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Lightning is ubiquitous in large ash-rich eruptions. However, the quantification of the link between 
volcanic and electrical activities is still missing, hindering its potential for monitoring explosive eruptions. 
Here, we focus on vent lightning, i.e. discharges occurring within the ash-laden jet. We use a shock 
tube apparatus generating jets with variable mass of ash, grain size distribution and initial overpressure. 
The experimental jet is directed inside a Faraday cage, where the current (flux of electrical charges) is 
measured, allowing to estimate the total charge of the plume, and the number and magnitude of jet-to-
ground discharges. Three mechanisms control the electrical structure of the jet: (i) the tribocharging of 
the ash particles against the shock tube walls; (ii) the particle–particle tribocharging in the jet flow; (iii) 
the particle and charge separation according to the particle size, leading to the formation of clusters of 
electrical charges. The number and magnitude of discharges mainly rely on the two latter mechanisms: 
while the particle–particle interactions define the total charge in all the clusters, which is linked to the 
observed cumulative magnitude of the discharges, the jet structure defines the size of the individual 
clusters, and, in turn, how the cumulative magnitude is partitioned on a number of discharges. Finally, 
our experimental relationships between eruptive and electrical parameters are compatible with field 
observations, suggesting that the pattern of discharges recorded by electrical monitoring systems can 
be used to interpret the structure of volcanic jets and their dynamic evolution.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Ash electrification is a common feature in ash-rich volcanic 
plumes (McNutt and Williams, 2010). It may produce volcanic 
lightning at different stages of the plume development: (i) during 
the jet phase, when the plume motion is driven by inertia (vent 
discharges according to Thomas et al., 2010 classification) (ii) dur-
ing the buoyant rise of the plume (near vent discharges) or (iii) 
within the umbrella of the plume (plume lightning).

The emission of radio-frequency impulses by electrical dis-
charges makes them easily detectable by instrumental networks 
with different detection ranges. Local Lightning Monitoring Arrays 
(LMA) (Behnke and McNutt, 2014; Thomas et al., 2007, 2004) or 
global antenna networks such as the World Wide Lightning Lo-
cation Network (WWLLN) and the ATDnet system (Bennett et al., 
2010; Van Eaton et al., 2016, 2017), enable instrumental detection 
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of volcanic explosive eruptions at safe distance and in all weather 
conditions (Behnke and McNutt, 2014). Several studies of recent 
eruptions have highlighted the link between electrical activity and 
the spatial and temporal evolution of volcanic plumes (Aizawa et 
al., 2016; Behnke et al., 2013; Thomas et al., 2010). Indeed, erup-
tions such as Augustine (2006) (Thomas et al., 2007, 2010, Redoubt 
(2009) (Behnke et al., 2013), Eyjafjallajökull (2010) (Arason et al., 
2011; Bennet et al., 2010; Méndez Harper and Dufek, 2016), and 
more recently Bogoslof (2017–2018) were monitored from an elec-
trical point of view. Meanwhile, the frequent eruptions of Sakura-
jima (Japan) have led to numerous studies using local arrays trying 
to link volcanic processes and electrification (Miura et al., 2002;
Cimarelli et al., 2016).

So far, no model exists to link the dynamics and the electrical 
activity of a volcanic plume, thus hindering the derivation of quan-
titative real-time information on the eruption from instrumental 
detection of electrical signal. Field studies have suggested that, al-
though magma composition seems to have no effect (McNutt and 
Williams, 2010), the electrical activity may correlate with the mag-
nitude of the eruptions.
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. a) Grain-size distribution of the sample before and after the washing procedure. Particles below 63 μm (fine particles) represents 3.96% of the volume in the non-
washed sample and are below detection limit in the washed sample. b) and c) SEM close-up of washed (b) and non-washed particles (c): fine particles (some of them being 
marked by red arrows) are aggregated on the bigger ones only for the non-washed sample (some of them detached during the sample preparation). (For interpretation of 
the colors in the figure(s), the reader is referred to the web version of this article.)
From an experimental point of view, studies have been focusing 
on the charging mechanism of solid particles, especially aiming at 
disentangling the effects of tribo-electrification (exchange of elec-
trical charges between two bodies rubbed together, see Harrison 
et al., 2010; Houghton et al., 2013; Méndez Harper and Dufek, 
2016) from those of fracto-electrification (caused by the fragmen-
tation of the erupting magma and pyroclasts, see James et al., 
2000, 2008; Méndez Harper et al., 2015). However, these exper-
iments only focus on the charging mechanism of volcanic parti-
cles and neglect the equally important mechanisms of discharge. 
In addition, they do not provide scalable numbers to transpose 
the results in the context of volcanic explosive eruptions. Finally, 
they mainly focus on the near-vent and plume lightning, neglect-
ing the specificities of vent lightning which is the earliest de-
tectable electrical signal and is thus crucial for real-time monitor-
ing.

Focusing on the jet phase and vent lightning, Cimarelli et al.
(2013) managed to produce electric discharges by rapidly de-
compressing a dry gas-particle mixtures in a shock tube appara-
tus. Their experiments succeed in reproducing the whole charge-
discharge process, from the electrification of the particles, through 
the particle and charge separation, to the generation of the dis-
charges. Electrical discharges were observed both visually using 
high-speed video recordings and through variations of the elec-
trical potential using small antennas.

In this study, we further implement the experimental setup 
described by Cimarelli et al. (2013) and setup a data processing 
method in order to more precisely quantify the charging of the 
particles and the discharges within the jet (referred as “vent light-
ning” in Thomas et al., 2010). By using a Faraday cage, we compute 
the net electric charge associated with the gas-particle flow, and 
the number and magnitude of the electrical discharges generated 
within. We focus our analysis on the effect of three main param-
eters, recognized to be crucial for the generation of volcanic light-
ning: (i) the mass of ejected particles (eruption magnitude), (ii) the 
pressure within the conduit and in the jet flow (eruption intensity) 
and (iii) the proportion of fine particles over the total solid load 
in the flow (grainsize distribution). Others factors that may play a 
significant role on electrification, (such as atmospheric conditions, 
water content, ash composition and crystallinity or temperature) 
have been deliberately excluded from the analysis for simplicity; 
however, the method developed here will be easily applicable to 
explore the effects of these parameters.
2. Experimental procedure

2.1. Sample preparation

We use natural volcanic ash particles to run the experiments. 
To assure reproducibility of the experiments, we use ash from the 
lower unit of the 13 ka Laacher See eruption (East Eifel volcanic 
field, Germany), which is quarried in large quantities for indus-
trial purposes, and sieved between 90–300 μm by ROTEC GmbH 
(Mueller et al., 2017). The ash is phonolitic in composition (SiO2
∼55 wt%; Al2O3 ∼20.5 wt% NaO ∼11 wt%; K2O ∼5.5 wt%) and 
contains 5–8 wt% of phenocrystals, in particular sanidine, plagio-
clase and clinopyroxenes (Wörner and Schmincke, 1984). Particles 
have a mean density of 1383 g/m3 (Douillet et al., 2014). To guar-
antee a replicatable grainsize distribution, we further sieve the ash 
during 15 min to select grains between 180 and 250 μm. The 
grainsize distribution of the sample is determined by a laser par-
ticle size analyzer (LPSA; model Coulter LS230). The LPSA shows 
that the sieved sample still contains ∼4 vol% of fine ash (i.e. grain-
size <63 μm, Fig. 1a). Scanning electron microscope (SEM) images 
show that the fine ash is in fact aggregated on larger particles 
(Fig. 1c) after the sieving. We use a water jet to wash the sieved 
samples in order to detach the fine ash and further reduce the 
grain size distribution of the samples. Ash was then dried during 
12 hr in an oven at 95 ◦C, and stored in room conditions to ensure 
the same humidity as the non-washed samples. Both LPSA mea-
surements (Fig. 1a) and SEM imaging (Fig. 1b) demonstrate that, 
after washing, the amount of fine ash sticking to larger particles 
is below detection limit. By blending the washed and non-washed 
samples, we are thus able to tune the amount of fine ash between 
0 and 4% in the experimental runs.

2.2. Experimental apparatus

The experimental apparatus (Fig. 2) is a modified version of 
the shock tube apparatus first described in Alidibirov and Ding-
well (1996) and further improvements (e.g. Alatorre-Ibargüengoitia 
et al., 2010; Kueppers et al., 2006). The sample is inserted in shock 
tubes with variable diameter of 20, 26 or 33 mm. We prevent the 
compaction of the sample by avoiding shaking or knocking the au-
toclave. The shock tube is sealed by an imprinted diaphragm of 
copper or iron (“Lower diagram” in Fig. 2). The maximum pres-
sure that the diaphragm can hold is empirically determined and 
depends on the material used, the thickness of the diaphragm, and 
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Fig. 2. Experimental setup. Plastic spacers (in yellow) insulate the Faraday cage from 
the autoclave and the collection tank. dA and hFC represents respectively the diam-
eter of the autoclave and the vertical spacing between the Faraday cage and the 
nozzle, that can be tuned.

the depth of the imprint. The pressure in the autoclave is increased 
by progressively introducing argon gas, until the diaphragm fails. 
To exactly control the bursting pressure of the diaphragm, a sec-
ond diaphragm can be placed on top, delimiting a small upper gas 
chamber. In this configuration, the two diaphragms are typically 
chosen to hold 75% of the target pressure and the pressure in the 
upper chamber is set to be approximatively 50% of the target pres-
sure in the autoclave. In this way, the pressure in the shock tube 
can be precisely tuned and the explosion is triggered by suddenly 
increasing the pressure in the upper chamber only. The rupture of 
the upper diaphragm precipitates the instantaneous rupture of the 
lower diaphragm inducing fast decompression of the gas-particle 
mixture, which expands in the collection tank above generating a 
jet flow.

To monitor the jet dynamics, we used a static pressure sen-
sor at the top of the autoclave and a dynamic pressure sensor at 
the nozzle (respectively Pa and Pn in Fig. 2). In parallel, some ex-
periments were filmed using a V711-Phantom high-speed camera 
(typically 400 × 400 pixels definition at 40 000 fps).

The gas/particle mixture is ejected in a 4 m-high 0.4 m-
diameter cylindrical tank at room pressure and temperature. Inside 
the tank, a 2 m-high 0.36 m-diameter Faraday cage (metallic mesh 
with 1 cm spacing) is installed. The bottom part of the Faraday 
cage consists of a metal plate with a 7 cm hole in the middle 
which hosts the autoclave nozzle. The vertical spacing between the 
bottom of the Faraday cage and the nozzle (hFC, see Fig. 2) can be 
adjusted according to the jet characteristics and the number and 
size of sensors fitting in this space. The Faraday cage is insulated 
from the walls and bottom of the tank by insulating plastic spac-
ers. Generally, the mesh grid in a Faraday cage should be smaller 
than the wavelength of the recorded signal (Thirumal Murugan et 
al., 2015). Consequently, our cage would allow recording signals 
lasting at least 0.035 μs.

The autoclave is electrically grounded. In contrast, we set a re-
sistor between the Faraday cage and the ground. The measurement 
of the voltage (V ) across the resistor allows to compute the elec-
tric current I (i.e. the time derivative of the charges Q ) from the 
ground to the Faraday cage, following Ohm’s law:

dQ

dt
= I = V

Rtot
(1)

where Rtot is the total resistance of the circuit. In our case, Rtot is 
given by the sum of the internal resistance of the datalogger RDL

(Yokogawa WE7000) and the resistance of an additional resistor 
Radd , which we use together with an extra capacitor Cadd to de-
crease the amplitude of the signal and avoid saturation. The total 
resistance of the circuit is then:

1

Rtot
= 1

RDL
+ 1

Radd
(2)

To allow comparison between different experiments, we define 
the beginning of the burst as coincident with the beginning of the 
pressure drop in the shock tube (i.e., t0 = 0 when the pressure 
inside the autoclave drops below 90% of the initial pressure). Note 
that the pressure sensor is located at the top of the autoclave, but 
at the end of a 150 mm capillary tube, thus causing a short time 
delay between the diaphragm rupture and the recorded decrease 
of pressure.

Although we will limit our study on the three relevant param-
eters for ash electrification and volcano monitoring, the setup is 
very flexible and could be easily tuned to explore the effect of 
additional parameters such as ash and atmospheric temperature, 
water content, ash composition and crystallinity.

2.3. Data processing

The electrical current I measured by the data logger (referred 
hereafter as raw signal) is made of the superimposition of two sig-
nals, each of them reflecting a distinct mechanism of charge trans-
fer: (i) a slowly fluctuating baseline (hundreds of μs timescale) rep-
resentative of a constant current (i.e. flow of charge) entering the 
Faraday cage, and (ii) sudden rises followed by exponential decays. 
By comparing electrical signal and high-speed video recording of 
the experiment, Cimarelli et al. (2013) demonstrated that the sud-
den rise in the electrical current is coincident with the flashes from 
the jet to the ground. The exponential decay corresponds to the 
impulse response of the circuit (IRF), reflecting the time needed 
for the Faraday cage to equilibrate its charges with the ground. 
The intracloud discharges do not provoke a charge transfer from 
the Faraday cage interior to the ground, hence they are not de-
tectable with our setup.

The main goal of the data processing is to separate the two sig-
nals. In that scope, we first remove the effect of IRF. The IRF is an 
exponential function, whose characteristic time is equal to Rtot Ctot , 
where Rtot and Ctot are the total resistance and capacitance of the 
circuit. The total capacitance (Ctot) of the circuit is the sum of the 
capacitance of the capacitor (Cadd) and the capacitance of the Fara-
day cage itself (C ) put in parallel. Hence, to get the capacitance of 
the Faraday cage, we need to use the signals produced by some 
isolated flashes, and fit the evolution of the electric current using 
the equation:{

I = Ioffset for t < tflash

I = Ioffset + Imax exp(− t−tflash ) for t ≥ tflash
(3)
Rtot Ctot
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Fig. 3. Determination of the capacitance of the Faraday cage. Four examples of flashes are represented and fitted using equation (3), providing each an estimate of the 
capacitance of the Faraday cage (in these cases, Cadd = 0 nF and Rtot = 39 562 �). The inset represents the histogram of the capacitances from 175 flashes, providing an 
estimate of the capacitance of the Faraday cage of 1.79 ± 0.03 nF (95% confidence interval error).
The fit of 175 flash events provides a value of 1.79 ± 0.03 nF 
for the capacitance of the Faraday cage (Fig. 3).

The IRF of the datalogger is thus (note that the time integration 
of the IRF equals 1):{

IRF = 0 for t < 0
IRF = RtotCtot exp(− t

Rtot Ctot
) for t ≥ 0 (4)

Since the raw signal is the convolution of the current with the 
IRF, the current is the deconvolution of the raw signal by the IRF. 
This deconvolution process is achieved using Matlab.

The deconvoluted signal is the superimposition of a slowly fluc-
tuating baseline (hundreds of μs timescale) and some Dirac deltas, 
corresponding to the discharges. To distinguish the two compo-
nents, we use the following procedure: (i) the peaks are removed 
from the deconvoluted signal by applying a median filter so that 
the obtained signal corresponds to the baseline; (ii) the baseline 
signal is subtracted from the deconvoluted signal so that the resid-
ual is a signal centered on zero and displaying the peaks; (iii) a 
threshold is applied to distinguish the peaks from the noise. In 
order to define this threshold, we apply this procedure on the sig-
nal recorded before starting the experiment, thus computing the 
standard deviation of the noise. We set the threshold at a min-
imum of 6 times the standard deviation so that the number of 
false-positives in 1,000,000 data points experiments is lower than 
1�. Peaks detected on consecutive data points are considered to 
belong to a single event, and are merged by summing up their 
intensities. This procedure allows us to make a database of the 
flashes observed, each of them being associated to a timing after 
the beginning of the explosion and a magnitude (i.e. amount of 
charge transferred). The total magnitude of the discharges for each 
experiment is computed by summing up all the individual magni-
tudes of discharges.

The time-integration of the electrical current recorded by the 
data logger allows to estimate the net charge inside the Faraday 
cage:

Q (t) =
t∫

0

Idt (5)

Note that, since the IRF is normalized (equation (4)), the inte-
gration can be achieved indifferently on the raw or the deconvo-
luted signal. This allows also to remove directly the effect of dis-
charges from the current measured to obtain only the net charge 
associated with the jet entering the Faraday cage.
3. Results

3.1. Characteristics of electrical activity

We conducted a total of 46 experiments. Detailed results for 
all experiments, automatically generated by a processing code, 
are available as supplemental material at GFZ portal (Gaudin and 
Cimarelli, 2019). Out of this total, 17 “blank experiments” were 
conducted with no ash, which allow us to distinguish the effect of 
the gas from those of the ash.

Fig. 4 shows the results for two typical experiments, one with 
ash (EXP119) and one “blank” (EXP114). The time t = 0 of the 
experiment is arbitrarily set when the pressure measured in the 
autoclave drops below 90% of the initial pressure (Fig. 4a). The dy-
namic pressure (Fig. 4b) increases quasi-instantaneously when the 
gas (no particles yet) escapes the nozzle. In the case of ash ex-
periments, the pressure further increases while the particles are 
expelled until the maximum recorded pressure (typically 1/10 to 
1/15 of the initial pressure within the autoclave) when also the 
particles are ejected in the flow. Finally, in both cases, the dynamic 
pressure decreases quasi exponentially.

In the presence of ash, the current from the Faraday cage signal 
displays a superimposition of peaks followed exponential decays 
on a slowly fluctuating baseline (Fig. 4c). The exponential decays 
represent the instrumental response of the circuit to the impulsive 
signal associated to the discharge events, while the baseline (i.e. 
the background signal) is indicative of the flux of charges associ-
ated with the flow of gas and particles together. From a chrono-
logical point of view, all experiments follow a similar pattern. The 
ejection of the gas is associated to a negative current (−7.5 μA at 
t = −0.5 s and −3.5 μA at t = −0.4 μs for EXP114 and EXP 119, 
respectively). An additional negative signal may be visible before in 
the experiments with two diaphragms, corresponding to the ejec-
tion of the gas between the two diaphragms. Positive discharges 
(i.e. neutralizing negative charges) are visible in presence of ash 
after +0.5 ms and last until +2.2 ms. This timing corresponds to 
the ejection of the first particles. About 15 large discharges (corre-
sponding to flashes in the video) are clearly visible, in association 
with some smaller discharges (Fig. 4f). Although the magnitude of 
the discharges remains constant, their rate slightly decreases with 
time. After +3 ms in Fig. 4, and in some cases up to +250 ms, 
late discharges can be still recorded. Unlike the early ones, late 
discharges (i) are of both polarities, (ii) also occur in blank experi-
ments charged with gas only (e.g. EXP120 in Gaudin and Cimarelli, 
2019), and (iii) tend to disappear after thorough cleaning of the 



D. Gaudin, C. Cimarelli / Earth and Planetary Science Letters 513 (2019) 69–80 73
Fig. 4. Example of signals from a typical experiment (EXP 119, in green) and a blank one (EXP 114, in magenta): a) static pressure at the top of the shock tube; b) dynamic 
pressure at the nozzle; c) Faraday cage current (I) measured from the Faraday cage to ground (see equation (1)); d) total charge in the Faraday cage (plain lines, equation (5)) 
and comparison with the charge that would be inside the cage if no discharges were occurring (discharges were removed using the procedure described in section 2.3). In 
EXP 114, no discharges are detected, hence the two lines remain superimposed; e) total magnitude of the positive and negative discharges; f) binned distribution of discharge 
magnitude for the sets of (each bin represents 0.5log2-units). The dashed lines show the number of discharges of a given magnitude. (See description in the text.)
setup. We interpret them as the effect of residual ash from previ-
ous experiments stuck on the apparatus (in particular on the mesh 
of the Faraday cage) that is remobilized by the shock wave or the 
particle-laden flow itself. These signals are very difficult to avoid, 
even after very careful cleaning of the apparatus. In addition, we 
note that they are associated to perturbations in the dynamic pres-
sure sensor signal. For these reasons we will not take them into 
consideration for the rest of the study and focus our analysis to the 
first 7 ms of each experiment. This time window is long enough to 
observe the evolution of the gas-particle jets until it reaches quasi 
steady-state conditions and before the expanding flow starts inter-
fering with the Faraday cage and the tank.

The variation in the net charge inside the tank, i.e. the time in-
tegration of the raw signal (equation (5)) is represented in Fig. 4d 
(solid line). This signal has two components: the net charge car-
ried by the particles entering the Faraday cage and the discharges. 
By removing the effect of the discharges using the procedure de-
scribed in section 2.3, we determine the net charge of the particles 
to be negative (Fig. 4d, dashed line). In presence of ash, the neg-
ative charges are periodically neutralized by positive discharges 
and, up to +3 ms, the net charge inside the autoclave is pos-
itive. Here, we highlight that positive discharges (i.e. discharges 
neutralizing negative charges) are observed in a dominantly nega-
tively charged flow. When the discharges cease, the flux of negative 
charges brings the net charge inside the Faraday cage to negative 
values again. In most of the experiments (e.g. EXP138 in Fig. 6), 
the net polarity of the flow becomes positive after a variable time 
(6–20 ms); however, at this time, the jet may start interacting with 
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Fig. 5. Results of 5 experiments showing the effect of the proportion of fine particles on the electrical signal. Experiments were made at an initial autoclave pressure of 10 
MPa with 22 g of ash (same panels as in Fig. 4).
the Faraday cage itself and the expansion tank, thus making it of 
more difficult interpretation.

Fig. 4e represents the total amount of charges neutralized by 
instantaneous discharges of opposite polarity. All the discharges 
in the first 3 ms of EXP119 are positive, hence they neutralize 
negative charges inside the Faraday cage. The curve displays an 
initial linear increase (i.e. constant rate of discharges) before pro-
gressively reaching a plateau after 3–4 ms.

3.2. Factors enhancing or inhibiting the electrical activity

3.2.1. Influence of grainsize distribution
In our experiments, we use a bimodal grainsize distribution: by 

mixing washed sample with non-washed samples (see section 2.1), 
we can control the mass proportion of fine particles (i.e. particles 
below 63 μm) from 0 to 4% (Fig. 5). The variation of pressure inside 
the autoclave (Fig. 5a) or at the nozzle exit (Fig. 5b) shows that 
the dynamics of the jet do not change significantly with increasing 
proportion of fines.

Fig. 5c shows that, in absence of fine particles, no relevant 
discharges are observed and the electrical current is negative. In-
creasing the amount of fine ash, the number of discharges also 
increases, as well as the time window during which the discharge 
transients are observed (Fig. 5f). Conversely, the overall magnitude 
of the discharges seems to be similar in experiments with variable 
amounts of fines (Fig. 5c, 5e and 5f). Overall, the total magnitude 
of the discharges is proportional to the initial amount of fine ash 
in the sample (Fig. 5e). Conversely, removing the effect of the dis-
charge transients, the net charge inside the Faraday cage shows no 
real dependence on the total amount of fine particles (Fig. 5d).
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Fig. 6. Results of 4 experiments showing the effect of the initial autoclave pressure on the electrical signal. Experiments were made with 22 g of ash including 2.4% of fine 
particles (same panels as in Fig. 4).
3.2.2. Influence of initial pressure
By changing type of diaphragms, the initial pressure inside the 

autoclave can be varied from 2 to 20 MPa. Increasing the autoclave 
pressure increases the observed pressure at the nozzle accordingly 
(Fig. 6b). Unlike the proportion of fines, increasing the starting 
pressure also increases the magnitude of the largest discharges 
without changing their number nor the time window during which 
they occur (Fig. 6c and Fig. 6f). Before the jet starts interacting 
with the Faraday cage (around +3 ms), a linear relationship be-
tween the initial pressure and the charge entering the Faraday cage 
can be observed (Fig. 6d). Overall, it can be found that the total 
magnitude of the discharges is proportional to the initial pressure 
(Fig. 6e).
3.2.3. Influence of mass
The last forcing parameter we vary in the experiments is the 

initial mass of ash inside the autoclave. Because the evolution of 
the pressure as well as the velocity of the particles depends mainly 
on the length of the autoclave (Alatorre-Ibargüengoitia et al., 2011, 
2010), we used autoclaves of different diameters (20, 26 and 33 
mm) to account for the mass. Concerning the charges and the dis-
charges within the Faraday cage, the effect of the mass is very 
similar to the effect of the initial pressure in the autoclave. Firstly, 
the magnitude of the discharges increases linearly with the in-
creasing mass of the sample but the number of discharges remains 
constant (Fig. 7c and Fig. 7f). Secondly, the net charge entering the 
Faraday cage grows linearly with the increasing mass (Fig. 7d). The 
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Fig. 7. Results of 3 experiments showing the effect of the mass of sample on the electrical signal. Experiments were made with an initial autoclave pressure of 10 MPa with 
2.4% of fine particles (same panels as in Fig. 4).
same proportionality is observed for the number of positive dis-
charges (Fig. 7e).

4. Discussion

4.1. Experiment analysis

4.1.1. Particle charging
In all the experiments, the evolution of the charging inside the 

Faraday cage follows a similar pattern. The gas itself is negatively 
charged, as evidenced by the signal produced by blank experi-
ments (no particles loaded in the autoclave) and in all the other 
experiments by the expanding gas escaping from the upper di-
aphragm chamber. In these cases, the expanding argon typically 
carries a charge of −10 to −50 nC. However, the magnitude of 
the net charge of the particle-laden jet is at least 10 times higher, 
typically between −100 and −900 nC. The negative charging of 
ash particles is in good agreement with the electrostatic theory 
(Lacks and Levandovsky, 2007) predicting that the negative charge 
should flow from the material with the highest work function (in 
our case the stainless steel, around 4.5 to 5 eV, see Wilson, 1966;
Surplice and D’Arcy, 1972) to the lowest one (in our case, silicates, 
around 3.25 eV, see Deng et al., 2010).

This evidences that the electrical charges are mainly carried by 
the solid particles. Results show that the net charge of the particles 
does not depend on the proportion of fine particles but only on the 
total mass of the sample and the initial pressure in the autoclave. 
However, experiment replicates show that the net charge inside 
the Faraday cage does not reach a plateau over the full duration of 
the experiments (Figs. 4–7 panels d). This is very likely due to the 
particles escaping through the mesh of the Faraday cage (note that 
the volume of the Faraday cage represents only 90% of the volume 
of the collection tank), thus preventing the charging to reach a 
stable maximum value and hindering a fine quantitative analysis of 
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the dependence of net charge upon total mass and initial pressure 
in the autoclave.

Two particle charging mechanisms are usually invoked based 
on field and lab experiments (James et al., 2008; Méndez Harper 
and Dufek, 2016; Méndez Harper et al., 2018): triboelectrifica-
tion, i.e. the exchange of charges between two objects rubbing 
together (particle vs. particle or particle vs. autoclave, in our case, 
see Alois et al., 2017; Harrison et al., 2010; Houghton et al., 2013;
Méndez Harper and Dufek, 2016) and fractoelectrification, i.e. the 
emission of ions during the brittle fracture of the particles (James 
et al., 2000, 2008; Méndez Harper et al., 2015). In our experiments, 
the negative net charging carried by the particle-laden jet entering 
the Faraday cage implies a charge exchange with the ground. Sta-
tistical analysis of Figs. 5–7 (panel d, dashed lines) suggest that 
the net charge of the plume depends on the mass of ash and the 
initial pressure of the gas. The correlation between the mass and 
the net charge could be linked to the fact experiments with more 
ash have been conducted in autoclaves with a larger diameter, so 
that more particles could rub against the autoclave and be charged. 
Similarly, higher pressures might enhance the autoclave-particle 
interactions, by increasing the number of particles rubbing against 
the autoclave, or the efficiency of the charging. In this context, the 
absence of extra-charging for those samples enriched in fine parti-
cles would imply that small particles probably do not have enough 
inertia to impact or rub against the autoclave with sufficient en-
ergy once detached from the biggest ones.

Although the Faraday cage allows measuring the total net 
charge associated with the particle-laden jet, it does not provide 
information on the charge associated with individual particles. In-
deed, a strong heterogeneity in particle charges can be deduced 
from the results of the experiments. In particular, during the first 
3 ms of the experiments (Fig. 4) positive discharges neutralize neg-
ative charges, although the total net charge in the tank is positive. 
This proves the simultaneous presence of positive and negative 
clusters of charges in the jet, and that particle/particle charging in 
the flow is more efficient than particle/autoclave charging (if this 
latter process was predominant, we would expect mainly particle 
of the same polarity entering the Faraday cage).

Concerning the particle/particle charging mechanism, although 
ash could experience further fragmentation during the decompres-
sion, we can exclude any significant effect in our case. In fact, 
according to Stokes law, particles of 63 μm would need 24 s to 
settle from the top of the 4 m high collection tank. Yet, when 
using washed samples, all the particles are able to settle within 
this time frame, suggesting that a negligible proportion of fine 
particles is generated during the flow and that fragmentation is 
a marginal phenomenon in our experiments. Thus, tribocharging 
appears here to be the key mechanism for the particle/particle 
charging. However, other charging mechanisms cannot be excluded 
a priori. Among others, one mechanism of charging could be related 
to the disaggregation of fine particles from the bigger ones. Indeed, 
aggregation can be achieved by electrostatic forces (Del Bello et al., 
2015; James et al., 2003; Mueller et al., 2017), which might gener-
ate a difference of charge upon disaggregation.

4.1.2. Discharges
Discharges are observed during a short time-interval, during the 

jet phase, only when (i) particles are expelled from the autoclave 
(as showed by the high-speed videos) and when (ii) the flow at the 
vent is overpressured (as measured by the dynamic pressure sen-
sor and confirmed by the shape of the expanding jet when exiting 
the nozzle).

Cimarelli et al. (2013) hypothesized that the separation of par-
ticles of different sizes is based on their tendency to be deviated 
from a straight trajectory. This effect is best described by the 
Stokes number of the particles, computed as the ratio between 
the relaxation time τ f (i.e. the characteristic time of the exponen-
tial decay of the velocity due to drag) and a characteristic time 
of the flow τp (usually the vent diameter divided by the jet ve-
locity). For our experiments, using the Ergun (1952) equation for 
the conditions inside the autoclave, particles of 63 μm in the 26 
mm diameter autoclave at 10 MPa (the arbitrary limit between fine 
and large particles) have a relaxation time of 0.6 ms (Cimarelli et 
al., 2013), while, using the methodology from Cigala et al. (2017), 
the relaxation time is 0.17 ms when the gas is fully expanded 
(0.027 ms and 0.58 ms for small and large particles with average 
diameters of 10 and 215 μm, respectively). Note that these values 
(i) are associated with large uncertainties due to the impossibility 
of measuring the actual velocity of single particles on the high-
speed videos (mainly due to image resolution), and (ii) increase 
with time from the start of an experiment as a consequence of the 
progressive decrease of pressure and particle exit velocity. How-
ever, such values are compatible with the model of Cimarelli et 
al. (2013), where small particles (d < 63 μm and St � 1) tend to 
follow the turbulence at the edge of the jet while large particles 
(d > 63 μm and St �1) have straight trajectories along the core of 
the jet. This model would also explain the absence of flashes at 
later stages during the experiments: the absence of overpressure 
provokes no jet expansion at the exit of the nozzle and all parti-
cles follow a straight trajectory, preventing particle separation and 
electrical cluster formation.

Theoretical (Lacks and Levandovsky, 2007) and experimental 
(Forward et al., 2009; Lee et al., 2015) studies have shown that, in 
case of triboelectrification, large particles tend to charge positively 
while small ones need to charge negatively. In our experiments 
the observed discharges are positive, and since they occur between 
the jet and a grounded object (the nozzle or the autoclave, both 
grounded), they neutralize negative charges in the jet, i.e. charges 
carried by the small particles. This observation is once again com-
patible with a scenario in which a small portion of fine particles 
are entrained in the turbulent shear layer of the jet, and discharged 
from there. This would also explain the peculiar curved trajectories 
of the flashes following the margin of the flow, as often observed 
in our experiments (Fig. 8). It is worthwhile here to remark that, 
as described in detail by Mendez-Harper et al. (2018), discharges 
are favored by zones of under-pressurization within the flow. As a 
matter of fact, according to the Paschen law the electrical break-
down value of the gas phase increases linearly with its pressure. 
In our case, this lower-pressure zone corresponds to the portion of 
the jet undergoing Prandl-Mayer expansion (i.e. the overpressur-
ized part of the jet) and is delimited by the barrel shock structure.

Panels e of Figs. 5–7 demonstrate that the total magnitude of 
discharges is proportional to all three parameters studied. How-
ever, panels f of the same figures suggest that they play different 
roles in the generation of the discharges. In particular, it is inter-
esting to note that the number of discharges is proportional to the 
fraction of fine particles (Fig. 5f). while their magnitude is linearly 
linked to the autoclave pressure and the sample mass (Figs. 6f and
7f). This suggests that the three parameters may play a different 
role on the charging and the charge separation inside the flow. For 
instance, since the total magnitude of discharges is proportional to 
both the total mass of the particles and the proportion of fine par-
ticles, the magnitude of the discharge is independent of the mass 
of larger particles, with the mass of fines being constant. However, 
experiments with few large particles will have more discharges 
(but smaller) than experiments with larger mass of big particles. 
Larger mass may generate larger turbulences, i.e. larger clusters of 
charges, and larger discharges. In this case, fewer discharges are 
necessary to discharge the total charge in the flow. Conversely, the 
total magnitude of the discharges is proportional to the mass of 
the fines which suggests that the key parameter is here the in-
teraction between the fine and the large particles rather than the 
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Fig. 8. Composite images of high-speed video still frames, showing the same flash seen from a) the side of the setup and b) the top orthogonal view of the setup. Red arrow 
and circles mark the location of the inner part of the autoclave (dA in Fig. 2). The flash displays a main branch starting from the top of the nozzle and have some branches 
at the limit of the barrel shock structure (Mendez-Harper et al., 2018). In order to limit the effect of the particle jet obscuring the flash, the experiment was done in the 
dark, so that only the flash is visible. For spatial reference, still frames of the flash are superimposed to the pictures of the setup before the experimental run.

Table 1
Comparison of the main parameters and dimensionless numbers for our experiments and Sakurajima volcano (Japan). The maximum 
ash size in Sakurajima is computed as the maximum size that a particle can have so that its settling velocity as computed by the 
Stokes law is smaller than the buoyant rise velocity of the jet. Pressure at the vent is computed by scaling the pressure recorded at 
3000 m (Cimarelli et al., 2016) to a 20 m vent diameter. Values for the dimensionless numbers correspond to the upper and lower 
bound of the values that can be obtained for the range of characteristic dimensions described in the upper part.

Experiments Sakurajima Ratio Sakurajima/
Experiments

Main parameters
Mass of ash [kg] 2.2 × 10−2–5.99 × 10−2 8 × 106–108 [T ] 108–109

Velocity [m/s] 200–500 100–300 [T ] 0.5
Particle size [m] 10−6–3 × 10−4 10−6–5 × 10−4 [T ] 1
Temperature [k] 300 300–1000 [T ] 1
Pressure at vent [Pa] 105–2 × 106 2 × 105–107 2–5
Vent diameter [m] 2.2 × 10−2–3.7 × 10−2 10–30 103

Gas viscosity [Pa s] 2.23 × 10−5 1.85 × 10−5–3.65 × 10−5 1
Gas density [kg m−3] 1–33 0.3–24 1
Time of last flash [s] 3 × 10−3–7 × 10−3 40–400 [C ] 104–105

Jet dimensionless numbers
Reynolds number 3 × 105–3 × 107 107–1010 102

Stokes number 10−2–102 10−4–104 1
Froude number 3 × 102–103 5–3 × 101 10−2

Electrical quantities
Charge transfer per flash [C] 10−8–10−7 10−1 [A] 106–107

Number of recorded cloud to ground flashes 5–10 1–16 [C ] 1
Cumulative magnitude of the discharges [C] 10−7–10−6 1 106–107

Data from [A] Aizawa et al. (2016); [C ] Cimarelli et al. (2016); [T ] Tournigand et al. (2017).
total surface area (which is not null in absence of small particles, 
unlike the total magnitude of the discharges).

4.2. Implications for volcanic processes

The shock tube apparatus has already demonstrated its ca-
pability to reproduce well the dynamics of volcanic jet flows 
(Alatorre-Ibargüengoitia et al., 2011; Cigala et al., 2017). Follow-
ing the method by Cigala et al. (2017), we demonstrate (Table 1) 
that the flow conditions in our experiments realistically reproduce 
the conditions met at active volcanoes.

From a volcanic monitoring point of view, we demonstrate 
that vent discharges can be used not only as an early warning 
for ash-rich eruptions, but also potentially provide very accurate 
information about ash plume eruptions. For instance, since the 
total magnitude of the discharges is proportional at the same 
time to the mass of ash, the proportion of fines, and the ini-
tial pressure, we can summarize our experiments in a single plot 
linking the product of these three parameters with the electri-
cal activity (Fig. 9). The low dispersion of the datapoints re-
flects the uncertainties of the methods and highlights the ca-
pabilities of the technique. These data are in good agreement 
with field observations clearly showing an increase of the elec-
trical activity with the intensity and magnitude of the eruption, 
whether being the number of detected flashes (Arason et al., 2011;
Cimarelli et al., 2016) or the presence and intensity of Continual 
Radio Frequency emissions (Behnke et al., 2018). From a quantita-
tive point of view, the number of flashes produced is comparable 
to those observed at Sakurajima, but their magnitude is 106–107

times lower (Table 1). This ratio can be compared to the mass 
ratio between Sakurajima and experiments (108–109), i.e. a dis-
charge per mass unit which is 100 times larger in the experiments. 
That might be due to a different ash-size distribution with less 
fine particles in Sakurajima, or to less efficient differential charging 
mechanism: the maximum velocity is similar between our experi-
ments and Sakurajima while the diameter differs by a factor 1000. 
Therefore, the velocity gradients must be much stronger in our ex-
periment, leading to more efficient electrifications. However, the 
number of flashes is very similar, suggesting that the charge clus-
ters have a comparable size, i.e. the charge separation mechanisms 
are similar.
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Fig. 9. Summary of all the experiments showing the relationship between the total magnitude of the positive discharge and the forcing parameters (initial pressure, proportion 
of fines and mass erupted). Note that the vertical spacing between the bottom of the Faraday cage and the nozzle rim (hFC) induces a small, but noticeable variation, 
experiments with 20 mm spacing having a total magnitude of discharges decreased by ∼20% compared to 5 mm.
Finally, we highlight that our experiments cannot catch the en-
tire complexity of the volcanic electrification phenomenon. Con-
cerning the electrification processes, a large difference between 
our experiments and the natural case is that we use fragmented 
samples as starting material. Tests using coherent samples did 
not display detectable lightning, probably because the experimen-
tal conditions are not sufficient to produce enough fine ash. As a 
consequence, we exclude particle electrification by fracto-emission 
from our analysis. Additionally, we deliberately excluded from the 
analysis some factors that may play a significant role on electrifica-
tion, such as atmospheric conditions or ash characteristics (water 
content, composition, crystallinity or temperature). Another limita-
tion of our experiment lies in the use of a metal (stainless-steal) 
autoclave, which might have very different tribological character-
istics than the rocks forming a volcanic conduit. Finally, because 
of the small size of the autoclave, the ratio between vent diameter 
and particle diameter is higher than the natural case (Table 1), so a 
larger proportion of particles may be charged by the conduit wall 
than it might be in real volcanic conduits. These two last points 
will most likely impact the net charge of the flow (dashed lines 
in Fig. 4), but not the individual charge of large and fine particles 
responsible for the generation of the discharges.

5. Conclusions

In this paper, we present a first comprehensive methodology to 
compute the net charge of a volcanic plume within its jet phase 
as well as the number, magnitude and timing of vent discharges 
in the context of particle-laden jets produced in a shock-tube ex-
perimental setup. This new processing method allows the quantifi-
cation of the effects of parameters which are relevant for volcanic 
eruptive columns (and other geophysical and industrial particle-
laden flows) such as grainsize distribution, pressure at burst and 
mass of ejected particles on the electrical activity of the particle-
laden jet. It will be also usable as a standard method for further 
studies to assess the effects of additional parameters such as ash 
composition, crystallinity and water content, or atmospheric con-
ditions.
Our experiment highlights the occurrence of three phenomena 
determining the electrification pattern of the jet. First, the neg-
ative net charge of the particles in the flow is associated with 
the rubbing of the particles with the walls of the autoclave. The 
two key parameters are the mass, determining the amount of par-
ticle rubbing, and the energy of the explosion (corresponding to 
the pressure in our case) which sets the efficiency of the tribo-
electrification. However, this phenomenon has no effect on the 
number or magnitude of discharges. The second phenomenon is 
the electrical charging within the jet. This depends on the en-
ergy of the jet, but also on the mass of fine particles, suggesting 
that particle–particle triboelectrification is the dominant mecha-
nism with eventual contribution deriving from the disruption of 
electrostatic ash aggregates. The third phenomenon is the sepa-
ration of the small negatively charged particles from the bigger 
positively charged ones, which is linked to the mass of big particles 
and the energy of the explosion. Both factors are key in determin-
ing the jet structure, and the size of the eddies associated with the 
turbulences.

The goal of the study is to represent the charging of vol-
canic ash plumes, and the associated cloud-to-ground vent dis-
charges (note that the intracloud discharges do not change the 
total amount of charges within the Faraday cage; consequently, al-
though being interesting for field studies they are not detectable in 
our experiments). Our results have important implications for the 
use of electric monitoring system at active explosive volcanoes, by 
showing that vent discharges can be used not only to detect in 
real time volcanic plume emissions, but, that also characterizing 
discharge properties such as length and magnitude might pro-
vide information on prevalent grain size and erupted mass in real 
time. Moreover, the variation of such parameters and the tempo 
of their occurrence during an eruption would give insights about 
the steadiness of the column and the pulsating behavior of the ash 
ejection (Dürig et al., 2015). The measured charges and discharges 
of our experiments cannot be directly extrapolated to the natural 
case in a quantitative way. However, they largely match with field 
observations on the direct relationship between explosion magni-
tude and the number and magnitude of discharges, highlighting 
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the future potential of this method for quantitative volcano moni-
toring.
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