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Abstract Here, we introduce a new quantitative method to
produce grain shape data of bulk samples of volcanic ash, and
we correlate the bulk average grain shape with magma frag-
mentation mechanisms. The method is based on automatic
shape analysis of 2D projection ash grains in the size range
125–63 μm. Loose bulk samples from the deposits of six
different basaltic eruptions were analyzed, and 20,000 shape
measurements for each were obtained within ~45 min using
the Particle Insight™ dynamic shape analyzer (PIdsa). We
used principal component analysis on a reference grain dataset
to show that circularity, rectangularity, form factor, and elon-
gation best discriminate between the grain shapes when com-
bined. The grain population data show that the studied erup-
tive environments produce nearly the same range of grain
shapes, although to different extents. Our new shape index
(the regularity index (RI)) places an eruption on a spectrum
between phreatomagmatic and dry magmatic fragmentation.
Almost vesicle-free Surtseyan ash has an RI of 0.207 ± 0.002
(2σ), whereas vesiculated Hawaiian ash has an RI of
0.134 ± 0.001 (2σ). These two samples define the end-
member RI, while two subglacial, one lacustrine, and another

submarine ash sample show intermediate RIs of 0.168 ± 0.002
(2σ), 0.175 ± 0.002 (2σ), 0.187 ± 0.002 (2σ), and
0.191 ± 0.002 (2σ), respectively. The systematic change in
RI between wet and dry eruptions suggests that the RI can
be used to assess the relative roles of magmatic vs.
phreatomagmatic fragmentation. We infer that both magmatic
and phreatomagmatic fragmentation processes played a role in
the subglacial eruptions.
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Introduction

Hazard evaluations of explosive eruptions are often based on
information extracted from the geological tephra record. The
significant differences between the hazards posed bymagmat-
ic and phreatomagmatic eruptions of basaltic magmas (e.g.,
Nemeth and Cronin 2011) mean that fragmentation is a key
parameter, which is routinely studied on the basis of tephra
grain morphology (e.g., Murtagh and White 2013; Dellino
et al. 2012; Graettinger et al. 2013; Cioni et al. 2014; Miwa
et al. 2015). To obtain interpreter-independent results, most
methods are based on quantitative analysis of grain morphol-
ogy (e.g., Leibrandt and Le Pennec 2015; Liu et al. 2015a;
Genareau et al. 2013; Proussevitch et al. 2011; Büttner et al.
2002; Maria and Carey 2002), but current fragmentation clas-
sification methods cannot match observations of complex
fragmentation events (e.g., Graettinger et al. 2013; Jordan
et al. 2014). Therefore, we have developed a new quantitative
method for studying the fragmentation processes of basaltic
tephra deposits. It automates shape parameterization for ash in
the size-range 125–63 μm for small samples with good repro-
ducibility. The classification diagram models only the
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particles actively involved in the explosion and provides a
quan t i t a t i v e s p e c t r um be tween magma t i c and
phreatomagmatic fragmentation to allow for a more complex
fragmentation evaluation.

Background of grain morphology and fragmentation

Tephra grain morphology has been linked to magma fragmen-
tation by two different approaches. One is volcanological and
combines grain morphology with eruption types and volcanic
processes. It distinguishes between magma fragmentation by
either magmatic volatile exsolution (magmatic) or by explo-
sive interaction with external water (phreatomagmatic), thus
focusing on fragmentation drivers (e.g., Heiken 1972; Dellino
et al. 2012; Murtagh and White 2013). The other approach is
mechanical and describes magma fragmentation in fluid dy-
namic terms as either brittle or ductile deformation (e.g.,
Büttner et al. 2002; Dürig et al. 2012). The volcanological
approach is typically used in studies of field samples of tephra,
while fluid dynamic approaches are often preferred in exper-
imental studies.

The volcanological morphology framework

The systematic features that link tephra morphology to erup-
tion types were based on overall grain shape and surface fea-
tures derived from SEM imagery (Heiken 1972). For the mag-
matic fragmentation scheme, it characterized ash from fire
fountains as whole smooth-skinned rounded droplets, elongat-
ed strands (Pele’s hairs), and broken, ragged, and irregular
droplets (Heiken 1972). For magmatic Strombolian activity,
Heiken (1972) noted equant grains, which contained ovoid to
spherical vesicles.

Another classification ties grain morphology to the mag-
matic volatile exsolution processes by defining simple and
complex particles (Proussevitch et al. 2011). Simple ash par-
ticles have full-length curved sides representing bubble walls
and represent the plateau border between three or more bub-
bles. Complex particles have indents from more bubbles on
their surface and result from the breakage of larger bubbles.
Complex particles are larger than the simple particles and for
proximal basaltic samples they range in size from 50 μm and
up (Genareau et al. 2013), while simple particles dominate the
finer ash.

Phreatomagmatic eruptions produce blocky, mostly
equant, grains with planar to curvi-planar faces, smooth or
stepped surfaces, and faces meeting at nearly right angles
(Heiken 1972; Wohletz 1983; Büttner et al. 2002). Vesicles
are scarce and usually spherical (Heiken 1972, 1974). Other
characteristic morphology traits include moss-like and platy
textures, which are usually found in grains smaller than 63μm
(Wohletz 1983).

Graettinger et al. (2013) showed that magmatic gas-driven
explosions could trigger phreatomagmatic ones and vice versa
creating feedback loops between these two fragmentation
types. This explosion facilitation creates highly complex de-
posits, which can be difficult to interpret in terms of a main
fragmentation process (Jordan et al. 2014), though volcano-
logical morphology studies of ash still characterizes deposits
as either magmatic or phreatomagmatic (e.g., Murtagh and
White 2013; Jordan et al. 2014).

The fluid dynamic morphology framework

This experimental perspective highlights the important dis-
tinction between passive and active particle formation
(Zimanowski et al. 1997a; Büttner et al. 2002; Dürig et al.
2012). Active particles are produced directly in the explo-
sion whereas passive particles are not. Molten fuel-coolant
interaction (MFCI) experiments show that the active parti-
cles are angular (blocky) and crack-dominated particles
less than 130 μm in size related to brittle fragmentation
(Zimanowski et al. 1997a; Büttner et al. 2002). Passive
particles are related to ductile fragmentation and consist
of spherical and elongated drops and broken strands
(Zimanowski et al. 1997a).

Connecting volcanological and experimental data

Phreatomagmatic eruption deposits have been associated with
blocky grains inferred to represent the active MFCI particles
(Wohletz 1983; Zimaowski et al. 1997a), but blocky particles
can also be formed passively by quench granulation in a non-
explosive interaction with water. Quench granulation is
caused by brittle failure of the material as it contracts during
cooling and produces grain sizes around coarse ash to fine
lapilli (Mastin et al. 2009; Schipper et al. 2011b; Graettinger
et al. 2013). Furthermore, natural brittle fragmentation in-
volves fragmentation of prestressed material (Dürig et al.
2012) and cannot solely be attributed to MFCI.

Passive particles are placed in the magmatic morphology
scheme although they are also created in MFCI explosions
(Zimanowski et al. 1997a; Wohletz 1983). Thus, active and
passive particle classes cannot be directly equated to volcano-
logical morphology suites.

For hazard assessment purposes, the active particles gener-
ated by the explosion are the important ones. Therefore drops,
hairs, and blocky passive shapes should be removed from the
dataset, as they are passive particles. The data of Genareau
et al. (2013), Graettinger et al. (2013), Büttner et al. (2002),
and Wohletz (1983) suggests that the optimal size interval of
volcanic ash particles for studying active eruption fragmenta-
tion is between 3 and 4 φ (125–63 μm).
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Method background

Automatic shape analysis

Interpretation of qualitative grain morphology is largely
subjective and interpreter dependent (Sheridan and
Marshall 1983) and therefore quantitative shape parame-
ters were developed to remove interpreter bias. Leibrandt
and Le Pennec (2015) and Liu et al. (2015a) have given
extensive reviews of both the history and nomenclature of
shape parameters and only highlights will be repeated
here.

Dellino and LaVolpe (1996) used image parameter analysis
(IPA) and constructed four dimensionless parameters, which
were assigned to the 2D projection of the selected tephra par-
ticles on photographs and SEM images by automated image
analysis software. Using multivariate data analysis, the four
parameters were combined to a 2D diagram to distinguish
between ductile and brittle fragmentation (passive and active
particles) (Buttner et al. 2002). Murtagh and White (2013)
added a magmatic/phreatomagmatic fragmentation regime
boundary to the diagram.

The IPA shape parameters relate to properties of the
tephra particle as a whole such as length/width, area, and
perimeter. These metrics are measured in raster-based im-
agery-counting pixels. To obtain stable bulk average re-
sults, around 1000–1500 particles should be analyzed per
sample (Leibrandt and Le Pennec 2015). The shape param-
eters are more or less sensitive to image sharpness, resolu-
tion, and pixel classification model. The least-sensitive pa-
rameters are area and length, which receive the largest
contribution from the unambiguous pixels within the
grain and converge towards a single best estimate value
with increasing resolution. Liu et al. (2015a) have found
a minimum resolution of 750 pixels/particle to get stable
area and length parameters. Perimeter, however, is calcu-
lated from ambiguous edge pixels and thus highly resolu-
tion and pixel-smoothing dependent. Perimeter values of
tephra increase with increased resolution (Maria and Carey
2002), which suggests a fractal/pseudo-fractal behavior of
the perimeter (e.g., Dellino and Liotino 2002; Maria and
Carey 2002). This is used in the fractal method of morphol-
ogy classification (e.g., Dellino and Liotino 2002; Maria
and Carey 2002, 2007; Perugini and Kueppers 2012), but
the method has not yet been automated for large grain
capacities.

3D shape analysis is yet another branch of morphology
studies currently being developed with promising results, but
it remains laborious, costly, and can only produce data on a
few grains at this stage (Bagheri et al. 2015).

Thus the 2D projection method remains the fastest,
most cost effective, and widely used (Leibrandt and Le
Pennec 2015).

The IPA shape parameters

To aid interpretation, 2D particle metrics are mostly described
by geometric shapes; i.e., circles, rectangles, ellipses, or poly-
gons. Directly constructed grain geometries include
circumscribing circles, ellipses, rectangles, or polygons. A
group of model geometries translates some of the particle
properties (length, width, area, or perimeter) into simple shape
models by constructing, for example, a circle with the same
area or perimeter as the grain. The geometric shapes are intu-
itive to interpret and to compare with the measured particle
metrics by the IPA parameter formulas (Table 1). To be able to
compare different grain sizes, IPA parameters are often con-
structed to be dimensionless and some have values between 0
and 1.

Unfortunately, due to differences in software and nomen-
clature in the literature, 2D shape parameters have no standard
reference. Parameters with the same name can be defined
differently in different studies and conversely parameters cal-
culated in the same way may bear different names across
different publications. The nomenclature in this paper follows
the PIdsa software, but otherwise following Liu et al. (2015a).

Connecting tephra morphology and shape parameters

Complex tephra grain morphology cannot be uniquely cap-
tured by one single shape parameter (Liu et al. 2015a).
Instead, it can be divided into three main types of shape var-
iation, which are captured by different groups of shape param-
eters (Liu et al. 2015a). One group deals with the dimensions
of the grain in terms of elongation expressed as aspect ratio.
Another group (themorphology roughness of Liu et al. 2015a)
deals with the overall geometric shape of the grain seen as
either larger bubble walls or straight breakage faces defining
the outline of the tephra grain. It is best evaluated by compar-
ing the area of the particle with the area of a model geometric
shape (circle, ellipse, rectangle, or convex hull). The last
group (textural roughness of Liu et al. 2015a) deals with sur-
face perturbations, such as small vesicles or breaking steps on
the grain surface that do not change the overall geometry and
is measured by perimeter parameters.

Tephra morphology can then be described by using a pa-
rameter from each group; elongation, morphology roughness,
and textural roughness. However, elongation and morphology
roughness are determined from length and area measures,
which are stable in high-resolution raster imagery, but textural
roughness is perimeter derived and is thus dependent on
sharpness and resolution (Leibrandt and Le Pennec 2015).
The specific choice of parameters depends on the analytical
settings, software output, particle orientation, and resolution
and should always be considered carefully for each experi-
mental setup.
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Method

Sample selection

Samples of five basaltic tephra fall deposits were collected from
multiple different volcanic settings in Iceland (Fig. 1) and one
sample site from Jan Mayen Island, Norway. Sample informa-
tion is presented in Table 2. The deposits were carefully chosen
to avoid samples that may have been altered by erosion or
transport. The Katla and Grimsvötn tephra layers were sampled
from themiddle unit of a series of several consecutive fall units.

The Karl sample was chosen from a cm thick fall unit in the
deposit and the Hverfjall deposit was sampled on the crater rim
to ensure that no flow transport had affected the grains. The
tephras have similar SiO2 contents ranging from 46.5 to
49.7 wt.% (Table 2) and contain only scarce phenocrysts and
microlites. They are therefore ideal for comparing the tephra
populations from different eruptive settings.

Sample preparation

Samples were dried at 50 °C and carefully hand sieved dry
through a 125 μm (3 φ) and a 63 μm (4 φ) sieve. Small
subsamples were mounted on carbon tape on a Hitachi
12.5 mm sample stub, were gold coated and then studied in
a scanning electron microscope (SEM) to look for erosion
features on the grains and get a qualitative overview of grain
types (see Electronic supplementary material Fig. 1). Erosion
features were not observed.

Image analysis

Fifty to ninety milligrams of sieved bulk sample was run on
the Particle Insight™ dynamic shape analyzer (PIdsa). The

Fig. 1 Map of Iceland showing the source locations of the sampled
eruptions

Table 1 Shape parameter overview and definitions from the PIdsa
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The 25 parameters used in this study are described by shapemodel and shape name, and equations are shownwhere relevant. See additional comments in
text about shape models and parameters. Additional used parameters from other studies are shown beneath the relevant references
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analyzer circulates a fluid containing the suspended grains
though a lens in front of a camera, which captures 30
frames/s. Images have a resolution of 0.858 μm/pixel, which
translates to a resolution range of 16,600 to 4200 pixels/parti-
cle for the chosen grain size. The images are processed as
binary images and analyzed automatically by the PIdsa soft-
ware. Predefined grain rejection criteria such as size, shape,
darkness, and focus can be used to ensure data quality. We
used a darkness threshold of 0.8 for grain detection and a
circularity rejection of 0.98 to reject air bubbles created in
the fluid from the dataset. Up to 28 shape parameters are
reported on each analyzed grain and sample photos with grain
data are available as well as general sample average statistics.
For more information on the general setup, we refer to the
PIdsa website.

We used a setup that generated 25 parameters on 20,000
grains for each sample (see Table 1). Many particle images are
out of focus because the photos are taken while the grains are
flowing, and samples were run with 90% focus rejection in
order to ensure high image quality. Individual grain data were
exported for grains with an equivalent area circle diameter
(see Table 1) larger than 63 μm. The area-based size cutoff
is also used to ensure a minimum of 4000 pixels/particles,
which is much larger than the minimum of 750 pixels/
particle recommended by Liu et al. (2015a).

Shape parameters

The shape parameters are grouped into five overall shape
models: circular, rectangular, ellipsoid, convex polygonal
shape, and fiber (see Table 1). A short overview of each is
given here.

The circular model converts the irregular grain into an equi-
axis model, which is intuitive to interpret and easy to compare
with other grains in terms of size, for example. This may also
be convenient for tephra fall models that assume all particles
are spheres. Different circle models are constructed either
using equal area or perimeter of the grain or as a shape-
bounding circle. All models are rotation independent.

The rectangular model is a single model based on the
bounding rectangle yielding a length, width, and aspect ratio.
A smallest rectangle is fit to the particle regardless of rotation,
and it is thus orientation independent.

An ellipsoid model is built to better take particle shape
irregularity into account. Analogous to the circular model,
the ellipse has an equal area and a bounding model. The chal-
lenge of the ellipsoid model is that many major and minor
axes can be defined from a specific area. To guide the choice
of axes, the software chooses the axes with the same aspect
ratio as the bounding rectangle and the actual amount of new
information is thus very limited. This model is rotation
dependent.T
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The polygon model is based on the convex hull shape and
measures polygon order (i.e., number of sides on the fitted
polygon) and convexity based on convex hull area. This mod-
el is also rotation independent.

The irregular model provides the caliper measures of Feret
length and width, which are the smallest and largest possible
distance between two parallel lines, and are thus by this def-
inition rotation invariant (as opposed to other definitions in the
literature of maximum and minimum pixel distances).

The fiber model is mostly intended for industrial use and
uses a simple algorithm to straighten out long thin curved
particles to rectangles.

We only discuss dimensionless parameters such as aspect
ratio, form factor, and circularity (Table 1) because we are
interested in the parameter changes between irregular mag-
matic grains and regular blocky phreatomagmatic grains and
not the size diversity. However, because each dimensionless
parameter only captures a limited amount of shape change, it
is useful to analyze and combine the shape parameters to ob-
tain as much shape information as possible while keeping it
graphically simple.

Building a reference grain dataset and modeling shape
parameters

Thumbnail images from the six samples were used to identify
and define a reference grain dataset. Initial qualitative obser-
vations indicate that the grains could not be divided into strict-
ly blocky or vesicular grains. Some grains were blocky with
no visible vesicles, but other grains had overall blocky shapes
with bubbles disrupting the outline to a greater or lesser extent.
Thus, grains with greater numbers of bubbles, or fewer larger
bubbles, grew progressively more irregular (also observed by
Liu et al. 2015a). There was no clear cutoff at which the grains
went from generally blocky to generally irregular. Grains were
therefore divided into four different classes: blocky, blocky-
vesicular, vesicular, and elongate, based on their projection
outlines (see Table 3). Blocky grains have a clearly regular
outline. Vesicular grains have a clearly irregular outline.
Blocky-vesicular grains have an overall blocky shape with a
more or less irregular outline. The elongated grain class has a
clear elongated appearance.

We assigned 75 grains to each class and then used the
standard deviation normalized reference grain dataset for prin-
cipal component analysis to identify the most important vari-
ation parameters for separating different grain types. Variation
diagrams for the eruption bulk samples were subsequently
generated based on the principal component analysis results.

The principal component analysis was run with a six non-
dimensional parameter setup. Twenty of the reported parame-
ters were related to the grain size variation between 63 and
125 μm (lengths, widths, and diameters, see Table 1) or re-
dundant aspect ratio measures. They were therefore removed

from the initial 26-parameter setup before the principal com-
ponent analysis. The six parameters used were circularity,
form factor, rectangularity, polygonal order, convexity, and
Feret aspect ratio (see Table 1).

Results

Principal component analysis and parameter selection

The principal component analysis (PCA) shows that 96% of
the data variance could be expressed by four components
(Table 4). The first component, particle elongation, captures
62.24% of the variance. As particles get more elongated, the
area-to-perimeter ratio changes as does the length-to-width
ratio. The area-to-perimeter ratio change is tracked by form
factor and circularity, while the length-to-width ratio change is
found in the changing aspect ratio. Therefore, form factor,
circularity, and aspect ratio contribute most to the first com-
ponent (Table 4). However, elongation is best expressed by
the particle aspect ratio, as form factor and circularity are also
very sensitive to roughness changes, for example.We used the
Feret aspect ratio because it is directly measured on the parti-
cle and is rotation invariant as measured by the PIdsa. This
parameter alone efficiently separates the elongated grains
from the rest (Fig. 2a).

The second most prominent variation (17.45%) was the
change from regular to irregular morphology—or blocky to
vesicular morphology (Fig. 2a). Rectangularity stands out as
the primary contributor to this second component (Table 4),
and it is one of the parameters that measure the overall shape
of the grain by comparing the area of the particle with the area
of the smallest bounding rectangle. This fits with the observed
component trend in Fig. 2a.

Convexity, commonly known as solidity (Cioni et al. 2014;
Liu et al. 2015a), and polygonal order describe the remaining
shape variation of the reference grain population as the third
component (9.52%) and the fourth component (6.88%)
(Fig. 2b, c). Both parameters are related to the convex-hull
shape of the particles and express the complexity of the overall
grain geometry. However, the convexity variation is caused by
a group of elongated grain outliers with very low convexities.
This grouping cannot be correlated with other parameters or
visual specifics. We interpret it as an image analysis error with
regard to this specific parameter. Furthermore, when taking
components 3 and 4 into account, it becomes clear that they
do not reflect a morphology change from blocky to vesicular
grains and instead their variation is perpendicular to the
blocky-vesicular trend as seen on Fig. 2b, c.

Other parameters contribute essential information about
irregularity shown by the trend from blocky to vesicular
grains. Both circularity and form factor make important con-
tributions as mentioned in the discussion of component 1.
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Figure 2 shows that both form factor and circularity follow the
blocky to vesicular grain trend in all diagrams. Circularity, like
rectangularity, evaluates the overall morphology by compar-
ing the area of the particle with the area of the bounding circle.
The more regular, compact and equant a particle is, the closer
both circularity and rectangularity are to 1. The form factor
takes the smaller irregularities of the outline into account by
comparing the particle’s perimeter with the perimeter of a
circle with the same area as the particle. Notice that elongated
particles will have a very low form factor in spite of their
smooth, regular outline. This is because by definition they
are not equant. Following the examples of others (e.g.,
Dellino and La Volpe 1996), we combined the three parame-
ters into a single factor to contain all the information in a

simple 2D diagram. We call it the regularity parameter, be-
cause it accounts for both the outline and overall shape aspects
of regularity variation. It is defined as:

Regularity parameter ¼ Circularity� Rectangularity

� Form factor: ð1Þ

Circularity ¼ 4Aparticle

πd2BC
ð2Þ

Rectangularity ¼ Aparticle

lBRwBR
ð3Þ

Form factor ¼ 4πAparticle

P2
particle

ð4Þ

Table 3 Grain type morphology overview

PIdsa and SEM images are shown of a typical grain from each grain type, and the descriptive characteristics are given. For the PIdsa grains, the regularity
parameter, Feret aspect ratio, and convexitymeasures are given for the showngrains. Themean radius diameter is given for size comparison. Finally, an overview
of the parameters for the reference grain type groups is given stating the range of the given parameters as well as the arithmetic average for the grain type

Table 4 Principal component coefficients for all variables and percent of variance for each principal component

Comp 1 Comp 2 Comp 3 Comp 4 Comp 5 Comp 6

Circularity 0.487 −0.0066 −0.2922 −0.1814 −0.0146 0.8027

Form Factor 0.4726 0.1214 −0.2011 −0.2891 0.6843 −0.4118
Rectangularity 0.1627 0.9023 0.1778 −0.1445 −0.3204 −0.065
Polygonal order 0.4168 0.0837 0.0201 0.902 0.0601 −0.04
Convexity 0.3583 −0.2496 0.8822 −0.161 0.0277 0.0659

Aspect ratio −0.4592 0.3189 0.2527 0.1522 0.6515 0.4195

Percent of variance 62.2421 17.4474 9.5186 6.8809 2.3823 1.5287

Ninety-six percent of the reference grain variation is described by components 1 to 4
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Regularity parameter

¼ 4Aparticle

πd2BC

Aparticle

lBRwBR

4πAparticle

P2
particle

16A3
particle

¼ d2BClBRwBRP2
particle

ð5Þ

where Apa r t i c l e = area of the part icle project ion,
Pparticle = perimeter of the particle projection, dBC = diameter
of the circle bounding, but not intersecting the particle projec-
tion, lBR = length of the rectangle bounding, but not
intersecting the projection, and wBR = width of the rectangle
bounding, but not intersecting the projection. All components
of the regularity parameter are ratios from 0 to 1 and thus the
regularity parameter is also a ratio ranging between 0 and 1.
Regular, equant particles with smooth edges score close to 1
whereas irregularly shaped particles score close to 0.

The change from regular to irregular tephra grains reflects a
change from blocky to vesicular and then to elongated grains.
The form factor is very sensitive to the jagged irregular outline
of vesicular grains and the high perimeter to area ratio of
elongated grains. All three parameters are sensitive to the
overall morphology change from compact blocky equant
grains to irregular vesicular and elongated grains. The regu-
larity parameter is therefore good for distinguishing between
blocky and vesicular particles (Table 3; Fig. 3a).

Particle insight shape analyzer data reproducibility

The PIdsa was not specifically designed to run tephra samples
and the stability of the shape parameter output was tested by six
runs of the same sample under the same conditions. Standard
deviations on the means of the dimensionless parameters of cir-
cularity, rectangularity, form factor, convexity, and Feret aspect
ratio range from 0.07% to 0.23% (Table 5). This translates into a
standard deviation of 0.77% for the regularity parameter
(Table 5). The same parameters were tested for normality with
normal probability plots, and all show normal distributions for a
minimum of 99% of the distribution (Electronic supplementary
material Fig. 2). t tests were used to test for dissimilarity between
adjacent sample runs as well as sample runs with the largest

difference in parameter mean value. p value recommendations
of Johnson (2013) were followed, so p values <0.005 reject the
null hypothesis (Table 5). Only 2 of the 36 t tests resulted in a
rejection of the null hypothesis. Based on the low standard devi-
ations and the t test results, the data are considered reproducible.

Statistical verification of grain types

T tests between all reference grain types were performed to test if
the grain types are statistically significantly different (Table 6).
All results of regularity parameter, form factor, and circularity
reject the null hypothesis and are thus successful in
distinguishing between shape types. Rectangularity for blocky-
vesicular and vesicular grains is not statistically dissimilar. This is
also true of the Feret aspect ratio t test of blocky-vesicular and
elongated distributions. However, the overall result of the t tests
show that the regularity parameter combined with the Feret as-
pect ratio is effective in separating the grain types.

Statistical significance of different deposits

Finally, all the samples were compared with each other by t
tests of the shape parameter circularity, rectangularity, form
factor, Feret aspect ratio, and regularity parameter. Only 6 of
the 75 t tests reject the null hypothesis, and the 6 eruption
samples are considered significantly different in terms of their
shape parameters.

The regularity index

Based on the results of the PCA, we constructed a classifica-
tion diagram using the Feret aspect ratio and the regularity
parameter (Fig. 3a). The plot quantitatively characterizes the
ash from the different eruption environments. It is possible to
separate blocky, vesicular, and elongated reference grains
(Fig. 3a), although adjacent shape groups overlap due to tran-
sitional grains. These transitional grains become important
when the whole sample grain morphologies are plotted

a b c

Fig. 2 Principal component analysis for six variables on the reference grain dataset. a Principal component 2 vs. 1. b Principal component 3 vs. 1. c
Principal component 4 vs. 1. See text and Table 4 for additional comments
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(Fig. 3b) and individual grain types cannot be distinguished.
Cutoff values for grain types are given in Table 3 based on the
300 reference grains.

In order to focus the quantitative study on the active ash
particles generated by the explosion, elongated grains gener-
ated by ductile fragmentation (Büttner et al. 2002) were

Fig. 3 a All reference grains
plotted with regularity against
elongation. Graphical average
lines through (0,0) show the
difference between grain types as
inclinations of the slope. b
Showing grains from the
Fimmvördurhals sample in a
Bregularity against elongation^
plot. Elongated grains have been
removed. A graphical average
line with manipulated starting
point is shown to illustrate the
average regularity of the whole
population. c All sample average
lines plotted in a plot similar to (b)
and showing the regularity index
of each eruption deposit. d
Correlating regularity index,
percentage of elongated grains,
and geochemistry. See text for
additional comments

Table 5 Reproducibility tested by running the same subsample consecutively six times

Reproducibility and dissimilarity Circularity Form factor Rectangularity Convexity Feret aspect
ratio

Regularity
factor

Regularity
index

Mean of sample means 0.642045427 0.68149016 0.703576096 0.893492635 1.466746758 0.289339024 0.19615a

Standard deviation, all runs 0.000770942 0.001555488 0.000473191 0.000607576 0.002284821 0.002224955 0.000992891

Standard deviation 0.120% 0.228% 0.067% 0.068% 0.156% 0.769% 0.506%

t test 2–2, 2–3 0.598571526 0.000128061 0.859760127 0.268307558 0.541316593 0.027402511

t test 2–3, 2–4 0.806764454 0.658252344 0.396769053 0.898315488 0.482365366 0.816127473

t test 2–4, 2–5 0.636078303 0.791632872 0.548264641 0.24455235 0.974518866 0.816502623

t test 2–5, 2–6 0.24897216 0.484885537 0.995892164 0.474223264 0.291492419 0.340340108

t test 2–6, 2–7 0.045237502 0.122738053 0.044922286 0.679838823 0.026149296 0.043885719

t test between samples with
largest difference in mean

0.045237502
(2–6, 2–7)

7.58856E-05
(2–2, 2–7)

0.046570228
(2–5, 2–7)

0.150868397
(2–4, 2–7)

0.026149296
(2–6, 2–7)

0.199501127
(2–2, 2–6)

The low standard deviations all below 1% show a good precision of the method. t tests were also performed on consecutive runs and on runs with the
largest difference in the mean of the parameter. Only two tests show dissimilarity of a single parameter (<0.005) (Johnson 2013)
aMean of the regularity index of all runs
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removed by the cutoff values in Table 3. An important obser-
vation is that all eruption deposits contain the whole spectrum
of grain types within the measured grain size interval (see
Electronic supplementary material Fig. 3). Therefore, the
sheer amount of data points in each plot (around 15,000–
17,000 points) makes any visual distinction impossible. To
quantify the difference, we have projected the points onto a
line through (0.0) using a linear regression. The line serves as
a graphical average of the distribution, and the slope is a mea-
sure of the average regularity of the grains. The (0.0) con-
straint has been invoked so all the lines have the same starting
point and the slope of the lines are directly comparable. We
also prefer to have a positive slope, so it follows the same
logic as the shape change. The higher the regularity parameter
of a grain the higher it plots in the diagram. Thus, the more
regular and blocky a grain population is, the steeper the slope
is and the higher the slope value is. Conversely, a population
with very jagged, elongated, and irregular grains will have a
much flatter regression line and a lower slope value. We have
termed the slope value the regularity index (RI) and we note
the slope is strictly a modeling tool that is used to quantify the
relative amounts of blocky vs. vesicular and elongated grains.

Values of the RI of the six samples are given in Fig. 3c. The
sample with the most irregular grains is the Fimmvörduhals
fire fountain sample, which has the lowest RI of 0.134 ± 0.001
(2σ). Then follows the subglacial tephra samples from the
Grimsvötn and the Katla eruptions, which have intermediate
RIs of 0.168 ± 0.002 (2σ) and 0.173 ± 0.002 (2σ), respective-
ly. The highest RI (0.207 ± 0.002 (2σ)) is exhibited by the
sample of the Surtseyan eruption in Eggoya, Jan Mayen,
whereas the sample from other Surtseyan eruption of Karl
shows a slightly lower RI of 0.187 ± 0.002 (2σ). The latter
is comparable with the tephra from the wet fissure eruption
sample from Hverfjall, which has a RI of 0.191 ± 0.002 (2σ).
There is no apparent correlation between the fraction of elon-
gated grains and the RI (Fig. 3d). However, there is a tentative
correlation between geochemistry and RI for same eruption
environments. In the submarine environment the alkalic
Eggoya sample has a higher index than the tholeiitic Karl

sample. Between the subglacial samples the trans-alkalic
Katla sample has a slightly higher index than the tholeittic
Grimsvötn sample.

Discussion

Points of awareness using the PIdsa method

The sheer rapidity (20,000 grains in about 30–45 min) makes
this method attractive and useable. The equipment is small,
easy to run, and requires only simple sample preparation. Its
main advantage is that it characterizes many grains from ran-
dom angles, which allows for more accurate and complex
grain shape models. However, it is clear upon examining re-
sults and thumbnail images that the use of a moving medium
involves some challenges. Firstly, each sample should run for
a limited time only. Small grains may start to wash out from
the larger grains and thereby change the optical properties of
the fluid slightly. Using wet sieving methods or prewashing
the dry-sieved samples can resolve the issue to some extent, so
samples can run for longer if needed.

Another challenge is defining the dark threshold and the
camera gain. There is a balance between detecting clear grains
and getting a well-defined dark-grain outline. This will mostly
be a challenge for samples with transparent tephra grains such
as silicic ash. Finally, high focus rejection is important to
ensure data quality (90% is recommended). High focus rejec-
tion, however, limits the analyzed grain size to the larger part
of the dispersed grains. Reruns on the same <125 μm grain
size sample with 90% focus rejection and then 30% focus
rejection show a shift in average mean radius diameter from
81.6 to 46.1 μm.

Resolution and the perimeter value issue revisited

The resolution of the OPA imagery determines the baseline
data quality. Outline irregularity is one of the key features that
distinguish magmatic tephra from phreatomagmatic tephra,

Table 6 T tests of the dissimilarity between the shape parameters of the different grain types

Reference grain types Circularity Form factor Rectangularity Feret aspect ratio Regularity factor

Blocky vs. blocky-vesicular 7.28633E−13 1.79975E−21 0.001206307 3.23483E−07 1.97618E−20
Blocky vs. vesicular 4.40146E−28 1.77909E−48 4.11322E−22 3.81556E−09 4.72646E−05
Blocky vs. elongated 4.37849E−70 4.61729E−57 0.001312259 8.01789E−29 6.14298E−59
Blocky-vesicular vs. vesicular 8.65214E−10 5.1706E−13 1.37356E−15 0.035989286 4.24739E−18
Blocky-vesicular vs. elongated 2.19939E−59 2.95902E−36 0.137023985 5.23038E−27 6.97522E−43
Vesicular vs. elongated 4.62724E−42 5.1776E−20 0.000120391 2.71972E−26 3.73693E−25

All but two parameters are shown to be dissimilar by the p < 0.005 criterion (Johnson 2013). Only the Feret aspect ratio of the blocky-vesicular vs.
vesicular distributions and the rectangularity of blocky-vesicular vs. elongated distributions do not reject the null hypothesis. This shows that the grain
types display well-defined distributions compared with one another
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and the perimeter is the central parameter in gaining this in-
formation. Therefore most studies use parameters highly sen-
sitive to perimeter changes (e.g., Dellino and La Volpe 1996;
Büttner et al. 2002; Jordan et al. 2014; Leibrandt and Le
Pennec 2015; Liu et al. 2015a), but as previously discussed,
perimeter measurements are resolution dependent. This be-
comes an issue when dealing with a stationary imaging setup
for a range of grain sizes. While some studies have overcome
this obstacle by manually normalizing the OPA imagery to a
specific resolution (e.g., Liu et al. 2015a; Dürig et al. 2012),
this option defies the objective of automated bulk analysis. As
the imaging setup is usually stationary and the pixel/area is
constant for all images, the resolution effectively drops signif-
icantly for smaller grains, thus decreasing the perimeter value.
This means that smaller grains will seem smoother compared
with larger grains of similar shape. This effect is evident in the
dataset by Leibrandt and Le Pennec (2015). They provide
average convexity (see Table 1 for definition) data of 1500
particles in 0.5 φ sieving intervals. They show grain sizes
ranging from 0.5 to 5.5 φ (0.710 to 0.023 mm) from one bulk
sample at a fixed magnification. Including data using different
magnifications makes it possible to evaluate whether the pa-
rameter change is a real shape change or an artifact of the
resolution. When comparing the constant magnification data
with higher magnifications, it is evident that the change is
indeed an artifact of perimeter resolution (Leibrandt and Le
Pennec 2015). Based on the published diagram of the
Leibrandt and Le Pennec (2015) dataset, we have found a
quantitative change in bulk average of the convexity parame-
ter of less than 2% in the 3 to 4 φ size range. Liu et al. (2015a)
find that changing the resolution from 106 to 102 pixels/parti-
cle increases convexity of a single grain by a factor of 2–3
depending on the grain morphology. However, that would
correspond to a size range from, e.g., 3 to 10 φ (0.125 to
0.00125 mm) or about −2.5 to 4 φ (6.3 to 0.063 mm), which
are orders of magnitude from the grain size range of current-
automated morphology studies. Thus, the resolution differ-
ence in the limited size range of 3 to 4 φ should not pose
problems for the data quality.

Additionally, perimeter parameter values from different
studies with different image resolution/grain sizes cannot be
compared. Unfortunately, most of the IPA studies reported in
the literature are focused on perimeter parameters and thus
comparing results between different studies remains difficult.

Applicability of established classification diagrams
to PIdsa data and automated bulk analysis

When comparing the different classification diagrams of
Büttner et al. (2002), Murtagh and White (2013), and Liu
et al. (2015a), it is apparent that these authors have shown
no quantitative way to deal with bulk samples containing a
broad mix of all morphologies and only quantify shape

changes of single grains. Liu et al. (2015a, b) presents a bulk
analysis of tephra fromGrimsvötn 2011, which plots all across
the classification diagram—as observed in our study.
Leibrandt and Le Pennec (2015) treat bulk datasets and deal
with bulk averages in their classification diagram, but a lot of
morphology distribution information is lost in this way. Many
different morphology distributions may result in the same av-
erage value, although the generic implications may be vastly
different. Therefore, we encourage the use of what we term a
graphical average model instead, so that the overall point dis-
tribution may be visually inspected.

For comparison, we plotted our reference grains and sam-
ples onto the classification diagrams of Büttner et al. (2002),
Murtagh and White (2013), Leibrandt and Le Pennec (2015),
and Liu et al. (2015a) (Fig. 4). For the Büttner et al. (2002) and
Murtagh and White (2013) diagrams, we had to recalculate
our data to reflect circularity, rectangularity, and compactness
as defined in these diagrams (Table 1, Dellino and LaVolpe
1996). Unfortunately, elongation cannot be obtained from our
dataset in the exact same way, so instead we have used the
Feret length as the long axis and calculated a perpendicular
mean based on the particle area (Table 1). For the Leibrandt
and Le Pennec (2015) and Liu et al. (2015a) diagrams, we
have used circularity and solidity as defined. Both diagrams
use convexity, which cannot be obtained from our dataset and
thus leaves these diagrams ill-suited for the interpretation of
the PIdsa dataset. However, in an attempt to revise the dia-
grams to accommodate the PIdsa data, we have followed the
recommendations of Liu et al. (2015a) and chosen a shape
parameter from the same cluster analysis parameter group as
convexity. In three out of four cluster analyses, rectangularity
(of Dellino and LaVolpe 1996) follows convexity in the same
position in the diagram (Liu et al. 2015a) and is therefore
chosen as the best replacement parameter. The major differ-
ence between the two parameters is that rectangularity is not
bound between 1 and 0 because the bounding rectangle does
not define the shortest perimeter of the grain. Additionally, to
follow the same graphical logic as the original diagrams, we
have inverted the Dellino and LaVolpe (1996) rectangularity
(1/rectangularity), but it should be kept in mind that the grain
distribution does not approach (1,1).

The four comparative plots are shown in Fig. 4. In the
Büttner et al. (2002) diagram (Fig. 4a), all reference grains
are classified as ductile, while the Murtagh and White
(2013) diagram (Fig. 4b) classifies almost all reference grains
as hydromagmatic. None of these obscure classifications can
be explained by our slight adaptation of the elongation
equation, and so these two diagrams do not represent our
dataset well. Nemeth and Cronin (2011) used light microsco-
py, scanning electron microscopy, and backscatter electron
microscopy to obtain images of tephra grains, which were
subsequently turned into binary images and analyzed by the
ImageJ software package. Their study shows that the data
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distribution is controlled by the imaging method. Both light
microscopy and scanning electron microscopy data plot in the
ductile field of Büttner et al. (2002), while all backscatter
electron data falls in the brittle field for the same samples.
Thus, the distribution of our reference grains might be con-
trolled by the imaging method. Either way the diagrams are
not appropriate for interpretation of our PIdsa data.

In the diagram adapted from Leibrandt and Le Pennec
(2015) (Fig. 4c), the reference particles are spread out and
blocky and vesicular particles rarely overlap. However, when
applying the method of averages to our samples, the distinction
between different bulk samples from different eruption sites is
not well defined. The six bulk samples fall in two groups
consisting of (1) Fimmvörduhals, Grimsvötn, and Katla and
(2) Karl, Hverfjall, and Eggoya. Thus, the overall division is
the same as shown in Fig. 3 by using the RI, but the averages do
not provide a quantitative comparable measure and this makes
it hard to interpret the differences between bulk samples. So,
although it is useful to differentiate between our reference
grains, it is less effective for bulk samples of similar chemical
composition using the proposed method of bulk averages.

In the diagram adopted from Liu et al. (2015a) (Fig. 4d),
the instability issue of our solidity parameter for elongated
grains is evident. The rest of the reference grains plot with
the blocky grains in the upper left part and vesicular and elon-
gated grains plot in the lower part. But the groups overlap
significantly and are not as well-defined and systematic as
reflected in the Leibrandt and Le Pennec (2015) plot. The
same can be said for the eruption bulk sample averages.
Thus, the adapted version of the Liu et al. (2015a) diagram
is not helpful in interpreting our dataset.

Our overall conclusion is that the existing diagrams and
discrimination methods are not adequate to characterize our
dataset. This may be due to different imaging setups, where
our setup is the only dynamic one, or it could be related to
different image processing conditions and differences in grain
sizes. However, it may also be explained as an artifact of
diagrams created on the basis of very different reference
grains. The Büttner et al. (2002) diagram was based on exper-
imental grains of MFCI without any vesiculation taking place.
All our samples show evidence of some vesiculation and they
might not be appropriate for the Büttner et al. (2002) plot.

Fig. 4 PIdsa data plotted in the
most commonly used
classification diagrams related to
tephra grain morphology. a
Diagram first presented by Dellino
and LaVolpe (1996) and Buttner
et al. (2002) subsequently added
the ductile/brittle fields based on
MFCI experiments. The parame-
ters used in this diagram can be
recalculated from PIdsa data ex-
cept for elongation. We have de-
fined a substitute elongation. All
parameter calculations are shown
in Table 1 (Dellino and LaVolpe
1996). b Diagram from Murtagh
and White (2013). Parameters are
the same as used by Dellino and
La Volpe (1996), but they are
combined in a different way on the
two axes. c Adapted from
Leibrandt and Le Pennec (2015).
Parameter definitions are shown in
Table 1 (Leibrandt and Le Pennec
2015). As the convexity parameter
of Leibrandt and Le Pennec (2015)
could not be obtained from the
PIdsa, we have used rectangularity
as defined by Dellino and La
Volpe (1996) (Table 1). See text
for additional comments. d
Diagram adapted from Liu et al.
(2015a). Parameter definitions are
shown in Table 1. Again, convex-
ity has been replaced by rectangu-
larity. See text for further
comments
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The magmatic/hydromagmatic fields in the Murtagh and
White (2013) diagram were drawn from an equation from a
study comparing end-member products of Kilauea Iki ash and
Loi’hi seamount ash. Thus, the reference grains are very sim-
ilar to this study as they are basaltic and include similar envi-
ronments with similar grain types (except for quench granula-
tion grains from seamounts). But the means of deriving the
equation is not published and the classification differences
remain unresolved.

The Leibrandt and Le Pennec (2015) diagram was con-
structed from andesitic reference samples with comparable
geochemical compositions but different eruption styles
(Strombolian and subplinian, Leibrandt and Le Pennec
2015). Thus, the sample setup resembles our study and might
explain why this diagram is the most useful for our dataset as
depicted by the plotted systematics of our reference grains
(Fig. 4c).

The diagram of Liu et al. (2015a) builds on convex hull
shape parameters. We have previously shown that our analysis
provides ambiguous solidity results particularly for elongated
grains. Therefore, this diagram cannot be used to accurately
evaluate our dataset. Furthermore, the diagram was made to
illustrate different grain types and is therefore based on
reference samples from vastly different eruption styles.
Samples also range from mafic to silicic compositions.
Blocky reference particles are taken from submarine quench
granulation of basalt, while the vesicular grains are from
basaltic to dacitic eruptions. There is no ambiguity in telling
these particles apart evenwithout shape parameters, so it is not
surprising that shape parameters do a good job of separating
them. Our reference grains were picked out from a much
narrower variat ion interval as al l samples share
approximately the same geochemistry and crystal content.
This could also limit the applicability of the Liu et al.
(2015a) diagram to our dataset.

In summary, we suggest the use of a diagram for the PIdsa
dataset based mostly on area- and dimension-ratio parameters
in which grain shape changes continuously and where the
whole bulk dataset is shown.

Volcanological implications of the grain-type distribution

The presence of all grain types in all eruption deposits suggest
that brittle fragmentation is more complex than traditionally
reflected in classification diagrams. This is probably related to
the studied grain size, which supports the detection of both
blocky and vesicular (irregular) grains. Liu et al. (2015b) rec-
ognized that the grain size and morphology of tephra from the
Grimsvötn 2011 eruption was related to prefragmentation
bubble size and distribution. They showed that the proportion
of dense fragments (without vesicles) grew to up to 80% as the
grain size approached that of the modal vesicle diameter (15–
25 μm). At 63–91 μm, 60% of the grains were dense and the

rest vesicular, whereas about only 25–10% of the grains were
dense in the 91–125-grain-size fraction. Thus, the choice of
studied grain size is critical to volcanological interpretations.
An example of this is the work of Honnorez and Kirst (1975):
their results are most probably an artifact of comparing parti-
cles from grain sizes 2 orders of magnitude apart. The particles
in their quench fields (Fig. 4) are primarily in the range of 0.08
to 0.05 mm, whereas the grains in their explosive granulation
fields (Fig. 4), all range from a few millimeters up to centime-
ters in size. The fields are set apart by the number of corners or
inflection points in the grain perimeter and the planarity fields
(percentage of plain grain perimeter). Thus, the distribution of
samples is readily explained as pertaining to larger vesicle-
populations being preserved in the larger grains—or the
change from a simple particle-dominated sample to a complex
particle-dominated sample (Genareau et al. 2013).

However, the grain-type diversity in all deposits needs an
explanation and therefore the fragmentation dynamicsmust be
considered. The eruption style of fire fountaining has been
attributed to volatile-coupled ascent of basaltic magma, with
mono-modal or bimodal vesicle size distributions found in fire
fountain clasts (e.g., Parfitt and Wilson 1995; Mangan and
Cashman 1996; Stovall et al. 2011; Jutzeler et al. 2016). Pre-
fragmentation heterogeneity in vesicle size for fire fountains
has been observed (Stovall et al. 2011) spanning as much as 3
orders of magnitude, which can thus produce different sizes of
simple ash grains (Genareau et al. 2013). Large dense simple
ash grains would settle out close to the fountains, which is
where the sampling of Fimmvörduhals was done. These sim-
ple ash grains could, in some orientations, be characterized as
blocky or blocky-vesicular grains by the PIdsa analysis.

Another possible process might relate to post-
fragmentation alteration. Post-fragmentation vesicle size het-
erogeneity is very commonly observed in fire fountain clasts
(e.g., Mangan and Cashman 1996; Schipper et al. 2010;
Stovall et al. 2011). However, the post-fragmentation bubble
expansion and coalescence process usually produces thin bub-
ble walls and small plateaus (Mangan and Cashman 1996;
Parfitt and Wilson 1995; Jutzeler et al. 2016) and it is likely
not the cause of the blocky grains observed in the analyzed
size range. Other explanations could be brittle fragmentation
of degassed recycled clasts, but this is mostly a concern in
pulsatory eruptions such as Strombolian or Surtseyan and
probably not a valid explanation in fire fountains (d’Oriano
et al. 2014). We suggest that the presence of blocky and
blocky-vesicular grains in the fire fountain deposit is related
to the prefragmentation vesicle size distribution.

Genareau et al. (2013) found that complex ash particles
(bubbly ash grains preserving more than one vesicle indenta-
tion) preserve prefragmentation vesicle sizes with no post-
fragmentation expansion features complicating the analysis.
They also showed a method for determining the vesicle size
distribution for complex ash-sized particles in the 50–125 μm
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size range. It would be interesting to compare the results from
vesicle size studies like Genareau et al. (2013) with a PIdsa
dataset for the same samples.

The presence of irregular vesicular grains in the
phreatomagmatic eruptive settings can be explained by
prefragmentation vesiculation (Liu et al. 2015b). Other recent
studies have reported on the prefragmentation vesicle size and
volume distributions in subaqueous environments, such as
submarine (e.g., Schipper et al. 2010, 2011a; Jutzeler et al.
2016), glacial lake (Graettinger et al. 2013), and Surtseyan
eruptions (e.g., Murtagh and White 2013; Schipper and
White 2016). They conclude that the eruption style is related
to the prefragmentation volatile-coupled or de-coupled ascent
of the magma. Thus the prefragmentation vesiculation pro-
cesses play a vital role in the phreatomagmatic eruptions and
can explain the presence of vesicular grains.

Volcanological implications of the regularity index results

Our classification scheme allows for quantitative comparison
of the morphology of populations of ash grains generated in
different eruptive settings. The general systematics of the RI
conforms to the established shape interpretation scheme by
showing that wet eruptions have blockier and more equant
particles than dry eruptions. The advantage of using a grain
population-based index is that the rigid binary classification of
magmatic/phreatomagmatic can be transformed into a frag-
mentation spectrum. The spectrum end-members represent
the phreatomagmatic fragmentation (high RI) and the dry
magmatic fragmentation (low RI). Intermediate RI values rep-
resent mixed fragmentation processes. Interestingly, the inter-
mediate RI values in this study are related to eruptions of
subglacial central volcanoes, where magmatic degassing have
been shown to play a significant role in the fragmentation
process for silicic melts (Owen et al. 2013) as well as for the
Grimsvötn 2011 eruption (Liu et al. 2015b). Data from
Hreinsdottir et al. (2014) shows that the height of the
Grimsvötn 2011 eruption column correlated with the rate of
pressure change in the underlying magma chamber. This ob-
servation supports the influence of prefragmentation volatile
exsolution on the eruption style. Liu et al. (2015b) suggest that
thermal stresses play a role in the fragmentation process and
argue that their data supports an initial fluidal (ductile) mag-
matic fragmentation followed by brittle thermal granulation of
thermally stressed vesicular particles. Graettinger et al. (2013)
also report a tephra sequence from a subaqueous glacier lake
eruption at Askja volcano, Iceland, with fluidal textures.
However, their deposit sequence changes from fluidal-
dominated textures to a fine blocky ash deposit indicating that
the more effective brittle fragmentation mechanism of MFCI
takes over. Considering the plume heights of the Grimsvötn
2011 eruption of 20 km, we consider the brittle thermal

granulation to be a secondary fragmentation mechanism to
MFCI in this eruption as well.

Schipper and White (2016) looked at fragmentation in
Surtseyan eruptions and found that it is the mingling of
magma and water in MFCIs that drives them. Graettinger
et al. (2013) suggests that the magmatic ductile fragmentation
can enable the fuel-coolant premix that leads to MFCI explo-
sions. Conversely, the shockwave from MFCI explosions can
cause rapid depressurization of the magma and trigger mag-
matic explosions. This feedback mechanism could explain the
varying content of vesicular grains between our two Surtseyan
deposit samples and relate it to differences in the volatile ex-
solution history of each eruption.

The findings from Hreinsdottir et al. (2014) and Schipper
and White (2016) can also explain a part of our quantitative
dataset. They suggest that the higher the RI gets the more the
MFCI has controlled the fragmentation process. This is sup-
ported by the data from Liu et al. (2015b), where our interme-
diate RI for Grimsvötn 2011 deposit correlates with 60–25%
blocky grains in our analyzed size range.

The above fragmentation interpretation of our RI is based
on the assumption that the irregular grains are related to mag-
matic degassing and vesiculation, whereas blocky grains are
related to phreatomagmatic explosions. Such an interpretation
should be used carefully, as grain shapes are highly influenced
by phenocryst and microlite content (Schipper et al. 2010;
Jutzeler et al. 2016). Therefore, our fragmentation spectrum
can only be directly applied to phenocryst- and microlite-poor
tephras of basaltic composition at present.

Conclusion

Our analysis of grain populations shows that both Surtseyan,
subglacial and fire fountain eruptions produce a similar range
of shapes from blocky to vesicular as well as elongated grains.
We suggest that the analyzed particle morphologies are direct-
ly related to the fragmentation mechanisms. We have tested
our dataset in four different published classification diagrams
for tephra grains. This test shows that while other diagrams are
successful at classifying the grain shape they are not useful for
interpreting our bulk datasets and they do not provide a means
for quantitatively comparing bulk samples.

To deal with the lack of comparability among existing clas-
sifications, we have defined a regularity parameter and dem-
onstrate how the regularity of grain shape can be used to
distinguish between blocky and vesicular grains. Then, we
designed a diagram plotting regularity against elongation,
which shows a systematic change from blocky grains to ve-
sicular grains and which allows for graphic averaging of the
shape of an entire grain population. This average is a measure
of the overall grain regularity and can be used as an index of
regularity of the population. Our results show that the RI
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differs for different eruptive settings. Submarine and lacus-
trine eruptions produce the most regular grains with regularity
indices of 0.207–0.187. A fissure eruption produces mostly
irregular grains with an index of 0.134, whereas subglacial
eruptions produce intermediate averages with indices of
0.168–0.173. If the RI is used as a fragmentation proxy, then
our initial results suggest that both phreatomagmatic explo-
sions as well as magmatic degassing play a significant role in
the active subglacial eruption fragmentation.

The systematic change in indices between wet and dry
eruptions suggests that the RI can be used to assess the role
of magmatic vs. phreatomagmatic fragmentation. This could
be very helpful in active eruption scenarios and hazard studies.
Other interesting perspectives could arise from looking at
changes in RI with increased microlite content, increased sil-
ica content, or systematically varying volatile content.

Future work should consider combining PIdsa analysis
with thorough vesicle size distribution studies on the same
samples and adding samples from Strombolian and Plinian
eruptions.
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