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Volcanic lightning detection has become a useful resource for monitoring remote, under-instrumented
volcanoes. Previous studies have shown that the behavior of volcanic plume electrification responds to
changes in the eruptive processes and products. However, there has not yet been a study to quantify the
links between ash textures and plume electrification during an actively monitored eruption. In this study,
we examine a sequence of vulcanian eruptions from Sakurajima Volcano in Japan to compare ash textural
properties (grain size, shape, componentry, and groundmass crystallinity) to plume electrification using
a lightning mapping array and other monitoring data. We show that the presence of the continual radio
frequency (CRF) signal is more likely to occur during eruptions that produce large seismic amplitudes
(>7 pm) and glass-rich volcanic ash with more equant particle shapes. We show that CRF is generated
during energetic, impulsive eruptions, where charge buildup is enhanced by secondary fragmentation
(milling) as particles travel out of the conduit and into the gas-thrust region of the plume. We show
that the CRF signal is influenced by a different electrification process than later volcanic lightning. By
using volcanic CRF and lightning to better understand the eruptive event and its products these key
observations will help the monitoring community better utilize volcanic electrification as a method for
monitoring and understanding ongoing explosive eruptions.
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1. Introduction of silicate particles adds to the types of charging that contribute

to plume electrification. Thunderstorms develop charge primarily

Volcanic lightning has the potential to inform about the phys-
ical processes taking place during explosive eruptions, especially
at under-monitored volcanoes (Hoblitt, 1994; Bennett et al., 2010;
McNutt and Williams, 2010; Cimarelli et al., 2016; Behnke and Mc-
Nutt, 2014; Van Eaton et al., 2016). Although the operational use
of volcanic lightning is in its infancy, a major goal is to deter-
mine relationships between electrical activity, eruptive intensity,
and ash content, which are important factors for aviation hazards
and downwind communities.

Volcanic plumes differ from thunderstorm clouds by the pres-
ence of volcanic tephra, their aerosol and gas contents, as well
as temperature profiles and methods of convection. The addition
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through collisional ice-graupel charging. The non-inductive charg-
ing of graupel (soft hail) is the most widely accepted theory
(MacGorman and Rust, 1998). By comparison, the initially higher
temperatures, seen in the near-vent portions of volcanic plumes,
inhibit the development of graupel (Van Eaton et al., 2015). There-
fore, ice charging mechanisms become important to plume light-
ning developing in the upper regions of volcanic plumes where
sub-freezing temperatures may promote ice formation (Saunders et
al,, 2006; Williams and McNutt, 2005; Durant et al., 2008; Arason
et al,, 2011; Schill et al., 2015; Van Eaton et al., 2015, 2016). During
initial plume formation, magma fragmentation (fracto-emission)
and volcanic ash collisions (triboelectrification) are likely the dom-
inant mechanisms of charging (James et al., 2000, 2008; Forward
et al, 2009; Lacks and Sankaran, 2011; Houghton et al., 2013;
Mendez-Harper et al., 2015; Mendez Harper and Dufek, 2016). The
presence of near-vent plume electrification may hold insights into
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Fig. 1. (A) Index map of Japan, with study location boxed in red. (B) Map of Sakurajima Volcano instrument sites. The gray arrow points in the direction of Kagoshima
~8 km to the west, outside the frame of the map. The red triangle represents the location of Showa crater. The two pink diamonds represent seismic stations, SAKA and
SAKB respectively. SAKA is located at the Kurokami lab site where the ash samples were collected. The nine blue squares represent the locations of the individual Lightning
Mapping Array sensors. Panel C shows a photograph of volcanic lightning taken by co-author Harald Edens during the field campaign. (For interpretation of the colors in the

figure(s), the reader is referred to the web version of this article.)

volcanic processes such as fragmentation efficiency and eruptive
intensity (Cimarelli et al., 2014; Cashman and Scheu, 2015). There
is no prior work in the area of linking ash textural parameters
to quantified lightning metrics from an actively monitored erup-
tion.

For this study, volcanic lightning was recorded at Sakura-
jima Volcano, Japan using the Lightning Mapping Array (LMA)
from 29 May-5 June 2015. This follows previous studies of LMA-
detected electrical activity at volcanoes such as Eyjafjallajokull
(Behnke et al., 2014), Augustine (Thomas et al., 2007, 2010),
and Redoubt (Behnke et al., 2013). From these previous inves-
tigations, it has become clear that volcanic eruptions produce a
unique signal, known as continual radio frequency impulses (CRF),
that is not present in regular thunderstorms. Our study focuses
on determining relationships among: 1) the presence or mag-
nitude of volcanic plume electrification in the form of CRF; 2)
quantifiable ash characteristics; and 3) maximum seismic am-
plitudes for a set of monitored eruptions at Sakurajima dur-
ing 2015. Correlations among these variables may allow one
to use the properties/features of volcanic lightning to invert
for the properties of the ejected ash and the eruptive inten-
sity. This could help in the future monitoring of remote volca-
noes.

2. Background

2.1. Sakurajima Volcano and ash analysis with respect to plume
electrification

Sakurajima Volcano is located within the Aira Caldera in south-
ern Kyushu Japan and is a <13,000 yr old edifice that grew 8 km
south of the center of the Aira Caldera (Fig. 1) (Okuno et al,
1997). Historically, Sakurajima has erupted from multiple vents.
The southern vents, Minami-dake and Showa are currently active
(Okuno et al., 1997). For the past ~50 yr, Sakurajima has been
consistently erupting with small (VEI 2) Vulcanian eruptions pro-
ducing ash fall that reaches Kagoshima, approximately 8 km west
(population ~600,000).

Vulcanian eruptions, such as those at Sakurajima, typically pro-
duce discrete explosions but may also be composed of a series of
explosions that may continue for days or years (Clarke et al., 2015).
The plumes of Vulcanian eruptions do not typically inject into the
stratosphere and are thus lower risk for aviation. However, the
study of these common, smaller plumes adds to an understanding
of the smaller end-member of explosive volcanism and provides
context for the analysis of rarer, large events. Sakurajima’s erup-
tions range from pale, gas-rich puffs to dark, ash-rich jets, which
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develop into the cauliflower shaped plumes characteristic of Vul-
canian eruptions (Clarke et al., 2015). At Sakurajima these plumes
rarely ascend more than 5 km into the atmosphere (Showa vent
elevation ~750 m) with the majority of the plumes recorded for
this study only reaching 0.5-3 km above the vent. A detailed anal-
ysis of how plume dynamics relate to the development of volcanic
lightning will be examined in future work.

At Sakurajima, Miwa et al. (2009) studied the temporal rela-
tionship between ash textures and explosion quake characteristics
to investigate conduit processes for a set of historic eruptions at
Minamidake crater from 1974-1987. Miwa et al. (2009) looked at
the componentry, groundmass crystallinity, and microlite number
density (MND). They found positive correlations between MND and
seismic amplitudes as well as between MND and decompression
rates. One motivation of this paper is to further investigate this
relationship by including more ash samples taken from a wider
range of event sizes. This is important because linking ash textures
with seismicity may shed light on processes of magma ascent,
fragmentation, and eruptive intensity.

We note that the previous work by Miwa et al. (2009) exam-
ined ash from Minamidake crater while this study focuses on ash
from Showa crater. Iguchi et al. (2013) showed that the two craters
share a common magma chamber (~5 km depth). Two main de-
formation sources are interpreted as magma chambers, one main
chamber at 10 km depth centered on Aira caldera and another
at 5 km beneath Minamidake with a branched conduit off-shoot
feeding Showa crater (Iguchi et al., 2013). Aramaki and Kobayashi
(1986) showed that the chemistry of this magma source has re-
mained consistent since 1955. Iguchi et al. (2013) showed the
depth to explosion ranges from 0-2 km for Showa crater and from
2-4 km for Minamidaki. These differences in explosion depth, as
well as potential differences in conduit shape may result in dif-
ferent ash properties, such as shape or componentry. However, the
comparison between our study of MND and maximum seismic am-
plitude with Miwa et al.’s (2009) prior work on this relationship is
still valuable to see if it is a universal or specific relationship.

Miura et al. (2002) investigated grain size distributions in Saku-
rajima plumes in relation to the potential gradient at the ground
(using field-mill-type electrometers) as well as charge-mass ra-
tios of falling ash (using a parallel plate apparatus). They in-
ferred that finer ash had a net negative charge. Laboratory ex-
periments have confirmed that particle size and span directly im-
pacts charge segregation in granular systems (Miura et al., 2002;
Forward et al., 2009; Lacks and Sankaran, 2011; Houghton et
al,, 2013; Mendez Harper and Dufek, 2016). Lacks and Sankaran
(2011) found that within a sample the (relatively) smaller parti-
cles tend to become negatively charged during inter-particle col-
lisions. This charging phenomenon has also been seen in other
environments such as haboob dust storms (Williams et al., 2009).
The 2010 Eyjafjallajokull eruption had a high level of recorded
electrical activity; with peak flash rates reaching 1 flash per
minute and 7700 discharges detected throughout the explosive pe-
riod of the eruption (Bennett et al., 2010; Arason et al., 2011;
Behnke et al., 2014). During this eruption Dellino et al. (2012)
noted that the ash changed in shape from blocky to more an-
gular, but the timing with respect to electrical activity was not
investigated. In this study, the variation in ash shape will also
be compared with electrical activity. If electrical charge is being
generated from enhanced fracto-emission of ash particles during
milling in the conduit this may be recorded in more equant parti-
cle shapes during times of high electrification.

2.2. Background on volcanic lightning

Lightning is common in Sakurajima’s ash columns (Lane and
Gilbert, 1992; James et al., 2008; Aizawa et al.,, 2010; Cimarelli

et al,, 2016; Aizawa et al, 2016). Lightning produces broadband
electromagnetic radiation. High frequencies (i.e. VHF) are best de-
tected at close range (hundreds of kms) and are used by the
Lightning Mapping Array (LMA), which was developed by The New
Mexico Institute of Mining and Technology (Rison et al., 1999;
Hamlin, 2004; Thomas et al., 2004; Behnke and McNutt, 2014).
This is the detection system utilized in the current study.

The LMA detects VHF radiation associated with the electri-
cal breakdown of air as an impulse or “source” of VHF radia-
tion (Behnke and McNutt, 2014). These sources can be located
in 3-D space and grouped into distinct electrical discharges by
type of event using the XLMA flash algorithm, which is based
on timing and location of the sources (Thomas et al., 2003;
Behnke et al., 2013).

There are three main divisions of volcanic lightning (McNutt
and Thomas, 2015): (1) plume lightning occurs in the upper re-
gion of the plume, sometimes even after plume detachment. It
is similar to lightning in ordinary thunderstorms and may reach
flash lengths of greater than 10 km. Plume lightning occurs due
to charge separation - facilitated by separation of particles with
different settling speeds - in the upper, buoyant portions of the
plume (Behnke and Bruning, 2015). (2) Near-vent lightning is of
smaller length and typically occurs close to the vent during active
jetting episodes, sometimes making ground contact with the edi-
fice. It is characterized by its location in the gas-thrust portion of
the plume and its visual proximity to the vent. (3) Continual radio
frequency (CRF) impulses, are observed close to the vent (Thomas
et al., 2010; Behnke et al., 2013, 2014; McNutt and Thomas, 2015).
CRF is an ensemble of radiation sources, which occur over several
seconds (Fig. 9a of Behnke et al., 2013), produced by a discharge
with poorly known properties. The nomenclature for volcanic light-
ning studies is evolving. Previous literature has referred to CRF
as “vent discharges” - in line with the thinking that this signal
was caused by leader-forming electrical discharges on the order
of 10-100 m in length. However, new research into the electri-
cal properties of CRF (Behnke et al., 2018) shows that CRF is not
produced by small leader-forming discharges but is rather a sig-
nal related to a different discharge process. CRF has been recorded
specifically in conjunction with the high-velocity jet of the erup-
tion column and has been seen only at volcanoes, with no ana-
logue in thunderstorm lightning (Thomas et al., 2010). This makes
CRF interesting because it may provide a means to distinguish be-
tween volcanic and meteorological lightning.

The two main parameters of electrical activity that will be dis-
cussed in this paper are the number of located sources (NLS) and
the presence of continual radio frequency (CRF) impulses. The NLS
is a count of all VHF sources that were located by the LMA for a
given time and region of interest. The NLS represents all the elec-
trical activity that was located for the eruptive event. The NLS does
not distinguish between types of electrical activity such as light-
ning flashes or CRF, though the two are easily distinguishable by
eye in the LMA data.

3. Methods
3.1. Ashfall sampling and preparation

From 29 May-5 June 2015, multiple explosive events per day
occurred at Sakurajima’s Showa Crater, from a minimum of 118
recorded seismic/infrasound events on 1 June to a maximum of
450 recorded seismic/infrasound events on 5 June. These events
were recorded using a black and white low-light, video camera
(Watec) as well as a thermal infrared camera (FLIR SC 660) from
the Kurokami observation area 3 km east of the vent (Fig. 1).
Plume heights of 500 m-3100 m above the vent were determined
using a combination of our video estimates and the Japanese
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Table 1

Ash collection times with corresponding plume onset times, seismic event onset times, and collected mass of ash. (All dates and times in UTC.)

SAK Collection Collection Watec® Correspond- Mass Maximum Number CRF Estimated Notes on source
sample date time plume ing seismic/ of seismic of located plume of plume height
event infrasound sample amplitude electrical height
time event time (g) (um) sources above vent
(NLS) (m)
1 5/29/15 9-9:15 8:12 8:12 0.24 85 6317 Yes 2900 JMA
3 5/29/15 9:15-10:15 9:33 9:33 0.6 0.5 46 No 1700 Watec estimation
5 5/30/15 10:05-10:21 NA 9:15, 9:30 174 60.1 105 Yes NA NA
7 5/30/15 6:30-10:00 NA 9:15, 9:30 10.84 60.1 105 Yes NA NA
10 5/31/15 8:29-8:48 NA 8:13 18.97 131 235 Yes 2950° VAAC altitude
recorded at 8:29
11 5/31/15 8:48-2:35 NA 11:09 15.21 31.8 22 Yes NA NA
19 6/4/15 7:00-7:10 6:22, 6:22, 6:26, 0.77 18 18 No 700 FLIR estimation
6:26, 6:37, 6:44,
6:37, 6:49
6:44,
6:49
20 6/4/15 7:25-7:40 7:07, 7:07, 7:17, 197 1.6 81 No 2100 JMA
7:17, 7:27
7:27
23 6/4/15 8:30-9:30 8:06, 8:06, 8:23 0.69 1.0 25 No 500 FLIR estimation
8:23
24 6/4/15 8:15-10:00 9:32, 9:32, 9:52 6.29 1.6 4 No 1800 JMA
9:52
25 6/4/15 10:00-10:45 10:34 10:34 0.45 111 1703 Yes 3100 JMA
26 6/4/15 10:45-11:45 10:34, 10:34, 0.31 71 1137 Yes 3100, 1100 JMA, Watec
11:05 11:05 estimation
27 6/4/15 11:45-12:39 NAP 12:21 2.66 17 149 No 1800 JMA recorded at
12:04
28 6/4/15 12:39-13:39 NAP 12:41, 142 21 37 No 1800 JMA
12:46
30 6/5/15 6:25-6:30 6:04 6:04 60.79 23 50 No 1300 Watec estimation

@ VAAC Values are given as altitude above sea-level. This value has been normalized to match the other values of elevation above vent.
b There is plume footage but the GPS clock was malfunctioning so only the hour is known.

¢ Watec is the low-light camera used for continual plume observations.

Meteorological Agency and Volcanic Ash Advisory Center reports
(Table 1). Showa crater has an elevation of approximately 750 m
above sea level.

Ashfall deposits were collected from clean, exposed surfaces at
the Kurokami site approximately 3 km east of Showa crater (Fig. 1).
Metal sheets were laid out during heavier ash fall to aid in tem-
poral ash sampling (Table 1). For each sample, the duration and
time of collection were recorded. The start time of the eruption
producing each ash sample was not recorded while in the field.
To correlate the ashfall samples to specific eruptions, the low-light
video footage was examined for the time starting at the collec-
tion time and working backwards to determine the start time of
events producing a plume that traveled over the Kurokami collec-
tion site (Table 1). Such visual data helped us confidently correlate
ash samples with the correct plume and geophysical data. In the
case of poor visibility due to weather (samples 5-11) the seismic
and infrasound records were examined to determine the closest
event that likely generated the ash.

The ash samples were weighed and subsampled for grain size,
componentry, and SEM analyses. Material used for componentry
and SEM imaging was manually sieved at >125 pm. The fines por-
tion (<125 pm) was archived and the >125 pm portion was used
for the rest of the preparation. This fraction was chosen because it
is the lower limit for which optical componentry could be reason-
ably accomplished. Additionally, most samples were composed of
less than 20 g of material, and we wished to retain as represen-
tative of a portion as possible for analysis. The >125 pm fraction
was triple washed in distilled water, rinsed with ethyl alcohol, and
dried to remove sulfate precipitates and adhering fines.

An important limitation of this study is the “representativeness”
of the ash samples. We collected the samples from a single loca-
tion, not from the entire area covered by each ashfall. Therefore,
the data are not representative of the total particle population pro-

duced by each explosive event. However, the consistent collection
location, generally downwind of the volcano, and relatively narrow
range of eruption energies (plume heights 0.5-3 km) does allow
a comparison across samples. Additionally, the Kurokami sample
site is a common sample site for ash from Sakurajima, including
ash collection systems run by the local observatory. Therefore, al-
though not as representative as a total grain size distribution, our
sample set represents a good starting point for this type of analy-
sis.

Another limitation is linking the ash sample to a known erup-
tive event. Field conditions necessitated some assumptions when
determining the originating plume using video and seismic data
streams. Therefore, the explosive events without visual confirma-
tion (ashfall samples 5-11), have an increased possibility of the
sample being assigned to an incorrect seismic event.

3.2. Particle size distributions and morphology

Grain size distributions of each ashfall sample were determined
using a Beckman Coulter LS 13 320 SW Laser Diffraction Parti-
cle Size Analyzer (LDPSA) at the U.S. Geological Survey Cascades
Volcano Observatory in Vancouver, WA. The instrument measures
the scattering of light from a 780 nm laser passing through water-
suspended particles to determine their grain size distribution from
0.4 pm to 2 mm (in terms of vol.%). We assumed a refractive index
of 1.55 and absorption coefficient of 0.001 consistent with volcanic
glass of intermediate composition (Horwell, 2007).

The resulting distribution curves are described by the summa-
rizing statistics of the mean (um and @), the sorting deviation (o7),
and the standard deviation (um), where the @ value is defined as
the negative log of base two of the particle diameter in mm. The
more positive the @ value the smaller the particle. The equations
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Table 2
Ashfall componentry, size, and shape results.
SAK Total Glass Lithic Crys- % of glass Total Mean Standard Skew Mean Standard Folk and Folk and
sample number (%) (%) tal grains that number aspect deviation of diameter deviation ward ward
of (%) are not of ratio® of aspect aspect (pm)P of mean mean sorting
grains ‘fresh’ grains® ratio? ratio? diameter” diameter (phi)®
picked (phi)®
1 141 64.5 7.8 27.7 6.6 3544 0.65 0.20 —0.63 64.73 16.13 3.9 0.38
3 240 575 8.8 33.8 5.8 13805 0.64 0.21 —0.61 113.20 91.70 3.1 1.01
5 221 733 2.7 24.0 9.3 21505 0.68 0.20 —0.67 238.10 159.00 21 1.53
7 252 77.8 52 171 10.2 7059 0.61 0.23 —0.59 411.30 333.40 13 1.8
10 225 64.0 1.8 34.2 6.9 29820 0.67 0.21 —0.72 185.20 119.80 24 1.53
11 201 69.7 4.0 26.4 10.7 116356 0.69 0.18 —0.64 11730 105.70 31 1.83
19 254 62.2 4.7 331 12.7 6506 0.46 0.25 0.18 162.90 47.85 2.6 0.42
20 272 614 10.7 279 9.0 4227 0.48 0.25 0.10 129.60 44.72 29 0.48
23 200 63.0 115 255 6.3 4805 0.53 0.26 —0.18 111.10 43.37 3.2 0.58
24 242 574 16.5 26.0 17.3 24536 0.67 0.20 —0.74 80.99 41.36 3.6 0.99
25 149 62.4 8.7 28.9 11.8 6419 0.60 0.25 —0.58 89.79 47.80 3.5 0.61
26 245 60.4 8.6 31.0 6.8 10306 0.50 0.27 0.05 120.90 65.81 3.0 0.74
27 235 60.0 2.1 379 43 15438 0.68 0.19 -0.72 103.50 36.83 33 0.83
28 275 60.4 2.9 36.7 6.0 20235 0.68 0.20 —0.67 69.63 45.26 3.8 0.85
30 255 60.0 8.2 31.8 15.0 97497 0.67 0.19 —0.69 131.00 138.90 29 1.91

4 Results are from the Malvern PharmaVision and are reported as numeric distributions.
b Results are from the Laser Diffractor and are reported as a volume distribution. Columns 2-6 are the results of componentry analysis.

for the mean and deviation statistics in @ are from Folk and Ward
(1957) and calculated by the LDPSA.

Particle shape characteristics were analyzed using the Malvern
PharmaVision 830 (MPV830) at the University of South Florida.
The MPV830 uses static 2-D images of the ash, evenly dispersed
over a glass plate, to calculate parameters such as diameter and
roundness of individual grains (reported as a numeric distribu-
tion). The MPV830 uses a camera attached to a microscope and
computer to scan, photograph, and analyze the particles. For this
analysis, a 20x lens was used in combination with 4x and 0.5x
magnification lenses in order to fully analyze a range of particle
sizes from 0.3 pm to 2 mm. A 20 mm x 30 mm area of the glass
plate was analyzed for each sample (except for sample 7 where
it was 20 mm x 20 mm) resulting in 3500 to 120,000 grains be-
ing measured per sample (Table 2). The diameter calculated within
the MPV830 software is the circle equivalent diameter (Leibrandt
and Le Pennec, 2015). The 2-D roundness ratio is similar to the
aspect ratio defined by Leibrandt and Le Pennec (2015), it is cal-
culated within the MPV830 software by comparing the length and
width of the grain; a perfect circle has a roundness of 1.0 while a
rod shaped particle would have a roundness close to 0. However,
throughout this paper we will use the term aspect ratio when dis-
cussing this roundness parameter. This is to help clarify that we
are discussing the shape of the particle (elongate or equant) and
not how angular or smooth the edges are. A benefit of this in-
strument is that it can assess many thousands of grains per single
analysis. However, the entire ashfall sample is analyzed, not just
the juvenile material (which is the component of interest when
investigating magma fragmentation). The camera used by the MPV
records backlit black and white 2-D images of the projected shape
of each grain. It is not possible to use these images to discern the
componentry of the grain.

3.3. Componentry

For each ashfall sample, between 140-275 ash particles were
randomly selected from the >125 pum fraction and categorized
for a componentry analysis using an optical microscope under re-
flected light at 40x magnification (Table 2). The categories selected
for this study are juvenile glass, crystals, and altered/lithic grains
(Fig. 2). Juvenile glass is defined by the high gloss sheen on black
to dark brown particles. It is subdivided into fresh and non-fresh
glass with the latter showing some minor pitting or abrasion. The
fresh particles were more numerous than the non-fresh and fea-

0.8
Glass Increasing

0.7 0.6

Fig. 2. Componentry ternary diagram. Red circles are events that had continual radio
frequency (CRF) impulses. Black circles are events without CRF. The inset micropho-
tographs show examples of the componentry divisions. The glass particles are glossy
and black to dark brown with smooth sides. The crystal particles are free crystals
with smooth and distinct crystal faces and ranged from clear to black. The lithic
particles group included any particle showing clear signs of alteration or particles
of non-volcanic bedrock.

tured smooth sides with clearly defined edges and no pitting (Ta-
ble 2). The glass particles are mainly composed of dense, bubble-
free glass, with microlites visible under SEM, with the rare vesicle.
The crystal fraction consists of free crystals (mostly plagioclase and
pyroxenes) with a small amount of adhering glass (<10%). The al-
tered/lithics category consists of any particle showing clear signs of
alteration, including highly pitted and abraded edges/faces, and/or
reddish oxidation, as well as particles of non-volcanic bedrock.
A standard deviation from repeated measurements determined er-
ror bounds on the componentry measurements to be less than
+3%.

3.4. Microlite number density and crystallinity

The plagioclase microlite number density (MND) has been re-
lated to the average decompression and ascent rates of the magma
as it moves up the conduit (e.g. Toramaru et al., 2008). Plagio-
clase was chosen for the MND analysis to facilitate comparisons
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Fig. 3. Scanning electron microscope image of part of a fresh glass ash particle. (A) Raw image with microlites of plagioclase, pyroxenes, and Fe-Ti oxides labeled, (B) yellow
outlines indicate plagioclase microlites analyzed for microlite number density calculation.

with previous work at Sakurajima (Miwa et al., 2009) using the
method of Toramaru et al., 2008. An increase in MND is related to
a faster decompression rate (Toramaru et al., 2008). Additionally,
higher MND values have been related to larger amplitude (more
explosive) seismic events at Sakurajima (Miwa et al., 2009).

From the fresh glass portion of the componentry analyses, ap-
proximately 20 grains were randomly picked for SEM mounting
and analysis. The particles were mounted following the method of
Lowe (2015). Grain mounts were carbon coated and imaged using
an Aspex EXPress desktop SEM at the Cascades Volcano Observa-
tory of the U.S. Geological Survey. A working distance of 15-17 mm
and beam energy of 20 kV were used under vacuum to obtain
images of exposed grain surfaces. SEM imaging of these grains re-
vealed microlites of plagioclase, pyroxenes, and Fe-Ti oxides.

To determine the plagioclase MND of the ash particles, the
SEM images were imported into Image] open source software
(Schneider et al., 2012). The gray tone coloration between the
plagioclase microlites and surrounding glass was too similar to al-
low for automatic thresholding. Therefore, each plagioclase crystal
was manually identified and outlined (Fig. 3). Image] computed
the total number of outlined microlites, and their 2-D geometrical
characteristics. Between 7-10 grains were manually analyzed from
each ashfall sample. The cross-sectional area of the grain visible
in the SEM image was also calculated. The areal MND was calcu-
lated by taking the number of microlites in a specific ash grain
divided by the area of the particle in pym. Miwa et al. (2009) used
the grain size fraction from 350-500 um. We did not have enough
grains in the 350-500 um fraction to perform a quantitative analy-
sis that was representative of the total ash sample so we used the
>125 pm fraction.

The plagioclase crystallinity was determined by taking the sum
of plagioclase microlites areas divided by the total area of the grain
(also referred to as the areal fraction of plagioclase) (Miwa et al.,
2009).

3.5. Detecting electrical activity with the Lightning Mapping Array
(LMA)

The LMA detects VHF (30-300 MHz) electromagnetic ration in
a 6 MHz passband. This radiation is produced during the electri-

cal breakdown of air, which occurs as conductive channels form
(Rison et al., 1999). Impulsive radiation is recorded as numerous
VHF ‘sources’ that, when correlated across several LMA stations,
can be located to provide a three-dimensional map of the lightning
discharge (Thomas et al., 2004). Lightning discharges are composed
of a number of these ‘sources’. Therefore, one useful statistic de-
rived from the LMA data is the number of located sources (NLS).
The larger the NLS, the more electrical activity was present in the
plume. Electrical noise that would be recorded on the LMA is typi-
cally locally generated near the station and would therefore not be
recorded on the multiple sensors needed to locate the source. Such
noise may manifest in the located data due to chance correlations
during data processing. These sources are differentiated from CRF
in that noise is generally poorly located over diffuse areas whereas
CRF is a well located group of sources located in the small region
over the volcano and only occurs when the volcano is erupting.
The influence of noise in our data has been significantly reduced
by only using located sources that had a reduced chi-squared of 1
or less.

The LMA data for this study were collected from a 9-instrument
network. The instruments were located on the eastern side of
Sakurajima at a variety of azimuths and distances from the vent
(Fig. 1). For this experiment the LMA passband was 66-72 MHz.
The LMA data are processed from raw data to located sources us-
ing a time-of-arrival algorithm (Thomas et al., 2003). The NLS was
determined by counting all of the located electrical sources within
alkmx1kmx2km (X x Y x Z) box around Showa Crater at
Sakurajima.

Another observation drawn from the LMA is the presence of
CRE. CRF occurs over relatively long durations (typically several
seconds, but there is no defined upper limit), in contrast to
the burst of radiation associated with a discrete lightning flash,
which typically occurs over timescales of less than one second.
In the LMA data we see CRF immediately, as soon as ash vent-
ing starts, even before the plume rises above the rim of the crater
and into view. The onset of CRF is clear and is correlated with
other geophysical signals, such as infrasound (Behnke et al., 2013;
Behnke and McNutt, 2014). In this study, we characterize events
using the presence of CRF, its duration (s), and its peak rate of
occurrence (per 100 pus window). The peak rate of CRF was deter-
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mined from the unprocessed LMA data recorded by a single sta-
tion. First, the raw source rate was smoothed to remove high-rate
spikes caused by small lightning discharges. Then, the source rate
was scaled by a normalization factor that takes into account the
effective ‘duty cycle’ of the LMA station. The NLS and CRF are used
here to investigate if relationships exist between volcanic electrifi-
cation and measurable ash parameters.

3.6. Seismic measurements

The seismic data were recorded at 100 samples per second
with a 2-station network located on the eastern side of Sakura-
jima. The instruments used were Nanometrics Trillium Compact
120 s Posthole 3-component broadband seismometers. During field
deployment, the data were stored on a Nanometrics Centaur Digi-
tizer. The reported seismic amplitude measurements are calibrated
displacement values. These amplitudes are the absolute value of
the maximum zero-to-peak amplitude recorded within an event on
the vertical seismic channel. For those ash samples that represent
multiple plume and seismic events (Table 1), we have used an av-
erage maximum seismic amplitude (um). Because we had only two
seismometers with a small azimuthal range (<45°), we were not
able to account for any seismic radiation patterns that may have
affected the seismic data.

4. Results and discussion
4.1. Componentry

The componentry results are shown in a ternary diagram in
Fig. 2. The ashfall samples cluster in the glass-rich, lithic-poor sec-
tion of the diagram with glass comprising 57-78%, lithics 2-17%,
and crystals 17-38%. These percentages are determined from the
number of particles of each category divided by the total number
of particles analyzed for componentry in that sample. A pattern
emerges when the data are color-coded for the presence of CRF.
The majority of CRF-producing events have <10% altered or lithic
grains and >60% glass. This may be indicative of the type of mate-
rial involved in the electrification mechanism that produces CRF at
Sakurajima: low lithic and high glass proportions point to events

composed mainly of fresh, juvenile magma fragmenting to form
glassy ash rather than the destruction of older, pre-existing lithic
material in the vent or the solidified magma that caps the conduit
between explosive periods.

4.2. Microlite number density (MND) and seismic data

Previous work by Miwa et al. (2009) found a positive correla-
tion between the MND and the maximum seismic amplitude of
explosion earthquakes at Sakurajima. The implication is that more
eruptive energy (proportional to a higher seismic amplitude) is re-
quired to destroy a more established degassed magma cap (with
greater microlite content). Although there are no electrical obser-
vations for the eruptions of Miwa et al. (2009), the comparison
with our data is interesting because it sheds light on how ash
characteristics may fit into other monitoring data-sets. We ex-
plore the relationship between MND and maximum seismic am-
plitude for ashfall from Sakurajima’s Showa Crater, and compare
with the Minamidake crater samples of Miwa et al. (2009). The
MND values used by Miwa et al. (2009) were based on 5 large and
well-characterized ashfall events from eruptions that took place
between 1974-1982. Each average MND value was calculated from
4-5 individual particle MNDs. Our study looks at 15 samples over
a narrower time range and somewhat smaller eruptions based on
seismic amplitudes. The seismic station used to determine seismic
amplitude in the Miwa et al. (2009) study was located at a dif-
ferent azimuth (~135° counter-clockwise from the station used in
this study) but at a similar distance (2.7 km vs. 3 km) from the
active crater. Therefore, we infer that the seismic data are compa-
rable.

Combining the data of our study and Miwa et al. (2009) (Fig. 4)
reveals some interesting observations. First, our data alone do not
show a relationship between microlite number density and seismic
amplitude (R? = 0.02), which contrasts to the strong relationship
observed in the Miwa et al. dataset (R? = 0.94). It is worth noting
that the outliers in the upper left of Fig. 4 represent two events
during poor weather/visibility, meaning that the ashfall samples
were correlated to the seismic amplitude based on only the time
of collection, without the added video data to corroborate (adding
some uncertainty). Second, the combined data sets do still support
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Table 3
Microlite number density values and calculated average ascent velocities and decompression rates.
SAK Number Mean microlite MND standard Mean areal Areal fraction Average Decompres-
sample of number deviation fraction of of plagioclase ascent sion rate
samples density (MND) (m~3) plagioclase standard velocity (Pa/s)
(m™3) deviation (m/s)
1 10 3.8 x 10 2.7 x 104 034 0.07 0.045 1107
3 10 6.4 x 1014 43 x 10" 0.35 0.12 0.064 1565
5 10 8.6 x 10 4.6 x 10" 032 0.08 0.078 1912
7 10 9.6 x 104 5.0 x 1014 0.30 0.05 0.084 2048
10 7 1.1 x 1013 1.1 x 1013 0.23 0.12 0.089 2183
11 10 1.2 x 10 6.7 x 1014 025 0.06 0.097 2389
19 7 5.5x 10™ 43 x 10 0.34 0.09 0.058 1420
20 10 1.1 x 10" 6.0 x 1014 0.27 0.04 0.094 2305
23 8 1.1 x 10" 9.1 x 10" 0.26 0.09 0.093 2271
24 10 6.0 x 104 3.3 x 10 0.31 0.08 0.061 1499
25 9 1.0 x 10%° 8.5 x 104 032 0.06 0.089 2176
26 10 1.1 x 10" 4.7 x 104 0.29 0.09 0.089 2185
27 10 8.0 x 10" 3.1x 10 0.29 0.06 0.074 1826
28 10 9.3 x 10 4.7 x 104 0.28 0.06 0.082 2006
30 10 1.1 x 10" 7.7 x 1014 033 0.10 0.094 2309

a weak, positive correlation (R? = 0.3). Overall, our measurements
introduce scatter into the original relationship proposed by Miwa
et al. (2009), suggesting either a weaker correlation or a different
mechanism for the smaller end of the scale of Vulcanian eruptions
from Showa Crater.

Using the decompression rate to calculate average magma as-
cent rates, Miwa et al. (2009) shows that the Vulcanian eruptions
they studied at Sakurajima had ascent rates of 0.11-0.35 m/s.
The magma ascent rates determined in our study range from
0.04-0.09 m/s (Table 3). These values fall in between those given
for effusive and Vulcanian eruptions in Miwa et al. (2009), indicat-
ing that the eruptions studied in this paper were smaller Vulcanian
events than those investigated by Miwa et al. (2009). Further in-
vestigations into this relationship at Sakurajima, as well as at other
volcanoes, will help clarify the relationship between MND and
maximum seismic amplitude.

By combining our data on the crystallinity (areal fraction of pla-
gioclase) of the ash samples compared to the maximum seismic
amplitude to that done by Miwa et al. (2009), we can see that the
previous lack of correlation is maintained (Fig. S.1).

4.3. Seismicity and continual radio frequency (CRF) impulses

Fig. 5 shows a clear distinction between the seismic signals of
events that produce CRF and those that do not (Fig. 5A). The events
without CRF have longer seismic waveform durations (Fig. 5B and
5C). This may indicate that CRF is not present in events of steady
ash and gas venting. The seismic events that correspond to de-
tected CRF are shorter in duration indicating a discrete explosive
pulse, associated with events of larger maximum seismic ampli-
tude. The lowest seismic amplitude with CRF is 7.06 pm while the
highest seismic amplitude without CRF is 2.32 pm. This clustering
is even clearer when examining the maximum seismic amplitude
individually (Fig. 5A). The increased seismic amplitude can be in-
terpreted as an explosivity threshold required for generating CRF.
Seismic amplitude is proportional to seismic energy so this ampli-
tude threshold may indicate a minimum energy input required to
initially fragment and/or accelerate the ash particles in the conduit,
building up electrical charge that is detected as CRF. This overall
observation does not extend to our estimated magma ascent rates,
(S.2) - we see no relationship between the average magma rate
(from microlites) and the magnitude of electrification or presence
of CRF in the plume (Fig. S.2). One possibility is that the uncer-
tainty of the ascent rate calculations is simply too great to expect
any meaningful correlation. Alternatively, it is possible that the CRF
charging mechanism is related to the energy of the final explosion

rather than the time-averaged rate of magma ascent. Thus, the CRF
occurs on shorter spatial and temporal scales than would be re-
flected in microlite growth. This shows that the explosion energy,
as indicated by seismic amplitude, may not be well correlated with
average magma ascent rate from microlites.

4.4. Grain size distributions

Fig. 6A shows the mean grain size following methods in Folk
and Ward (1957) and sorting of the ashfall samples in @ (phi)
values. In general, the finer grained samples in our data-set are
slightly better sorted (R? = 0.3). Fig. 6B shows a similar relation-
ship of the mean grain size (as the 50th percentile) versus the
standard deviation in microns. In other words, the finer-grained
samples have a smaller standard deviation, indicating a narrower
peak in the distribution.

There is no correlation between the ashfall grain size statis-
tics and the production of electrical activity (in terms of CRF or
NLS; Fig. 6). This lack of correlation holds even when we used
the same grain size metrics proposed by Houghton et al. (2013)
in their laboratory experiments on electrical charging (normal-
ized span and modality; Fig. S.3). This is a surprising result given
experimental work that has previously linked fine ash content
(50-500 pm), which is a similar range to our samples, to en-
hanced electrical activity (Miura et al., 2002; Cimarelli et al., 2014;
Forward et al., 2009; James et al., 2000; Mendez-Harper et al.,
2015). A future study with more samples that are representative
of the total grain size distribution may result in findings more in
line with the experimental results.

4.5. Particle shape

We investigated relationships between the plume electrification
and the mean aspect ratio of ash particles as calculated from the
MPV830 optical imager. We also looked at the skew of these shape
distributions. For lower mean aspect ratio (more elongate parti-
cles), there is a slight positive skew to the distribution, but as the
mean aspect ratio increases (more equant particles) the distribu-
tions become more negatively skewed (Fig. 7A, R?> = 0.94). This
indicates that ashfall with more equant grains overall also con-
tains a small amount of elongated material (Fig. 7D). We note that
CRF-producing eruptions are more likely to produce equant grains
(high aspect ratios). Fig. 7A shows that all but one of the CRF-
producing eruptions cluster in the lower right-hand portion of the
plot - these are the ashfall samples with more equant grains over-
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Fig. 5. Plots of the number of located sources (NLS) and seismic amplitude. (A) Plot of the log;, of the NLS against the log;, of the maximum seismic amplitude. Red circles
(enclosed by the large red oval) are events that had continual radio frequency (CRF) impulses, black circles (enclosed by the large grey circle) are events that did not have
CRF; (B) Stack of vertical seismic traces for events with CRF; (C) Stack vertical seismic traces for events without CRF. Both stacks have normalized amplitudes as the y-axis.

all and a small amount of elongate particles (as a long tail in the
shape distribution, Fig. 7D).

One possible explanation is that the more equant particle
shapes are due to milling in the conduit (secondary fragmenta-
tion). The milling process has transformed the elongate grains into
more equant ones, leaving behind a tail of elongate particles in
the shape distribution, as seen in Fig. 7D. After primary fragmen-
tation of the rising magma, it travels up the conduit toward the
atmosphere. Particles in this high-energy, high-concentration flow
undergo vigorous collisions with other particles and the side of the
conduit. The laboratory experiments of Dufek et al. (2012) showed
that increased fragmentation depth in combination with larger
pumice clasts (>1 cm) resulted in the most effective fragmenta-
tion, with no disruptive collisions occurring for clasts <1 cm. Jones
et al. (2016) investigated the fragmentation of andesite pumice
blocks through rapid decompression, impact, and milling. They
found that fragmentation through rapid decompression resulted
in a large range of aspect ratios. However, fragmentation through
milling gave the 250-500 um ash a higher aspect ratio (more
equant particles) and smaller range. A similar pattern is shown in
Fig. 7D, which shows a sample where CRF was recorded in the
explosive event, and where the ash particles are more equant. We
also point out that there is no correlation between mean aspect ra-
tio and particle diameter (Fig. S.4), so the link is with grain shape
rather than size.

From these observations, we infer that the Sakurajima ash was
created from a combination of initial fragmentation as well as
the byproduct of the disruptive collisions of larger clasts travel-
ing through the conduit. We can interpret CRF as being related to
enhanced milling of particles in the conduit or initial gas thrust
region. This hypothesis is supported by a parallel study done by
Behnke et al. (2018) that shows that CRF begins prior to the plume
rising to visible levels above the crater rim, indicating that it must
originate within the shallow conduit or crater, where particle col-
lisions and milling is facilitated by conduit constrictions as well as
the high concentration of the gas-particle flow, which has not yet
entrained large amounts of air (Jones and Russell, 2017). This indi-
cates that, although CRF frequently occurred in samples with high
aspect ratios and longer tails of elongate material, that these shape
parameters likely do not affect the continued generation or separa-
tion of charge as the plume develops and becomes buoyant. Fig. S.5
shows that there is no significant relationship between the mean
aspect ratio and the total NLS. This suggests that only the CRF sig-
nal is influenced by grain shape (related to milling in the conduit).
We infer that other electrification processes, such as charge sepa-
ration in turbulent eddies, become more important as the plume
develops.
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are events that have CRF.

4.6. CRF rate and duration

Finally, CRF was quantified by its peak rate of occurrence (per
100 ps window) and total duration (s). When compared to data-
set of seismic and ash textural parameters we found no significant
relationships (Fig. S.6A, B). Further study between quantified CRF
with ashfall textures and geophysical signals from a variety of vol-
canic systems may help determine if the rate or duration of CRF
hold useful insight into volcanic processes.

5. Conclusions

This study has examined the eruptive activity of Sakurajima
Volcano in Japan with the overall goal of understanding the rela-
tionship between volcanic lightning and eruptive behavior. Fifteen
ashfall samples were analyzed for grain size, shape, microlite num-
ber density, and componentry and compared to seismic signals and
LMA measurements of plume electrification. The electrical proper-
ties of the plume are described by the total number of electrical
sources and by the presence or absence of continual radio fre-
quency impulses, an electrical signal that is unique to eruptions. By
better understanding the charge generation behind CRF we hope to
become better equipped to utilize measurements of plume electri-
fication for active volcanic monitoring.

An important finding of this study is that CRF-producing erup-
tions at Sakurajima have unique characteristics based on (1) vol-
canic ash texture (componentry and particle shape) and (2) erup-
tion dynamics (seismic amplitude and waveform shape). The key
observations are summarized as follows:

e CRF occurs during eruptive events that are glassy and lithic-
poor (>60% glass and <10% lithics). This indicates that CRF
occurs more frequently when the eruption consists of fresh,
actively fragmenting magma rather than recycled material.
CRF is associated with volcanic ash rich in equant grains. We
infer that the electrical charging is enhanced by milling in the
conduit (secondary fragmentation) during ascent of the erupt-
ing mixture. The charging process likely occurs due to a com-
bination of sources including initial and secondary fragmenta-
tion (fracto-emission charging) as well as non-destructive ash
contact (triboelectric charging) in the high-velocity, high con-
centration region of the particle-laden flow.

We have established an explosivity threshold required for
generating CRF in small-scale eruptions. The electrical signal
occurs in events defined by higher seismic amplitudes and
shorter seismic durations. This suggests that CRF requires a
high-energy, impulsive explosion to sufficiently fragment and
accelerate the ash particles.

The generation of CRF, but not total plume electrification, is re-
latable to grain shape. This suggests that milling in the conduit
(resulting in more equant particles) influences the production
of CRF, but that later in plume development other electrifica-
tion processes become more important for the generation of
volcanic lighting flashes.

Taken together these observations point towards CRF occurring
in explosive events composed of freshly fragmented magma that
undergoes milling in the conduit/early plume.

In this study, we were also able to examine the relationship
between the maximum seismic amplitude of explosive eruptions
at Sakurajima and the microlite number density of ash particles
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(a proxy for magma ascent rate). By including a suite of smaller-
scale eruptions to the dataset of Miwa et al. (2009), we show that
there is a larger range of variance associated with the relationship
than previously documented. Future work clarifying the relation-
ship between the magma ascent rate and eruptive seismicity will
constrain the physical processes inside the conduit and how these
may relate to other near-vent signals such as the production of
CRE. We find that CRF is clearly associated with stronger, more im-
pulsive seismic signals, but not to faster “overall” magma ascent
rates determined from microlites. This suggests that CRF produc-
tion is more sensitive to the final stage of magma fragmentation
than to the time-averaged rate of ascent from depth (as recorded
in groundmass crystals).

This paper demonstrates the benefit of multi-parametric inves-
tigations into volcanic lightning and the broad range of processes
that contribute to it.
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