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Abstract

Pyroclastic density currents (PDCs) are hazardous, multiphase currents of heterogeneous volcanic material and gas. Moisture
(as liquid or gas) can enter a PDC through external (e.g., interaction with bodies of water) or internal (e.g., initial erup-
tive activity style) processes, and the presence of moisture can be recorded within distinct deposit layers. We use analogue
experiments to explore the behaviour of pyroclastic material with increasing addition of moisture from 0.00-10.00% wt.
Our results show that (1) the cohesivity of pyroclastic material changes with the addition of small amounts of moisture, (2)
small increases in moisture content change the material properties from a free-flowing material to a non-flowable material,
(3) changes in moisture can affect the formation of gas escape structures and fluidisation profiles in pyroclastic material,
(4) gas flow through a deposit can lead to a moisture profile and resulting mechanical heterogeneity within the deposit and
(5) where gas escape structure growth is hindered by cohesivity driven by moisture, pressure can increase and release in an
explosive fashion. This work highlights how a suite of varied gas escape morphologies can form within pyroclastic deposits
resulting from moisture content heterogeneity, explaining variation in gas escape structures as well as providing a potential
mechanism for secondary explosions.
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Introduction

Pyroclastic density currents (PDC) are hazardous, rapidly
moving and often high-temperature volcanic phenomena.
These currents are multiphase mixtures of heterogeneous
juvenile material, atmospheric gas, and accessory lithic frag-
ments. The high mobility of PDCs has in part been attributed
to the onset of fluidisation (Sparks 1976; 1978; Wilson 1984,
Branney and Kokelaar 1992, 2002; Roche 2012; Aravena
et al. 2021; Breard et al. 2017; 2023): the upward movement
of gas counterbalances the force of gravity and supports the
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flow (Sparks 1976; Branney and Kokelaar 2002; Cocco et al.
2014). The ability of the material to flow, or its ‘flowability’,
depends upon interparticle forces (Van der Waals, electro-
static or capillary forces). These forces can be influenced by
bulk composition and material physical properties such as
particle size, density, shape and moisture content (Roche et al.
2004; Rios 2006; Druitt et al. 2007; Leturia et al. 2014).
Fluidisation in PDCs can be initiated from formation and
maintained throughout the course of the flow by transport on
steep slopes, flow channelisation (Kelfoun and Gueugneau
2022), substrate evaporation (i.e., steam generated from inter-
action with surfaces with moisture content or bodies of water),
bulk self-fluidisation or ambient air entrainment (Sparks 1978;
Branney and Kokelaar 2002; Chedeville and Roche 2015; Val-
entine and Sweeny 2018; Kelfoun and Gueugneau 2022, Breard
et al. 2023). Sedimentation fluidisation (or, hindered settling)
and particle-self fluidisation is the interstitial gas movement
driven by particle settling and compaction (Aravena et al. 2021;
Roche 2012; Breard et al. 2017; Chedeville and Roche 2018).
On or after deposition, the material will defluidise and particles
segregate forming gas escape structures (i.e., fines depleted
elutriation pipes) (Wilson 1980; Cas and Wright 1991).
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Previous analogue investigations into fluidisation behav-
iours of pyroclastic material and segregation structures have
been completed on dry (0% water content; Wilson 1980;
1984) and saturated (80 + 15% water content; Roche et al.
2001) natural pyroclastic material. Experiments completed
by Wilson (1980; 1984) used non-cohesive, poorly sorted
pyroclastic mixtures and added an influx of gas into the
deposit. This resulted in poor fluidisation, along with the
creation of gas escape structures dictated by particle size
and density. In a study by Roche et al. (2001), aqueous flu-
idisation within a water-saturated deposit of volcanic mate-
rial was investigated. These findings revealed that fluid-
escape pipes formed easily under conditions of low water
flux, leading to localised separation of particle sizes and
densities. Combining the results from both experiments, we
can conclude that natural pyroclastic material will exhibit
aggregative fluidisation, where fluidisation is inhomogene-
ous throughout the deposit through creation of bubbling
and channelling (Branney and Kokelaar 2002; Pacheco-
Hoyos et al. 2020). This behaviour arises due to the particle
size and density range, regardless of the medium used for
fluidisation.

Understanding how moisture, through adsorption of
atmospheric humidity, impacts powder material has impor-
tant industrial applications. Experiments have explored flu-
idisation behaviours of industrial material with the addition
of small volumes of moisture by controlling environment
humidity levels. With the introduction of moisture into a
material, Van der Waals forces are no longer dominant and
liquid bridges connect particles through capillary cohesion;
resulting in poor fluidisation behaviours (Wormsbecker and
Pugsley 2008; Ludwig et al. 2020; Yehuda and Kalman

2020). A study by Wormsbecker and Pugsley (2008) looked
at gas fluidisation behaviours on a semi-saturated (30, 20, 15
and 5 wt.% moisture) powder. Results showed a significant
change in fluidisation behaviour associated with the addition
of moisture, which were observed in conjunction with the
drying states of the material from 30 to 5 wt.%.

Moisture in PDCs and their resulting
deposits

Moisture (i.e., water vapour or liquid water) can enter a PDC
system during formation at source or as PDCs propagate
(Fig. 1). Eruption columns can be water rich due to phrea-
tomagmatic interaction (Self and Sparks 1978; Hurwitz
et al. 2003; Houghton et al. 2015; Shimizu et al. 2023) or
atmospheric conditions (Vecino et al. 2022). During transport,
internal clasts of juvenile magma will exsolve and release
water vapour and other volatiles. Experiments have high-
lighted how magmatic clasts may hold 22-86% vol. residual
gas and water content during initiation of PDC transport
(Sparks 1978). Gas diffusion times of water content depend
on particle size, where larger more porous clasts are thought
to release gas more rapidly, and temperature changes, where
cooler temperature reduce diffusivity of gas (Sparks 1978).
Moisture may be introduced through a combination of
atmospheric (e.g., humidity; Pepin et al. 2017; Camuffo
2019), topographic (e.g., height; Barclay et al. 2006; Duane
et al. 2008; Hartmann 2016), climatic (e.g., global location;
Barclay et al. 2006) and meteorological (e.g., precipitation)
conditions. Furthermore, periods of intense rainfall have
been suspected and observed to affect the onset of volcanic
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Fig. 1 Schematic illustration of a PDC interacting with sources of moisture across a landscape which have the potential to enter the PDC system

and resulting deposits
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activity (Barclay et al. 2006; Sahoo et al. 2022 and refer-
ences therein). Matthews et al. (2009) documented that
within 24 h of heavy rainfall, the probability of lava dome
collapse at Soufriere Hills Volcano, Montserrat (during the
period 1998-2003), increased, resulting in higher moisture
availability to the resulting PDCs.

Interaction with external bodies of water (i.e., streams,
lakes, sea, snow; Dartevelle et al. 2002; Cole et al. 1998;
2002), water saturated substrate (Moyer and Swanson 1987;
Brown and Branney 2013; Gilbertson et al. 2020) or by the
incorporation of vegetation (as observed at Mount Pelé,
1902; Mount St Helens, 1980; Montserrat, 2002; and Fuego
Volcano, 2018) can also contribute to moisture within the
PDC system. Therefore, we expect moisture content in PDCs
and their resultant deposits to be variable in time and space,
for example, we can expect high water contents in deposits
near bodies of water (i.e., following PDC interaction with
a lake) than perhaps in areas where very small amounts of
juvenile water are contributing to the overall moisture con-
tent (i.e., exsolving juvenile clasts).

The presence of moisture within PDCs can be demon-
strated by the presence of peculiar features in their deposit.
Moisture has been linked to the formation of wet ash aggre-
gates (e.g., pellets) in pyroclastic deposits (Brown et al.
2010; Van Eaton and Wilson 2013), to elutriation pipes that
are rooted in areas of evaporating moisture (i.e., vegetation
or water-laden sediments; Pacheco-Hoyos et al. 2020) or
by secondary hydroeruptions forming in deposits overly-
ing moisture-rich areas (e.g., Mount St. Helens; Moyer and
Swanson 1987). The influence of these relatively small addi-
tions of moisture into a PDC system has been largely ignored
in analogue and experimental studies, due to the difficulty of
using and controlling the characteristics of moisture-affected
material. Therefore, prior to experiments, the material is
generally dried to remove any residual moisture (Druitt et al.
2004, 2007; Girolami et al. 2008; 2015).

Capillary cohesion

The presence of moisture in a PDC, or in a subsequent
deposit, will result in cohesional forces within the interpar-
ticulate space. A PDC can reach temperatures > 1000 °C
and the resulting deposit can maintain high temperatures
for extended periods of time (Dufek 2016; Riehle et al.
1995), and it has been assumed that at these temperatures,
the dominant cohesive forces will be electrostatic and Van
der Waals forces (Branney and Kokelaar 2002). However,
with increasing distance and entrainment, temperatures will
decrease (Benage et al. 2016; Dellino et al. 2021; Pensa et al.
2023), and the introduction of moisture will likely lead to
the formation of capillary bridges (‘capillary condensa-
tion’; Ma et al. 2019), resulting in a change of the dominant

interparticulate forces. This is described in Telling et al.
(2013), where electrostatic attraction has been observed to
be dominant only where water vapour (i.e., humidity) was
lower than 71% and in Chigira and Yokoyama (2005), where
capillary cohesion became the dominant cohesive force with
the addition of moisture into the granular material.

Previous studies have shown that an increase in water
content and moisture leads to a drastic change in the physi-
cal properties of a given material. For example, in sands,
capillary forces were seen to affect the tensile strength of
the material until reaching a water-saturated state (Kim and
Sture 2008; Chen et al. 2021). Therefore, at lower tempera-
tures it is highly likely that the introduction of moisture into
the dynamic (current) and static (deposit) regions will induce
variations in material properties. Changes in tensile strength
and yield stress may determine how resistant a material is to
shear and erode and are important in understanding the flow
properties of a material (Pierrat and Caram 1997; LaMarche
et al. 2016). Within a PDC deposit, such changes may also
influence defluidisation through gas escape.

The experiments detailed herein assess the impact of
the addition of small volumes of moisture within natural
pyroclastic material. We explore the resulting variations in
terms of fluidisation and particle segregation behaviours.
Our results provide new and novel insights into the variation
of gas escape behaviours and resulting secondary explosions
in a defluidising PDC deposit.

Methodology
Source material and sample preparation

Unconsolidated material collected in 2009 from the 2006
Tungurahua, Ecuador, eruptions (provided by U. Kiippers,
LMU Munich) has been subjected to a range of characterisa-
tion tests to elucidate flowability properties and variations
with moisture content. The studied material is dark grey/
brown and andesitic in chemistry and was sampled from
the PDC material deposited during the 2006 VEI 3 eruption
(Eychenne et al. 2012). The PDCs, formed from the destabi-
lisation of erupted deposits at the vent (Douillet et al. 2013),
reached a maximum of 8.5 km from source and descended
2600-3000 m altitude (Hall et al. 2007; Kelfoun et al. 2009).

Samples were dried in an 80 °C oven for 24 h to ensure
the removal of residual and adsorbed moisture, and agglom-
erations were broken up by sieving prior to addition of water.
The experiments were completed using 6 samples of the
Tungurahua pyroclastic material (Fig. 2, V1-V6). Sam-
ples V1, V4, V5 and V6 were sieved into desired particle
size distributions, whereas samples V2 and V3 were kept
as sampled at source (ranging from > 74 to 300 um). For
the series of characterisation tests, water was added to the
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Geldart’s classification of powders

Geldart (1973) classified powders into four distinctive
groups (A-D), each defined by their fluidisation behaviours,
which are influenced by particle size and density. These
behaviours span a spectrum from ‘very poor’ to ‘excellent’.
Group A (30-100 um) and B (100 pm—1 mm) powders
exhibit the most favourable behaviours and expand during
fluidisation. On the other hand, Group C, comprising the
finest particles (<20 um), is governed by interparticulate
forces. Group D (> 1 mm) demands higher gas velocities for
effective fluidisation. Both group C and D present moder-
ate to very poor fluidisation behaviours, often expressing as
slugging, channelling and spouting (Leturia et al. 2014). The
pyroclastic materials used in these experiments (Fig. 2) have
particle size distributions from 2.5 to 1000 pm, and using
the particle mean should exhibit fluidisation behaviours typi-
cally of Groups A and B in Geldart’s classification.

Bulk and tapped density

The Carr’s index and Hausner ratio are indicative of flowa-
bility and interparticulate behaviours (Hausner 1981) and
are useful tools in determining a materials ability to flu-
idise and flow (Table 2). The Carr’s index measures the
strength and compressibility of a material (Eq. 3; Moondra
et al. 2018). The Hausner ratio determines the packing of
the material and how prone the material is to compaction
from external forces (Eq. 4, Yu and Hall 1994; Abdullah and
Geldart 1999). A material with a low Hausner ratio indicates
better flowability. These parameters are calculated from bulk
and tapped density measurements.

Bulk and tapped density measurements describe the mass
and volume ratio of a powder or granular material, without
and with packing, respectively (Amidon et al. 2017). Tapped
density experiments reflect the maximum density achiev-
able through packing. The differences observed in bulk and
tapped density measurements are influenced by cohesive
attributes of particles (Deb et al. 2018) and can be impacted
by the shape and size of a material (Amidon et al. 2017).

Table 2 Relationship between Carr’s compressibility index, Hausner
ratio, and flowability behaviours. From (Gorle and Chopade (2020)

CI HR Flowability
<10 1.00-1.11 Excellent
11-15 1.12-1.18 Good

16-20 1.19-1.25 Fair

21-25 1.26-1.34 Passable

26-31 1.35-1.45 Poor

32-37 1.46-1.59 Very Poor

>38 >1.60 Very Very Poor

Given that volcanic ash displays uneven and angular char-
acteristics (see sphericity; Table 1), not all spaces between
particles are eliminated. Bulk and tapped density were calcu-
lated for dry samples herein to characterise cohesive behav-
iour prior to the addition of water (method adapted from
United States Pharmacopeia 2015).

Bulk density (p,) was obtained by pouring 100 g of the
volcanic material into a 250-mL cylinder and levelling when
needed. The unsettled volume was measured, and bulk den-
sity calculated using Eq. 1. This procedure was completed
three times per sample.

The cylinder was tapped at 150 taps/min, with volume
measured every minute until levelled. Using the unsettled
apparent volume and final tapped volume, the tapped density
(p,; Eq. 2), Carr’s index (CI; Eq. 3) and the Hausner ratio
(HR; Eq. 4) were calculated, where m is mass (g), V,, is the
unsettled apparent volume (mL) and V} is the final tapped
volume (mL) (Moondra et al. 2018).

Po=g; (1)
Pi= ©)
Pt
Pt
HR =
Py “)

Angle of repose

The angle of repose (AoR) refers to the static friction coeffi-
cient and the angle of internal friction and can be investigated
through static (funnel) and dynamic (rotating cylinder drum)
methods (Beakawi Al-Hashemi & Baghabra Al-Amoudi
2018) to explore cohesive behaviours of a material (Mon-
tanari et al. 2017). AoR results can be interpreted in terms of
understanding the flowability of a material (Table 3).

Table 3 Flowability based on angle of repose results (Beakawi Al-
Hashemi and Baghabra Al-Amoudi 2018)

Flowability Angle of repose (°)
Very free flowing <30

Free flowing 30-38

Fair to passable flow 38-45

Cohesive 45-55

Very cohesive (non-flowing) >55

@ Springer
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To determine the static angle of repose (SAoR) for each
experiment, samples of 100 g of material were released
from a funnel held 3.5 cm over a circular platform (Av
diameter = 12 cm). The height of the cone was measured,
and the angle of repose calculated using Eq. 5 (Beakawi
Al-Hashemi and Baghabra Al-Amoudi 2018), where £ is
height and D is base diameter (mm). When the material
did not release freely from the funnel, the material was
lightly agitated. If the height of the cone reached the base
of the funnel, then the funnel was incrementally moved
vertically to accommodate the growing cone. This was
repeated three times for each experiment.

SAOR (°) = tan™! (%) (5)

Dynamic angle of repose (DAoR) was determined by
rotating 100 g of material in a clear cylindrical drum at
a constant rate (Smith 2020). This was recorded on video
and critical angle (the maximum angle prior to collapse)
measurements analysed using ImageJ (Schneider et al.
2012). This was repeated three times.

Fluidisation behaviour tests

Experiments to determine the fluidisation behaviours
of the pyroclastic material with increasing moisture
contents were completed using a rectangular, near-
2D fluidisation chamber with a porous base (follow-
ing Gilbertson et al. 2020). Homogeneous samples of
200 g of pyroclastic material and water were placed
into the chamber and carefully levelled. A manometer
probe recorded basal pore pressure changes during each
experiment. Gas velocity of dry compressed air (cm/s)
was increased incrementally until either a stable, chan-
nelised bubbling fluidisation state was achieved, or large
amounts of winnowing or pressure build-up occurred. To
limit the effects of drying from basal air flow, experi-
ments were carried out with gradual increases in gas
flow rate (0.050-0.208 cm/s) for dry sediments and
0.451-0.764 cm/s for moisture added sediments) over a
period of 01:11-23:51 min.

Limitations

To better isolate the effect of moisture on material behav-
iours, a number of other parameters linked to natural PDCs,
and their deposits were either kept the same or constrained.
In nature, pyroclastic material is more polydisperse and
showcases a wider distribution of size, density, shape,
composition and temperature than the material used in this
work. The limitations on the particle size in our experiments
originate from (1) the size of the fluidisation tank and the
maximum gas velocity, which dictate the range of material
particle sizes that can be used, and (2) the need for effective
control of the influence of moisture addition. For instance,
the finer fractions of material, characterised by an increased
surface area, are more likely to be affected by moisture-
related effects (Huang et al. 2009). The fines content of a
material governs fluidisation, and fine material will read-
ily fluidise at a lower minimum fluidisation velocity than
a coarser material (e.g., blocks from a block and ash flow)
(Gilbertson et al. 2020). The samples used in this study are
analogous to natural fine fractions of pyroclastic material,
such as the fines content of a lapilli-tuff ignimbrite facies,
an ash-dominated ignimbrite facies or a block and ash flow
deposit.

Our work provides insight to the role of moisture con-
tent on pyroclastic material. In the discussion, we begin to
explore how other parameters (e.g., size, shape) may impact
the cohesivity and material behaviour where appropriate.
A multivariate analysis to quantify the relative control of
moisture versus a wide range of other parameters would be
an important follow-on study to this work.

Results
Material properties

The bulk and tapped densities were calculated for pyroclastic
samples ranging in sizes from 3.8 ¢ (V1) to coarsest 0.8 ¢
(V6). With increasing particle size, bulk and tapped densi-
ties generally decrease (Table 4). Material flowability, as
determined by the Hausner ratio and Carr index, is good

Table 4 Loose and tapped bulk

- . Material Loose bulk density Tapped bulk Hausner ratio Carr index Flowability

fiensny, the Haus'n?r ratio, Carr (ke m'3) density (kg m'3)

index and flowability
\%! 1310 1420 1.08 7.73 Excellent
V2 1320 1550 1.18 15.13 Good
V3 1380 1610 1.17 14.28 Good
V4 1320 1420 1.07 6.59 Excellent
V5 1280 1440 1.12 10.68 Excellent
Vo6 1180 1370 1.15 13.37 Good
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(V2, V3, V6) and excellent (V1, V4, V5) under the 0% mois-
ture conditions. The change in flowability between V5 and
V6 likely reflects the large increase in geometric mean from
347 (V5) to 557 mm (V6) (Table 1). The excellent flowabil-
ity in V1, V4 and V5 is likely related to the smaller particle
range in V1 and V4 and the low fines content in V5.

The static angle of repose (SAoR) increases with increas-
ing moisture across all volcanic samples (V1-6; Fig. 3). For
the 0% moisture condition, the SAoR ranges from 21 (V2,
V4, V5) to 23° (V1, V3). Interestingly, these results show
that under 0% moisture conditions, the SAoR is broadly
similar (within 2°) regardless of particle size or sorting
(Fig. 4a).

When increasing moisture contents to 5%, the SAoR
values increase to approximately double those achieved
with 0% moisture, reaching from 42 (V5, V6) to 47° (V4).
However, this relationship is not linear with increasing
moisture content (Fig. 4a). All materials show a rapid
increase in SAoR with moisture to around 25°. But beyond
a moisture content of 0.5%, a division is evident between

0% 0.25%

c) V3

0.50%

the fine and coarse mixtures; those with higher Sauter
mean diameters (V2, V3 and V4) quickly increase to SAoR
values of ~45° at moisture contents of 2.5%, before becom-
ing invariant with additional moisture content. Mixtures
with large Sauter mean diameters (V5, V6) mostly show
a more gradual increase in SAoR with moisture content.
V35, with a Sauter mean diameter of 55.6 X 10~° m, shows
an intermediate behaviour, whilst V6 with a Sauter mean
diameter of 112.9x 107% m shows a more linear relation-
ship for SAoR with moisture between 0.5 and 5%. How-
ever, V1, with a Sauter mean diameter of 56.3x 107% m,
shows a rapid increase, similar to V2, V3 and V4. This
may be due to the high fines content and sorting index
(Table 1).

The sphericity of the samples is shown in Table 1. Sam-
ples used are from the same parent material; therefore, we
see no large variation in particle shape (0.74-0.84 in sphe-
ricity). In general, the finer material is slightly more angu-
lar than the coarser material. We conclude that any differ-
ences in sphericity have not influenced the results, and small

1.00%

2.50%

5.00%

Fig.3 Representative static angle of repose (SAoR) cone formation of V1-V6. Numbers next to each cone show the average cone height (°)
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Fig.4 a SAoR for volcanic material with varying moisture percentages with standard deviation error bars; b DAoR critical angle of volcanic
material with varying moisture percentages with standard deviation error bars

changes in sphericity are not directly related to the cohesive
behaviours seen in our experiments.

The results indicate that SAoR is sensitive to increasing
values of water in the materials and that relatively small
weight percentages can produce very different cohesivities
within the mixtures. It is notable that fines-rich mixtures are
particularly sensitive to moisture related cohesion, notably
at <2% moisture, and this is thought to be due to increased
surface area and Sauter mean diameter.

Figure 4 also shows the relationship of dynamic angle of
repose experiments (Fig. 4b). Generally, and similar to the
SAOR results, there is an increase in the DAoR with increas-
ing moisture. However, in experiments with increasing mois-
ture levels (>2.50%), the material was observed to clump,
slide and stick to the outer walls of the drum, complicating
the results. Nonetheless, it is important to observe that the
Sauter mean relationships detected within the SAoR experi-
ments are not replicated in the DAoR tests.

Fluidisation experiments

Fluidisation behaviours were described via sidewall video
analysis of the fluidisation chamber. The observation of gas
escape structures (i.e., bubbling, channelling, pocketing,
explosive channelling, cracking; Fig. Sa—e) and gas veloc-
ity measurements were recorded at varying moisture levels
(Fig. 6).

@ Springer

Bubbling gas escape (Fig. 5a) is seen initially in most
experiments, where gas bubbles rise from the influx of
gas within the deposit. With increasing gas flux, this can
lead to channelling, where the material is sorted through
vertical channels or via pipe structures forming within the
deposit (Fig. 5b). Drying profiles that migrate through the
deposit are shown in Fig. 5c. As drying migrates with non-
uniformity in the vertical deposit, formation of areas of wet
lobes and bubbling dry pockets can be observed, referred
to as pocketing (Fig. 5¢). Explosive channelling can also
be observed in some experiments (Fig. 5d); as the material
dries, the upper wet deposit inhibits gas escape and causes a
pressure increase and subsequent release (Online Resource
1). Finally, under the highest moisture contents, the mate-
rial does not form any of the gas escape structures outlined
above. Instead, pressure builds until the deposit fractures
into cracks where gas can easily permeate through (Fig. Se;
Online Resource 2).

0.00% moisture

At 0.00% moisture for mixtures with moderate sorting (i.e.,
V2, V3, V5), fine material migrates through gas escape
channels (Fig. 5b) in the lower portion of the deposit. The
observation of minimum bubbling (U,,;) is first seen in the
upper fine fraction of the deposit at 0.11 (V2), 0.08 (V3) and
0.42 (V5) cm/s. There is often a separation of fines bubbling
in the upper layer, with a mid-area of coarse channelling
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Fig. 5 Examples of the structures recognised across the experiments

(U, at 0.13 (V2) and 0.10 (V3) cm/s as fines are being elu-
trlated, and a coarse material layer at the base of the deposit.
Bubbling only affects the finer material.

In the mixtures that are well to very well sorted (i.e., V1,
V4), bubbles rise uniformly throughout the whole deposit
with a U, of 0.07 (V1) and 0.19 (V4) cm/s. Within the
more coarse, well sorted material (V6), bubbles migrate in
a sluggish motion from the base of the deposit, with mostly
bubbling (U, 1.60 cm/s) occurring in the upper half of the

deposit and channelling in the lower. This reflects the slight
particle size variation of the material used, and therefore, the
U, of the coarser material (Fig. 5b).

0.25% moisture

At 0.25% moisture contents, similar behaviours are observed
for V3 (U, 0.069 c/s), V5 (U, 0.22 cm/s) and V6 (U,
1.25 cm/s) as are observed for 0.00% moisture. For V2 (U,
0.15 cm/s), V1 (U, 0.13 cm/s) and V4 (U, 0.15 cm/s),
bubbling begins at the base of the deposit. However, as the
surrounding wet deposit begins to dry, this dry material
becomes incorporated into the bubbling deposit. In V2, we
again see a separation of channelling and bubbling in the
lower and upper deposit.

0.50% moisture

At 0.50% moisture, a drying profile can be observed through-
out most of the deposit (V4, V5, V6). In the V4 sample, as
drying at the base moves throughout the deposit, dry mate-
rial begins to bubble (U, 0.28 cm/s), and pressure slowly
increases. This is released suddenly (explosive channelling)
at 0.54 cm/s through a large channel which cuts through
the wet, upper part of the deposit. As the surrounding wet
material then begins to dry, it becomes incorporated into
the bubbling deposit. In the V5 sample, the drying profile
forms lobes of wet material and pockets of dry material. The
dry pockets slowly grow until reaching the upper deposit
and begin to bubble (U, 1.04 cm/s). With continued dry-
ing as the experiment progresses, similar behaviours to the
0.25% and 0.00% moisture level experiments are observed.
After the drying profile has moved through the deposit of
V6, similar behaviours to the 0.25% and 0.00% moisture
experiments are observed (U, 1.60 cm/s).

For the V3 material, channels of coarser material begin
to slowly move towards the surface. Material begins to dry
and is then incorporated into the bubbling deposit (U,
0.14 cm/s).

1.00% moisture

At 1.00% moisture, V1, V2, and V4 show portions of mate-
rial at the base of the deposit drying in pockets. The dry
material begins to bubble (U, 0.35, V1; 0.49, V2; 0.42, V4
cm/s) and as the surrounding wet material begins to dry, it is
incorporated into the bubbling deposit. In V5 and V6, a dis-
tinctive drying profile moves through the deposit. Again, this
creates dry pockets of bubbling material (U, 1.32, V5; 1.81
V6 cm/s) and wet lobes. In V3, pressure slowly builds as gas
velocity is increased. Pressure is suddenly released through
the formation of an explosive channel (U, 0.35 cm/s). The
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Fig.6 A-F Fluidisation profiles of V1-V6 with increasing moisture (0.00-10.00%). Symbols show gas escape structure formation

dry deposit then begins to bubble (U,,, 0.35 cm/s) and is
slowly incorporated into the surrounding drying material.

2.50% moisture

At 2.50%, behaviours of V4 show similar results to 1.00%
moisture content: as the base dries, bubbling pockets are
formed (U,,, 0.70 cm/s) in-between lobes of wet material.
In V4, pressure builds until it is suddenly released through
an explosive channel (U, 2.15 cm/s).
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5.00% moisture

At 5.00%, V2 shows the deposit drying at the base which
forms drying and bubbling (U, 0.35 cm/s) in pockets, and
wet lobes.

7.50% moisture

At 7.50%, a clear drying profile forms through the V4
deposit; cracks begin to form and move through the deposit
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until reaching the top and collapsing into pieces (U,
3.82 cm/s). As gas moved through cracks, there was no dra-
matic rise and release in pressure.

10.00% moisture

Finally, at 10.00%, V3 forms a clear drying profile within
the deposit. Pressure builds before being released suddenly
at U, 3.82 cm/s. This forms a large crack in-between wet
material. V6 shows a clear drying profile, as pressure slowly
rises as small pockets eventually form and dry material
begins to bubble (U, 4.17 cm/s).

Key observations

The fluidisation experiments clearly demonstrate how small
additions of water into pyroclastic material can greatly
impact fluidisation behaviours and resulting gas escape
structures of a defluidising pyroclastic deposit. Two key
observations are apparent in the experiments: (1) the drying
profile and (2) pressure build up and release.

The dynamics of the drying profile, as the moisture con-
tent is impacted by the fluidising gas, exert a strong control
on the distribution of gas escape features, with variations
controlled by the grain size of the materials.

As gas flux is increased, a drying profile can move from
the base to the top of the deposit. The drying profile forms
more easily within the coarser materials (V3-V6). The pro-
file initially rises uniformly across the bed, before becoming
irregular as it reaches the top of the deposit. These profiles
are noted as they highlight vertical and lateral moisture het-
erogeneity within the deposit, and their irregular structure
determines the formation of drying pockets and wet lobes
(Fig. 5¢). At low moisture percentages (< 2.50%), the drying
pocket bubble and the wet lobes begin to dry before being
incorporated into the pockets. However, at high moisture
contents (> 2.50%), moisture-rich lobes remain throughout
the experiment, even at high gas velocities. This shows that
within a defluidising deposit, a drying profile will lead to
lateral and vertical variations in moisture.

In experiments with moisture contents of 0.50-10.00%,
explosive channelling (V3, V4) and cracking (V3, V4) can
occur. Across the experiments with 0.50-5.00% moisture
contents, a wet impermeable cap was observed to form
above the drier underlying deposits, with progressive dry-
ing of the vertical profile. Pressure builds under the cohesive
cap and continues to rise with increasing gas velocity. This
eventually results in explosive channelling and a sudden
basal pressure drop as the overburden pressure is exceeded.
In higher moisture level (5.00-10.00%) experiments, the
deposit does not dry as a relatively uniform rising profile.
Instead, pressure builds as the gas velocity is increased until

cracks form in the deposit. These cracks act as effective gas
escape structures and release the pore pressure.

Discussion

The impact of moisture on pyroclastic material and PDC
behaviour is poorly understood, with previous detailed
investigations of fluidisation in pyroclastic material having
focused on dry (Wilson 1980) and saturated (Roche et al.
2001) end members. However, direct observations have
shown that variable amounts of moisture can enter a PDC
system (Cole et al. 1998, 2002; Lipman 2019; Vecino et al.
2022), and accretionary lapilli and ash pellets are believed to
provide evidence for the presence of moisture within PDCs
(Branney and Kokelaar 2002; Brown et al. 2010; Druitt
2014).

Our results show that for the pyroclastic material used
within these experiments, (1) the cohesivity of pyroclastic
material alters drastically, even with very small concentra-
tions of moisture, (2) moisture addition into pyroclastic
material can change flow property behaviours from free
flowing to non-flowing, (3) changes in moisture affects
fluidisation profiles and gas escape structures, (4) a deflu-
idising deposit can lead to a drying profile, and therefore
lateral and vertical heterogeneity within the deposit, and
(5) pressure can increase where gas escape is hindered by
moisture, which can cause dramatic releases of pressure in
an explosive fashion. Here, we discuss the implications of
these findings.

Gas escape structures

A variety of gas escape structures were observed in the flu-
idisation experiments, with many of them related to mois-
ture content. Here, we define three main types of behaviour
(Table 5). In type 1 (<0.50% moisture), we see partial flu-
idisation and segregation of heterogenous material through
bubbling and channelling. In a material with a smaller size
range, small vertical bubbling occurs across the entirety of

Table5 Types of behaviour of gas escape observed with increasing
moisture in volcanic material

Type 1 Type 2 Type 3
Moisture range 0.00-0.25%  0.50-5.00%  7.50, 10.00%
Bubbling Yes Yes Yes
Channeling Yes Yes No
Drying profile No Yes Yes
Pocketing No Yes Yes
Explosive channeling  No Yes No
Cracking No No Yes
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the deposit. During type 2 (0.50-5.0% moisture), an irregu-
lar drying profile develops and moves through the deposit
from the base. As the drying profile grows, dry pockets of
bubbling material begin to form in between irregular lobes
of wet material. Explosive channelling also occurs, which
releases pressure and facilitates quicker drying of the whole
deposit. Finally, during type 3 (7.5-10.0% moisture), simi-
lar lobe and pocket structures are formed to type 2 but are
accompanied by cracking processes, where fractures in the
wet material form to accommodate rapid gas escape. Our
experiments represent a defluidising deposit with dry air;
in nature, we may expect to see defluidisation of moist air,
through contact with bodies of water, for example. Our
results demonstrate that moisture addition may hinder or
prevent fluidisation and gas escape; therefore, a wet air flux
may display strikingly different results. This could not be
tested experimentally in this work and would benefit from
future investigation.

Roche et al. (2001) investigated the fluidisation behav-
iour of pyroclastic material where the material was saturated
with water (aqueous state) and subjected to an increase in
fluid velocity. The findings of Wilson (1980; 1984) and the
experiments herein demonstrate gas escape structures form-
ing from an aerated fluidisation state with an increase in
gas velocity. In all experiments, aggregative behaviour was
observed, and the gas escape structures that formed were
consistently depleted in fines and enriched in dense and
coarse material. Importantly, Roche et al.’s (2001) research
revealed that aqueous gas escape structures (pipes) formed at
lower fluid velocities than the aerated structures in Wilson’s
work (1980) (Fig. 7). This is due to water having a lower
terminal velocity than air.

Figure 7 shows that by increasing moisture within a sam-
ple, higher gas velocities are required for aggregative fluidi-
sation. Values from Wilson (1980) are based on the first for-
mation of pipes at 0% moisture. Our values are from the first
formation of gas escape structures at varying moisture per-
centages (i.e., bubbling at lower moisture percentages and
explosive cracking at the highest). Results from Roche et al,
(2001) are based on initial pipe formation at 80% moisture.

Between 10 and 80% moisture, a change in the dominant
fluidising medium is inferred, from gas to water. Instead
of impeding early fluidisation structures, a large increase
in moisture leads to more regular structures forming. This
can be explained by changing particle-water states with
increasing moisture. Future investigation covering incre-
ments between 10 and 80% moisture may be able to define
this behaviour change. Aggregative fluidisation mechanisms
will result in the segregation of particles through gas escape
structures, where fines are winnowed. The nature of seg-
regation will depend on the particle concentration and the
size, shape, density and relative proportions of clasts (Sparks
1976; Wilson 1980; 1984; Branney and Kokelaar 2002). We
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find that the moisture content of the deposit also controls this
process; segregation structures can change dynamically with
drying or become hindered with increasing moisture influ-
ence. This is due to our material being in a predominantly
capillary state (Kim and Hwang 2003; Kim and Sture 2008).
At higher levels of moisture, particles reach a more saturated
state, are completely supported by capillary bonds and flu-
idisation is no longer inhibited (as seen in Roche et al. 2001;
Kim and Hwang 2003). We observe that even small moisture
influences (as low as 0.50% of weight percentage) into the
pyroclastic material used in these experiments may control
the formation and nature of gas escape structures.

Application to natural gas escape structures

Our results show that introducing moisture into pyroclastic
materials may cause changes in gas escape morphology. Gas
escape structures have been recorded and described exten-
sively within field volcanological literature (e.g., Fisher and
Schmincke 1984; Cioni et al. 2015; Pacheco-Hoyos et al.
2020). They have been described as pods and pipes display-
ing single or branching patterns, or as lenticular, curvilinear
and crescentic shaped (Wilson 1980; Branney and Kokelaar
2002; Pacheco-Hoyos et al. 2020). They can be spatially
arranged within individual layers or can move through mul-
tiple layers and are often fines depleted. Our results dem-
onstrate varied morphologies, including vertical channels,



Bulletin of Volcanology (2023) 85:67

Page 130f 18 67

sub-vertical cracks and pods (created by moisture-rich lobes
and dry pockets).

Changes in gas escape structures in pyroclastic depos-
its are thought to be dominated by heterogeneity within the
material (e.g., size, density, shape; Wilson 1984; Pacheco-
Hoyos et al. 2020). We propose that varying moisture levels
will also influence changes in gas escape morphology and
may explain circumstances where morphological changes
are observed when other conditions appear unchanged. More
detailed documentation of morphology of field examples
may allow for improved interpretations of depositional
environment.

Mechanism for secondary explosions

Secondary explosions in pyroclastic deposits form due to the
interaction between water and hot material (Van Westen and
Daag 2005). Water in contact with hot pyroclastic material
will convert into steam and expand, causing sudden explo-
sive decompression. Secondary explosions form large craters
(20-80 m depth) can remobilise large volumes of pyroclastic
material and can occur for years after the initial eruption (the
1991 Mount Pinatubo generated secondary explosions for up
to a year; Riehle et al. 1995; Van Westen and Daag 2005).
Riehle et al. (1995) modelled cooling, degassing and com-
paction behaviours within thick pyroclastic deposits. High
temperatures were most likely to remain elevated within
deposits > 50 m thick, with temperatures cooling mostly by
groundwater and rainfall. Keating (2005) modelled that the
addition of water on a hot deposit can result in increasing
pore pressure, in turn exceeding the overburden pressure.
This can result in secondary explosions.

Moyer and Swanson (1987) described three styles of sec-
ondary explosions—passive degassing (least explosive), ash
fountaining and explosive cratering (most explosive)—con-
trolled by thermal energy and the permeability of the overly-
ing material. Analogue experiments investigating the mecha-
nisms of secondary explosions have been performed by
Gilbertson et al. (2020). They identified that vertical changes
in size fractions, and therefore, a vertical profile of mini-
mum fluidisation velocities, resulted in secondary phreatic
explosions. In the experiments of Gilbertson et al. (2020),
a deposit capped with coarser material formed an upward
doming bed leading to an explosive release of material. This
was due to a drag-induced system. The fine-particle layer
below acted as a lower minimum fluidisation layer that was
unable to fluidise the overlying, coarser layer, resulting in
pressure increase and release of gas and particles.

Secondary explosions occur in deposits marked by the
occurrence of an active and mobile pore pressure gradient
associated with a vertical variation in permeability. Results
from our experiments show that increasing moisture lev-
els within the fluidised deposit can lead to impermeable

layers forming through drying at the base of the deposit. By
increasing moisture throughout our experiments, we exhibit
passive degassing (0%), ash fountaining (>0.50% wt.) and
explosive cratering (>0.50% wt.) behaviours as described
in Moyer and Swanson (1987). After lithostatic pressure of
the impermeable wet cap is overcome, explosive channel-
ling (>0.50% wt.) and cracking (>7.50% wt.) occurs (the
‘explosive cratering’ of Moyer and Swanson 1987). Simi-
larly, to these works, our results demonstrate the impact of
intermediate permeability on secondary explosion styles. We
argue that the change from passive degassing to explosive
cratering is not only a consequence of thermal energy in the
system, but also of internal degassing of a partially fluidised
deposit.

Critically, our results suggest a potential new mechanism
for secondary explosions that form in a moisture-influenced
material (Fig. 8a). In our experiments, the addition of water
during deposition results in increased cohesion and tensile
strength. As the deposit dries from the base, we see a shift
in gas escape as the material begins to dry and bubble. In
our model (Fig. 8a), the upper moisture-rich layer inhibits
passive degassing and leads to increased pore pressure. With
increasing pressure in the deposit, the overburden strength
of the wet material is compromised. The result is a sud-
den pressure release by explosive channelling and cracking,
which mimics similar behaviours seen in secondary explo-
sions in pyroclastic deposits.

In a dry deposit later moistened by water (i.e., precipita-
tion), the upper moisture-rich layers of material will create
an overall denser material (Fig. 8b). Secondary explosions
were observed following the Mt. St. Helens 1980 and Mt.
Pinatubo 1991 events (Keating 2005) and were attributed to
variations in the permeability of pyroclastic deposits caused
by the presence of water (e.g., rainfall and lacustrine envi-
ronments) (Moyer and Swanson 1987; Manville et al. 2002).
It is thought that high pressure towards the base of these
pyroclastic deposits (caused by vaporisation of water) led
to low-permeable layers preventing the balancing of pore
pressures throughout the deposit, which resulted in explosive
depressurization (Keating 2005). Keating (2005) suggests
that after emplacement, hydrological re-establishment may
begin to occur, and interaction with hot overlying pyroclastic
material may result in the formation of secondary phreatic
explosions.

Our moisture influenced model may provide an explana-
tion for the observations of secondary explosions in deposits
that have aggraded with the presence of water (e.g., second-
ary explosions followed the previous location of the Rogue
River; Druitt and Bacon 1986) (Fig. 8a) and that have inter-
acted with rain (e.g., Mt. Pinatubo, Daag and Westen 1996)
(Fig. 8b). Rainfall may create a moisture-rich cap to the
deposit that is impermeable to degassing from the lower
deposit. The increased moisture from the rain would result
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Fig. 8 Moisture-influenced model of secondary explosion formation by a a defluidising wet deposit and b a defluidising dry deposit with exter-

nal influences of water

in an increased cohesivity, and therefore, tensile strength,
of the material. With gas escape inhibited, pressure may
continue to build until the overburden pressure is reached,
and degassing is then allowed to escape through a secondary
explosion in the deposit.

Implications for deposit remobilisation
and preservation

The fine ash fraction of a fines-rich deposit will contribute to
increased packing of the material (Lam and Nakagawa 1993;
Averardi et al. 2020). In the influence of moisture, where
moisture has a greater effect on fines, we would expect the
deposit to hold an increased moisture content in the fines
portion in comparison to a coarser portion. Within a mate-
rial with>30% volume of fines, the stress forces begin to
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be dominated by the fine fraction (Li et al. 2020; Breard
et al. 2023). A large volume of fines, both with and with-
out moisture, may dramatically alter the deposition and the
preservation potential of these layers. Our results show that
small amounts of moisture appear to increase the cohesiv-
ity of pyroclastic material. A more cohesive deposit may be
more resistant to erosion, and remobilisation, meaning that
moist layers may be more likely to be preserved in volcanic
successions. Additionally, the formation of a drying profile
demonstrates both vertical and lateral variation due to an
undulating contact between wet and dry material, result-
ing in vertical and lateral changes in the tensile strength
of a deposit. Therefore, erodibility and preservation of lay-
ers may be variable. Future work should aim to quantify
cohesivity of material directly and determine yield stress
and tensile strength. This will enhance our understanding
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of material properties and behaviours, allowing us to com-
prehensively assess their implications for erodibility, remo-
bilisation and preservation.

Implications for PDC flow dynamics

The material behaviours revealed by the BTD, SAoR and
DAOR tests raise important questions regarding the impact
of moisture within a dynamic, moving PDC. The experi-
ments show that in a dry (0% moisture) state, the material
analysed has a low cohesivity as evaluated by the friction
angles. As well as fines concentration, sorting is seen to play
akey role (Table 1). This can be seen in V1 (5% SAoR: 45°),
which is well sorted and displays the largest volumes of fines
(35.76%), whereas V4 (5% SAoR: 47°) is very well sorted
and has one of the lowest volumes of fine material (0.11%).
The excellent flowability seen in V4 may result from its
sorting and resulting packing behaviour, which is known to
affect flow behaviour (Breard et al. 2023). The DAoR results
show contrasting behaviours versus the SAoR results when
comparing the Sauter mean diameter. This could suggest that
particle size has a greater control on material behaviour in
static regimes compared to dynamic regimes. Such an obser-
vation has wide ranging implications. For example, Breard
et al. (2023) suggests that long run-out distances in block
and ash flows (BAFs) were a result of large degrees of frag-
mentation, with the current becoming more fines rich, and
subsequently, the deposit displaying higher packing. These
particle size changes result in a dynamically evolving flow,
where fines formation and increasing packing behaviour
reflect elevated pore pressure within the flow (Breard et al.
2023). Our experiments (V1, V4) show that both fines con-
tent and packing can contribute to good flowability behav-
iours, with implications for the resulting run-out distance of
PDCs. Our experiments are limited by particle size distri-
bution and do not contain any blocks so are only modelling
the behaviours of the finest fraction. However, it is the fines
fraction that controls the fluidisation of PDCs (Gilbertson
et al. 2020). The role of large blocks in affecting fluidization
and flowability of PDCs is an important avenue for future
research (Sparks 1976; Branney and Kokelaar 2002).

The material with the largest volume of fines (V1, V2) is
shown to exhibit more cohesive behaviours with increasing
moisture (i.e., higher SAoR angle). Sample V4, which is
more well sorted, has the highest increase in SAoR values
when moisture is added. Our work demonstrates the impor-
tant role of moisture, even in small amounts, in changing
flowability behaviours. We can build a hypothesis that the
addition of moisture into a PDC during propagation, with
increasing fragmentation of particles and packing during
flow, can be a factor in controlling run-out distances—
higher moisture contents reduce flowability so may reduce

maximum runout distances, particularly in flows with
enhanced fragmentation.

Our results also indicate that the introduction of mois-
ture reduces material fluidization. Expanding on this, future
research exploring moisture on fluidised currents would be
a valuable extension of the current static fluidisation exper-
iments. This would allow for a better assessment of how
moisture influences fluidisation and the resulting behaviours
in PDCs.

Conclusion

This work offers insights into the influence of moisture on
the behaviour and characteristics of materials deposited from
pyroclastic density currents. Our results demonstrate that for
certain pyroclastic material, (1) the cohesivity of pyroclastic
material changes drastically, even for relatively small addi-
tions of moisture (>0.50%), (2) an increase in moisture can
entirely alter flow property behaviour from a free flowing
to a non-flowing material, (3) changes in moisture impact
fluidisation profiles and gas escape structures, (4) a defluid-
ising deposit can lead to lateral and vertical heterogeneity
within the deposit, and (5) pressure can increase where gas
escape is hindered by cohesive substrates driven by moisture
content, resulting in secondary explosions. Our results build
on previous models of secondary explosions in deposits and
support the idea that they are formed because of the devel-
opment of an impermeable capping layer, here created by
the addition of moisture. This work further proposes that
moisture within a defluidising deposit profile may hinder
or change the formation of gas escape structures, which can
then lead to pressure increase and release, with implications
for the interpretations of the structures within the deposits.
Overall, these findings suggest that moisture plays a critical
role in PDC flow dynamics and their deposits, with implica-
tions for erodibility, preservation potential and our broader
understanding of deposit architecture.
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