (Malvern Panalytical, 2020). However, themathematical model chosen to resolve the laser scattering
can introduce errors. For example, Mie scattering theory assumes spherical particles and requires an assumption of refractive index. Tephra is very
rarely close to spherical, however, and the refractive index is not routinely measured. Moreover, as tephra is commonly a mixture of crystals, lithics
and glass, one refractive indexwill not be representative of thewhole sample. An alternativemathematicalmodel used to resolve the laser scattering
is the Fraunhofer theory, which assumes particles are flat discs and that the particles only cause diffraction, thus it does not require an assumption of
refractive index (Beuselinck et al., 1998; Cyr and Tagnit-Hamou, 2001). However, the Fraunhofer approximation can overestimate the proportion of
very fine particles (<10 μm) due to this simplification (Cyr and Tagnit-Hamou, 2001).
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A.4. Electrozone sensing

Another method of characterising the GSD of finematerial is electrozone sensing, or the Coulter counter method, which has ameasurement range of
~0.4–1600 μm. This requires that particles are suspended in an electrically conductive fluid. The suspendedparticles are counted as they pass through
an aperture of known diameter which generates a pulse in electrical resistivity that is measured and related to an equivalent sphere diameter based
on the calibration curve of the instrument (Figueiredo, 2006). The resulting GSD can be output either as a number (particle count) or volume (con-
verted from equivalent sphere diameter) distribution. This method has been used tomeasure the GSD of volcanic ash (e.g., Sparks et al., 1983; Carey
et al., 1988; Brand et al., 2016) and has the benefit of being non-optical and therefore not affected by variations in particle opacity or reflectivity. How-
ever, similar to particle sedimentation methods, electrozone sensing methods quantify size as an equivalent sphere diameter and provide no infor-
mation about particle shape.

A.5. Grain size analysis from image analysis

Image analysis is a flexiblemethod for characterising the grain size and shape of coarse- and fine-grainedmaterials. Herewe focus on the application
of image analysis to determine the GSD for fine-grainedmaterials, but there are a number of studies that use image analysis to determine the GSD of
coarse and consolidated volcanic material (e.g., Capaccioni et al., 1997; Sarocchi et al., 2011; Jutzeler et al., 2012). The grain size of fine ash can be
characterised using scanning electron microscope (SEM) images, most commonly collected in secondary electron mode (e.g., Horwell et al., 2003;
Riley et al., 2003; Coltelli et al., 2008; Liu et al., 2015). This method allows simultaneous classification of particle shape and componentry (lithic,
glass or crystal). However, particle imaging using the SEMmay require some sample preparation, such as sieving, to ensure the particles are imaged
at the optimal resolution. Furthermore, large particles may be underrepresented if small sample volumes are used. There is also an assumption of 3D
shape required to convert from 2D images to a GSD in terms of volume % (Sahagian and Proussevitch, 1998). Whilst SEM methods can provide ex-
cellent particle information, such as shape and the proportion of different components, the time required for these analyses (~hours to days) exceeds
that of other methods such as laser diffraction (~minutes per analysis). This may be a disadvantage for some applications of grain size data, for ex-
ample, if being analysed for rapid assessments of tephra hazard during an eruption.
Other image analysismethods use optical imagery. For example, theMorphologi G3 particle analyser byMalvern Panalytical scans and rapidly images
particles that have been dispersed onto a glass plate; size and shape are measured using the built-in software. Similar to SEM analyses, this method
requires that the sample is sieved prior to analysis to ensure optimal particle dispersion and image resolution (Leibrandt and Le Pennec, 2015;
Buckland et al., 2018; Freret-Lorgeril et al., 2019). Studies of cryptotephra (non-visible tephra layers) also quantify grain size using optical imaging
methods; size is typicallymeasured along the longest particle axis (e.g., Palais et al., 1992; Zdanowicz et al., 1999; Stevenson et al., 2015). Here chem-
ical and physical tephra extraction (Dugmore and Newton, 1992; Cooper et al., 2019) is required before tephra shards are counted and imaged using
an opticalmicroscope. However, part of the tephra extraction process involves removing very finematerial bywet sieving (<20 μm)and only a small
number of particles are measured (~100; Stevenson et al., 2015). These aspects of the sample handling, combined with the different size
parameterisation, make cryptotephra GSDs difficult to compare with GSDs from other methods (Cashman and Rust, 2020).

A.6. In situ methods

In situ methods of particle size analysis utilise a variety of the measurement principles used by laboratory methods such as diffraction and image
analysis (Table 1). As with laboratory methods of size analysis, the grain size range and definition of size is unique to each in situ method and instru-
ment. Ground-based radar systems such as the PLUDIX instrument (Scollo et al., 2005; Bonadonna et al., 2011) measure the settling velocity of par-
ticles from ~1000–10,000 μm. The settling velocity is converted into a PSD by assuming sphereswith variable densities (Bonadonna et al., 2011); thus
size is quantified as an equivalent sphere diameter. Optical disdrometers, such as the Parsivel2, also quantify size as the volume equivalent sphere
diameter according to the manufacturers specifications (Kozono et al., 2019; OTT, 2020), however, studies of rainfall found that the measured size
of non-spherical particles is closer to the maximum horizontal diameter (Table 1; Adachi et al., 2013). In situ high resolution 2D imaging of active
tephra fall can measure particles from 62 to 2000 μm; the images can be used to determine multiple size descriptors including minimum and
maximum particle lengths and area equivalent measures (Miwa et al., 2020). Finally, the methods used to determine PSDs from satellite infrared
measurements typically assume that the particles are dense spheres with a constant refractive index and that the scattering can be resolved using
Mie theory; thus the ‘size’ reported refers to a sphere diameter (Wen and Rose, 1994; Pavolonis et al., 2013; Kylling et al., 2014; Stevenson et al.,
Fig. B1. Example of the FWparameters calculated for distalMazama sampleAP1. a) The grain size distributionmeasured using the CX2 quantified as the volume percent in each half-φ size
fraction. b) Cumulative grain size distribution represented as the percentage coarser than the nominal grain size fraction with the interpolated values required for calculating the FW sta-
tistics plotted as black circles.
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2015). Note that the term ‘effective radius’ that is used in remote sensing refers to a log-normal PSD that contains a range of particle sizes rather than
a single particle size (Stevenson et al., 2015).

Appendix B. Grain size statistics and distribution fitting

B.1. Definitions of parameters and probability density functions

The Folk andWard (1957) graphical statistics are calculated using interpolated values from the cumulative distribution function (Fig. B1b). The pa-
rameters are calculated using the formulas below:

μFW ¼ φ16 þ φ50 þ φ84

3
ðB:1Þ

σFW ¼ φ84−φ16

4
þ φ95 þ φ5

6:6
ðB:2Þ

Sk ¼ φ16 þ φ84−2φ50

2 φ84−φ16ð Þ þ φ5 þ φ95−2φ50

2 φ95−φ5ð Þ ðB:3Þ

K ¼ φ95−φ5

2:44 φ75−φ25ð Þ ðB:4Þ

where μFWdenotes the Folk andWardmean,σFW is the standard deviation or sorting, Sk is the skewness and K is Kurtosis.φy is the value inφwhere y
denotes the percentile of the cumulative distribution, e.g., φ50 is the median grain size (Fig. B1b). The values of sorting, skewness and Kurtosis then
correspond to a qualitative classification according to the categories in Table B1.
Table B1

Descriptive terminology corresponding to the Folk and Ward parameters calculated for grain size data on the φ scale.
Sorting (σFW)
V
W
M
M
P
V

Skewness (Sk)
17
Kurtosis (K)
ery well sorted
 <0.35
 Very fine skewed
 +0.3 to +1.0
 Very platykurtic
 <0.67

ell sorted
 0.35–0.50
 Fine skewed
 +0.1 to +0.3
 Platykurtic
 0.67–0.90

oderately well sorted
 0.50–0.70
 Symmetrical
 +0.1 to −0.1
 Mesokurtic
 0.90–1.11

oderately sorted
 0.70–1.00
 Coarse skewed
 −0.1 to −0.3
 Leptokurtic
 1.11–1.50

oorly sorted
 1.00–2.00
 Very coarse skewed
 −0.3 to −1.0
 Very leptokurtic
 1.50–3.00

ery poorly sorted
 2.00–4.00
 Extremely leptokurtic
 >3.00

xtremely poorly sorted
 >4.00
E
FW parameters assume that the GSD is log-normally distributed (normal on the φ-scale). However, GSDs can also be fit to probability density func-
tions (PDFs) directly. When working with grain size data on the φ scale the GSD can be fit using a normal distribution which has the PDF:

f norm φð Þ ¼ 1
σφ

ffiffiffiffiffiffi
2π

p exp −
1
2

φ−μφ

σφ

� �2
" #

ðB:5Þ

where φ is the grain size in φ units, μφ denotes the mean and σφ is the standard deviation. This can be extended to facilitate the fitting of mixture
models where the PDF is described as the sum of multiple normal distributions multiplied by their mixing proportion. For example, the PDF for a
bimodal distribution which is the sum of two normal distributions is:

f bi−norm φð Þ ¼ p1
1

σφ1
ffiffiffiffiffiffi
2π

p exp −
1
2

φ−μφ1

σφ1

� �2
" #

þ p2
1

σφ2
ffiffiffiffiffiffi
2π
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1
2

φ−μφ2

σφ2

� �2
" #

ðB:6Þ

where p1 and p2 are the mixing proportions of each population. When fitting a normal distribution to GSDs on the φ-scale, it must be remembered
that the mean and standard deviation relate to the logarithm of the data and that the GSD is log-normal in linear space. This is an important distinc-
tion because when data follows a log-normal distribution themean, mode andmedian are not equal. Furthermore, data visualisation of GSDs on the
φ-scale can be distorted (Fig. B1a).
It can be preferrable to fit log-normal PDFs directly to grain size data and to work inmetric units as is standard procedure in engineering and aerosol
science (Dartevelle et al., 2002). To fit a log-normal function, the grain size data cannot be on the φ-scale because d must be greater than 0 (Eq. B7).
Therefore, the GSDmust either be output using a linear bin configuration or exponentiated from the φ scale (d= 2-φ). The PDF of a log-normal dis-
tribution is:

f lnorm dð Þ ¼ 1
dσ 0 ffiffiffiffiffiffi

2π
p exp −

ln dð Þ−μ 0ð Þ2
2σ 02

" #
for d>0 ðB:7Þ

where d is the grain size in mm, μ’ denotes themean of the natural logarithm of the data and σ’ is the standard deviation of the natural logarithm of
the data. Using these parameters, the mean (μ), median (Md) and mode (Mo) can also then be calculated:

μL ¼ exp μ 0 þ 1
2
σ 02

� �
ðB:8Þ

MdL ¼ exp μ 0½ � ðB:9Þ



H.M. Buckland, J. Saxby, M. Roche et al. Journal of Volcanology and Geothermal Research 415 (2021) 107257
MoL ¼ exp μ 0−σ 02
h i

ðB:10Þ

where the μL is the mean, MdL is the median and MoL is the mode of the log-normal distribution in mm units. Mixture models of log-normal distri-
butions can also be used to describe GSDs where the PDF is the sum of the PDF of each sub-population multiplied by the mixing proportion:

f bi−lnorm dð Þ ¼ p1
1

dσ 0
1

ffiffiffiffiffiffi
2π

p exp −
ln dð Þ−μ 0

1

2σ 0
1
2

 !2
2
4

3
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1
dσ 0

2

ffiffiffiffiffiffi
2π

p exp −
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2

2σ 0
2
2

 !2
2
4

3
5 ðB:11Þ

Grain size distributions can also be described using a Weibull distribution which has the PDF:

f Weibull dð Þ ¼ k
λ

d
λ

� �k−1

exp −
d
λ

� �k
" #

for d ≥ 0 B:12ð Þ ðB:12Þ

where d is particle diameter in mm, k is the shape parameter and λ is the scale parameter. Similar to the log-normal distribution, theWeibull distri-
bution cannot be fit to grain size data on the φ-scale so the GSD must be quantified in mm. GSDs can also be fit with mixtures of Weibull PDF, for
example the PDF of a bimodal Weibull distribution is:

f bi−Weibull dð Þ ¼ p1
k1
λ1

d
λ1

� �k1−1

exp −
d
λ1

� �k1
" #

þ p2
k2
λ2

d
λ2

� �k2−1

exp −
d
λ2

� �k2
" #

ðB:13Þ

where p1 and p2 are the mixing proportions, k1 and k2 are the scale parameters, and λ1 and λ2 are the scale parameters.
The mean, median and mode of the Weibull distribution can be calculated from the shape and scale parameters using the equations:

μW ¼ λ∙Γ
1
k
þ 1

� �
ðB:14Þ

MdW ¼ λ ln 2ð Þ1k ðB:15Þ

MoW ¼ λ 1−
1
k

� �1
k

ðB:16Þ

where the μW is the mean, Γ is the gamma function, MdW is the median and MoW is the mode in mm units.

B.2. Methods of fitting distributions

GSDs are reported as histograms, in other words, the individual particle sizes are not known the proportion of the total mass or volume of particles is
knownwithin a grain size range. This is why graphical parameters and themethod of moments have been favoured (Folk andWard, 1957; Blott and
Pye, 2001) as they can be easily calculated from binned data. An alternative approach is to find the best fit parameters of a chosen function (e.g., log-
normal or Weibull) using least squares regression, typically by fitting the cumulative density function (e.g., Macias Garcia et al., 2004). Another
method is to simulate measurements of individual particle sizes based on the proportionwithin each grain size bin, which facilitates the use of max-
imum likelihood estimation methods.
For this contribution we have used the latter approach of simulating data based on themeasured GSD (Fig. B2). We chose this approach because we
found that the least squares regression approachwasmore sensitive to the grain size bin configuration thanmaximum likelihood estimates.We sim-
ulate the grain size data by assuming that the weight or volume percent within each grain size bin is equivalent to the number or frequency of mea-
surements (n). We then generate a uniform distribution of grain size measurements, where the number of measurements is equal to m and the
absolute value ranges between the minimum and maximum size of the bin. This simulated dataset can then be used to fit a range of PDFs.
Fig. B2. Simulated grain size data for distal Mazama sample AP1 fit with a) normal; b) log-normal and c)Weibull probability density functions. The coloured segments correspond to >1
standard deviation, so the blue shaded area contains 27.2% of the distribution (±1 to 2σ) and the red shaded area contains 4.6% of the distribution (>2σ).
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Fig. B3. Simulated grain size data for distal Mount St Helens sample SB fit with bimodal a) normal; b) log-normal and c) Weibull probability density functions. The coarse and fine sub-
populations are indicated by the coloured PDFs with themode, mean andmedian of each population also indicated by corresponding lines. The solid black line is the bimodal distribution
according to Eqs. B6, 11 and 13.
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We fit log-normal andWeibull distributions to the simulated data using the ‘fitdistrplus’ package in R (Delignette-Muller and Dutang, 2015). An ex-
ample of a normal, log-normal andWeibull distribution fit to a unimodal grain size distribution (distal Mazama) is shown in Fig. B2. We fit bimodal
distributions using the ‘mixfit’ function from the ‘mixR’ R package (Yu, 2018) with example fits shown in Fig. B3 (distal MSH).

In the main text, we report the FW parameters and the parameters of bimodal normal distributions fit to data on the φ-scale (Eq. B6) to allow com-
parisons with previously published grain size statistics. This also avoids any confusion that might arise from comparing Weibull parameters deter-
mined by different fitting methods (e.g., DECOLOG; Eychenne et al., 2015).

Appendix C. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jvolgeores.2021.107257.
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