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Vigorous hydrothermal activity interspersed by sequences of phreatic and phreatomagmatic eruptions occur at
Whakaari (White Island volcano), New Zealand. Here, we investigate the influence of sample type (hydrother-
mally altered cemented ash tuffs and unconsolidated ash/lapilli) and fragmentation mechanism (steam flashing
versus gas expansion) on fragmentation and ejection velocities as well as on particle-size and shape. Our rapid
decompression experiments show that fragmentation and ejection speeds of two ash tuffs, cemented by alunite
and amorphous opal, increase with increasing porosity and that both are significantly enhanced in the presence
of steamflashing. Ejection speeds of unconsolidated samples are higher than ejection speeds of cemented tuffs, as
less energy is consumed by fragmentation. Fragmentation dominated by steam flashing results in increased frag-
mentation energy and a higher proportion offineparticles. Particle shape analyses before and after fragmentation
reveal that both steam flashing and pure gas expansion produce platy or bladed particles from fracturing parallel
to the decompression front. Neither fragmentation mechanisms nor sample type show a significant influence on
the shape. Our results emphasize that, under identical pressure and temperature conditions, eruptions accompa-
nied by the process of liquid water flashing to steam are significantly more violent than those driven simply by
gas expansion. Therefore, phase changes during decompression and cementation are both important consider-
ations for hazard assessment and modeling of eruptions in hydrothermally active environments.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Phreatic eruptions are one of the Earth's most common, diverse and
unpredictable types of eruption. They typically present a significant
proximal hazard (e.g. Breard et al., 2014; Fitzgerald et al., 2014). Phreat-
ic eruptions disintegrate and eject rock by the expansion of water as liq-
uid, gas, or super-critical fluid (Morgan et al., 2009). Even though the
ejecta contain no juvenile magma, magma at depth is nevertheless the
heat source that provides the energy for the eruption. Expansion is trig-
gered either by rapid decompression or by the heating of the system
(Buttinelli et al., 2011). The pre-eruptive monitoring signals, typically
associated with eruptions that yield juvenile material, may be wholly
absent for phreatic eruptions (Hurst et al., 2014). At Whakaari
also known as White Island volcano, New Zealand (Fig. 1), phreatic
K. Mayer).

. This is an open access article under
eruptions are associatedwith an increasing number of 1–5Hz harmonic
tremors (e.g., Nishi et al., 1996; Sherburn et al., 1998) and recent analy-
sis has linked these events to progressive fracturing and fluid flowwith-
in the system (Chardot et al., 2015; Heap et al., 2015). Phreatic eruption
dynamics vary between different hydrothermal systems, including indi-
vidual eruption type from the same system and may not always follow
the same patterns (Mastin, 1995; Foote et al., 2011). Phreatomagmatic
processes have been investigated for over two decades using molten
fuel–coolant interactions (e.g., Zimanowski et al., 1991), yet phreatic
phenomena have been largely overlooked (cf. Scheu et al., 2011) in
the relatively young field of experimental volcanology.

Crucial for all eruptions is decompression accompanied with the ex-
pansion of a fluid ascending to the surface. The favoredmodel for erup-
tions within a hydrothermal system involves pressure build-up below a
low-permeability cap rock, which fails once the pore fluid pressure ex-
ceeds the sum of lithostatic pressure and rock tensile strength (Browne
and Lawless, 2001). This process may involve the flashing of water,
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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nearing boiling conditions, to steam and concomitant expansion due to
a sudden depressurization event (Browne and Lawless, 2001). Phreatic
eruptions occur over a wide range of pressure and temperature condi-
tions and, thus, the system perturbations that give rise to phreatic erup-
tions may be triggered in multiple ways. Phreatic eruptions involving a
reduction in the lithostatic pressure include dome collapses, landslides,
and crater-lake drainages, whereas those involving an increase in tem-
perature accompanying pressurization include adjacent magmatic in-
trusion and rapid magma ascent (Foote et al., 2011). Furthermore,
anthropogenic interventions, such as geothermal drillings, may poten-
tially lead to decompression events that trigger the sudden expansion
of fluid within these porous media. As observed at Whakaari and
many other volcanoes, phreatic eruptions can also serve as an opening
phase of a later phreatomagmatic and/or magmatic eruption phreatic
events (28 phreatic eruptions since 1826) exhibited at Whakaari
(Fig. 2), the risk associated with the high number of tourists (N13,500
annual visitors; Letham-Brake, 2013) visiting Whakaari on a daily
basis, and the relatively detailed knowledge of rockmechanics available
(Moon et al., 2005;Heap et al., 2015)makeWhakaari an exemplary case
study for a detailed experimental investigation of phreatic processes.

A detailed survey of the literature revealed that N30 phreatic and
phreatomagmatic eruptions (Fig. 2) have been recorded at Whakaari
since 1826 (Letham-Brake, 2013). The recent eruptive event of 5th
August 2012, associated with phreatic eruptions, led to the formation
of a spiny lava dome in the crater (Global Volcanism Program, 2014).
Past studies at Whakaari have focused on the surveillance and the pre-
diction of future eruptive activity via monitoring of seismicity (Nishi
et al., 1996; Sherburn et al., 1998; Jolly et al., 2012) and ground defor-
mation (Clark and Otway, 1982; Fournier and Chardot, 2012; Peltier
et al., 2009) as well as the emission (Werner et al., 2008; Bloomberg
et al., 2014) and characterization of gases and fluids (Giggenbach
et al., 2003). Furthermore, studies of the petrology (Graham and Cole,
1991), the origin and storage of magma (Cole et al., 2000), and the geo-
technical characterization and geomorphic development of the edifice
have been conducted (Moon et al., 2005, 2009; Heap et al., 2015).

Despite the abundance of previous phreatic eruptions at Whakaari
and the preservation of deposits (e.g., Wood and Browne, 1996), no ad-
equate constraints on the explosive parameters and mechanisms exist.
Although the geological setting and hydrothermal system are relatively
well-constrained, their interplay in general, as well as in view of the
mechanisms triggering phreatic eruptions, is not yet fully understood.
Adding to this complexity is the fact that the physical properties and
mechanical behavior ofWhakaari rocks are highly altered due to the ac-
tivity of the hydrothermal system (Pola et al., 2013; Wyering et al.,
2014; Heap et al., 2015). Changes in state of alteration during thermal
stressing, as is the case during shallow (~500 m below sea level)
magma intrusion, commonly induce mineral breakdown, which leaves
a skeletal porous rock with deteriorated mechanical strength (Peltier
et al., 2009; Heap et al., 2012).

The porosity of a rock controls the amount of gas stored and there-
fore the energy available for release during fragmentation for a given
decompression step (Spieler et al., 2004; Alatorre-Ibargüengoitia et al.,
2010). Earlier studies have defined the fragmentation threshold
(the minimum pore pressure differential required to fully fragment
the sample) as being inversely proportional to the porosity (Spieler
et al., 2004). Foote et al. (2011) and Rager et al. (2013) have presented
results of experimental phreatic fragmentation induced by both inert
gas overpressure and steam flashing in vesicular rocks, and made an
initial evaluation of the influence of pressure, sample alteration and
sample saturation on these processes. Here, we present the results of a
systematic experimental campaign employing a shock-tube apparatus
(Aldibirov and Dingwell, 1996a) to perform decompression experi-
ments on both hydrothermally altered consolidated and loose deposits,
inferred to reflect those deposits existing at depth at Whakaari
(Heap et al., 2015). Specifically, we have investigated the influence of
sample type and fragmentation mechanism (steam flashing versus gas
expansion) on grain size and shape and on fragmentation and ejection
velocities.

2. Geological setting

Whakaari is New Zealand's most active volcano and is characterized
primarily by phreatic and phreatomagmatic eruptions, interspersed by
occasional strombolian events (Cole and Nairn, 1975; Simkin and
Siebert, 1994). Located 50 km offshore from the North Island of New
Zealand (Fig. 1), this andesitic–dacitic, stratovolcano exhibits strong
fumarolic activity and outgassing (Bloomberg et al., 2014) interspersed
by eruptive events.Whakaari is the northernmost active volcanowithin
the Taupo Volcanic Zone (TVZ), which is itself a 250-km-long belt
of mainly rhyolitic and andesitic, Quaternary to present volcanism
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Fig. 2. Timeline of historic eruptions atWhakaari from 1826 to 2012. Single events as well
as periods of activity are classified based on the dominant activity reported in literature. A
table (modified after Letham-Brake, 2013) listing the events as well as the used literature
can be found in the Supplementary material. Type of eruption and estimated erupted
volume are indicated in the figure.
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(Black, 1970). The northeast–southwest-trending TVZ extends 200–
270 kmwest of the trench resulting from the convergence of the Pacific
and Australian plates (Nishi et al., 1996).

The island occupies an area of approximately 3.3 km2 with a maxi-
mum elevation of 321 m above sea level and represents the emergent
summit of the much larger White Island Massif (Nishi et al., 1996)
whose basal extent of 16 km × 18 km yields a total volume of
~78 km3 (Duncan, 1970; Cole et al., 2000). The edifice consists of two
overlapping composite cones, comprised of major lava flow units, and
minor tuff and tephra units. The older Ngatoro cone only outcrops in
the west, whereas the younger and active central cone forms most of
the island (Black, 1970; Duncan, 1970; Cole and Nairn, 1975; Cole
et al., 2000). The NW–SE elongated main crater (1.2 km × 0.4 km) is a
complex of three coalesced prehistoric subcraters, infilled with
unlithifieddeposits fromhistorical eruptions,whichhave been confined
to the western subcrater and the western half of the central subcrater
(Houghton and Nairn, 1989a, 1991). Due to the occurrence of a large
(210 × 106 m3) prehistoric, eastward-trending sector collapse (Moon
et al., 2009), the horseshoe-shaped, flat-floored crater is breached
to the sea in three locations in the southeast (Cole et al., 2000). The col-
lapse of the main crater wall in the southeast caused a debris avalanche
of 2.5 × 105m3, which has covered parts of themain crater floor (Ward,
1922; Bartrum, 1926 in. Hamilton and Baumgart, 1959).

Magmahas been hypothesized to exist transiently at shallow depths
(b500 m) as well as extending to deeper chambers at 1–2 km and
2–7 km (Cole et al., 2000; Houghton and Nairn, 1989a in: Werner
et al., 2008). This most shallow magma is believed to be the source for
large ground deformation and seismicity episodes and, ultimately, the
large acidic, volcano–hydrothermal system (Giggenbach, 1987).

2.1. Hydrothermal setting

Fumarole and spring discharge analyses have indicated that the hy-
drothermal system of Whakaari has been active for more than
10,000 years (Giggenbach and Glasby, 1977; Giggenbach et al., 2003).
Hot fluids released from the magma condense in contact with meteoric
groundwater and circulate within the conduit-hosted, volcano–
hydrothermal system that has been interpreted to occur in isolated,
chemically-sealed zones around the volcano (Giggenbach, 1987).
More recent isotopic studies show that, there is less seawater compo-
nent in the fumarolic output of the western and central subcraters
than the eastern subcrater (Giggenbach et al., 2003; Bloomberg et al.,
2014).

The hydrothermal system finds its expression in the form of numer-
ous fumaroles, steaming ground areas, hot springs, and a crater lake.
Fumarole temperatures vary between 100 and 800 °C in response to
outgassing fluctuations of the magma, yielding cooling and heating
stages (Giggenbach et al., 2003). These fluctuations further correlate
with variations in the discharge of fluids (H2O, CO2, HCl) (Pirajno,
2009). The low pH of the crater lake (1.2–2.4) (Werner et al., 2008),
the acid springs (0.7–1.4), and the pools (0.7–0.8) as well as the strong
H+ activity of the hydrothermal system results from ingress of HCl and
H2S,which are the dominant acids in thefluids (Giggenbach et al., 2003;
Pirajno, 2009). These acidic fluids promote mineral dissolution and
corrosion leading to substructureweakening and an increased suscepti-
bility for further alteration (Houghton and Nairn, 1989a, 1991).

Geophysical evidence suggests that the hydrothermal fluid flow is
focused primarily in the thermally weakened zones, such as proximity
of former and newly-formed eruption craters as well as in the 200–
650 °C fumarole fields (Clark and Otway, 1982; Christoffel, 1989;
Hurst et al., 2004; Peltier et al., 2009; Fournier and Chardot, 2012).
The semi-regular cycling (2–10 yr) of the hydrothermal fluid flow
causes a cycling in ground inflation (≤250 mm) due to increases in
pore pressure as well as to thermal expansion of the reservoir rocks at
depths of ~200–600 m, both interpreted as evidence of the presence
of magma below the central and western subcraters (Peltier et al.,
2009; Fournier and Chardot, 2012).

2.2. Eruption history

At Whakaari, the interplay of hydrological factors and magmatic
activity helps determine the nature of hydrothermal processes and the
characteristics of associated eruptions (Houghton and Nairn, 1991). A
prehistoric sector collapse (b3.4 ka) may have induced a fundamental
change in the hydrothermal fluid flow field by eradicating low perme-
ability cone lavas and thereby allowing the infiltration of meteoric
water (Letham-Brake, 2013). Thismay, in turn, have favored the change



Table 2
Mineral composition of studied samples based on X-ray diffraction analyses.

Sample WI21 WI22 WI27

Amorphous phases
Opal-A 66 ± 6 90 ± 3
Volcanic glass 59 ± 5

Plagioclase 15 ± 2
Pyroxenea 9 ± 2
Aluniteb 32 ± 3 6 ± 3 8 ± 2
Gypsum 1 ± 0.5 1 ± 0.5 2 ± 1
Cristobalite 1 ± 0.5 3 ± 1 7 ± 1
Quartz b1 b1
Sum 100 100 100

a Includes ortho- and clinopyroxene.
b Includes Na- and K-dominated alunites.
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from at least 19 prehistoric, magmatic lava-flow producing eruptions
(Cole et al., 2000) to long periods of continuous fumarolic and hydro-
thermal activities interspersed by a minimum of 32 small (VEI 1–3)
phreatic and phreatomagmatic eruptions recorded since 1826. The
main crater-forming eruptions occurred in 1933, 1947, 1965–1966,
1968, 1971, 1976–1982 and 1986–1991. The long, 1976–1982 period
of unrest was characterized by strombolian and phreatomagmatic erup-
tions (Clark and Otway, 1982; Houghton and Nairn, 1989b, 1991). All
historic activities have occurred within the western subcrater and the
western part of the central subcrater (Houghton and Nairn, 1991).

3. Sample characterization

This study focuses on three volcaniclastic rocks from lithostrati-
graphic units at Whakaari. Two consolidated ash tuff units (WI21,
WI22) were collected from the scree at the foot of the eastern crater
wall (Fig. 1B), estimated to originate from approximately 70m beneath
the current cliff top (Heap et al., 2015). One recent, unconsolidated
tephra (WI27) typical of the main crater fill deposit has been sampled
at 1-m depth within the central subcrater (Fig. 1B). X-ray fluorescence
analysis (XRF) of the bulk geochemical composition of each
sample was conducted using a Philips Analytical Magix Pro WDX-
spectrometer at the Ludwig-Maximilians-Universität München (LMU).
Results of analyses on pressed powder tablets are presented in
Table 1. Mineralogical analysis of the samples was carried out using
X-ray powder diffraction analysis (XRD) conducted at the Technische
Universität München (Table 2). For XRD analysis, the samples were
disaggregated, mixed with an internal standard (10% ZnO), and ground
for 8 minwith 10ml of isopropyl alcohol in a McCroneMicronisingMill
using agate cylinder elements. The powdermounts of the samples were
analyzed with a Philips PW 1800 X-ray diffractometer (CuKα, graphite
monochromator, 10 mm automatic divergence slit, step-scan 0.02° 2θ
increments per second, counting time 1 s per increment, 40 mA,
40 kV). Quantification of the crystalline and amorphous phases in the
whole rock powders was performed by using the Rietveld program
BGMN (Bergmann et al., 1998).

A comparison of chemical compositions measured by XRF with
those calculated based on XRD results and the chemical composition
of the involved phases allowed us to distinguish if the amorphous
phase was predominantly opal-A or volcanic glass.

The ash tuffs (WI21 and WI22) consist of altered crystal fragments
and devitrified glass shards (Figs. 3–4), which are composed primarily
of hydrated amorphous silica (opal-A). Alunite and minor opal-A ce-
ment the crystal-vitric ash tuffs (Fig. 4) in which the original shards
and crystal fragments are hard to distinguish from one another due to
massive opalization. The maximum particle sizes of the ash tuffs are
on the order of 0.2 mm (WI21) and 0.3 mm (WI22) and the dominant
pore size diameters are on the order of several hundred microns
(Figs. 3–4). The white/gray ash tuff (WI21) consists of amorphous
phases, predominantly opal-A (66%), alunite (32%) and minor amounts
Table 1
Average bulk geochemical composition of studied samples based on X-ray fluorescence
analyses.

Sample WI21 WI22 WI27

SiO2 59.70 79.60 62.67
Fe2O3 0.90 1.65 6.84
Al2O3 13.14 7.03 12.84
MnO 0.01 0.01 0.07
CaO 0.71 0.85 3.94
MgO 0.06 0.32 2.65
K2O 3.37 1.07 2.11
Na2O 1.57 0.48 1.28
TiO2 1.19 1.06 0.70
P2O5 0.10 0.05 0.09
LOI 18.46 7.79 6.36
Sum 99.21 99.91 99.55
of gypsum, cristobalite and quartz (Table 2). The gray, ash tuff (WI22) is
more heterogeneous, showing a distinct bedding of approximately
10 mm-thick layers of low and high porosities. XRD analysis and
chemical data show that it is mainly composed of opal-A (90%), alunite
(6%), cristobalite (3%), and minor quantities of gypsum and quartz
(Table 2). The brown, unconsolidated, poorly-sorted primary tephra
(Fig. 3) comprising 80% coarse ash and 20% lapilli (hereafter referred
to as “ash/lapilli”) is composed of amorphous volcanic glass (59%),
plagioclase (15%), pyroxene (9%), alunite (8%), and minor quantities
of gypsum and cristobalite.

4. Experimental methods

Rapid decompression experiments were performed using a “frag-
mentation bomb” apparatus (Alidibirov and Dingwell, 1996a,b; Martel
et al., 2000; Spieler et al., 2003, 2004; Mueller et al., 2005, 2008;
Kueppers et al., 2006; Scheu et al., 2006, 2008; Rager et al., 2013;
Richard et al., 2013). The device in its present configuration permits
the accurate control of temperature, gas overpressure and decompres-
sion rate in order to best represent variable volcanic and hydrothermal
conditions. It is, in essence, a shock-tube apparatus, consisting of a stain-
less steel low-pressure tank (l= 3.0m; d= 0.4m) at ambient pressure
and temperature to collect the experimentally generated pyroclasts,
and a high-temperature steel autoclave inwhich the sample ismounted
(Fig. 5). The sample (either dry orwater saturated) is inserted in the au-
toclave (l = 450 mm; d = 25 mm), which is externally heated up to
400 °C and pressurized up to 25MPa using argon gas; when the sample
is water saturated, water turns into a supercritical fluid. The pressure
and temperature in the system are monitored at rates of 1000 Hz and
2 Hz, respectively. A dynamic pressure sensor and a thermocouple are
located at the bottom of the sample; the second pressure sensor sits at
the upper end of the autoclave, 225 mm above the sample (Fig. 5).
The autoclave and low-pressure tank are separated by a set of two dia-
phragms that enable triggering of decompression by a controlled failure
of the uppermost diaphragm. The rupture leads to instantaneous failure
of the other diaphragm, and rapid decompression of the high-pressure
autoclave. Upon diaphragm failure, a shock wave travels upwards into
the low-pressure collector tank and a rarefaction wave propagates
downwards into the autoclave traveling through the sample. The
sample fragments in a brittle manner in a layer-by-layer fashion
(Aldibirov and Dingwell, 2000; Fowler et al., 2010) and the particles
are ejected into and stored in the collector tank.

All three sample series experimentswere conducted on bothdry and
fully water-saturated samples. For consolidated samples (WI21, WI22)
cylindrical samples, 25 mm in diameter and 60 mm in length,
were cored, ground flat and parallel. All cylinders as well as the loose
ash/lapilli samples were dried in an oven at 65 °C for at least 24 h
until fully dry. Prior to the rapid decompression experiments, porosity
and bulk density of each sample were determined using a helium pyc-
nometer (Ultrapyc 1200e®, Quantachrome, USA); the results are in
good agreement with the triple-weight water saturation technique
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(Table 3; Heap et al., in, 2015). The two ash tuff samples (WI21, WI22)
used for fragmentation experiments have mean porosities of 32 and
49%, respectively, whereas the loose ash/lapilli (WI27) has a porosity
of 51% (Table 3). Gas permeability of selected samples was determined
using a benchtop (argon) permeameter. For the ash tuffs WI21 and
WI22, permeability was measured under a confining pressure of
1MPa andwas found to be 1.5 × 10−16 and 3.5 × 10−14 m2 respectively
(Table 3). For the loose ash/lapilli (WI27), we poured material (exclud-
ing the lapilli larger than about 5 mm) into a rubber jacket (20 mm in
diameter and about 40 mm length) and measured its permeability
under a confining pressure of 0.3 MPa. The permeability of WI27 was
measured to be 3.4 × 10−12 m2 (Table 3). For rapid decompression
experiments the samples were mounted into a steel sample holder
and directly placed inside the autoclave ready for dry fragmentation ex-
periments. For experiments in the presence of steam flashing, samples
alunite precipitates

alunite precipitates

opal-Aopal-A

pore
pore

pore

ppore

200 µm

Fig. 4. Photomicrographs (taken under transmitted cross-polarized light) show amorphous op
(A) WI21 shows smaller pores with a higher amount of alunite precipitates compared with (B)
on the figures.
(already mounted into a sample holder) were submerged in water
and placed under a vacuum for at least 72 h to facilitate water to be
absorbed into the connected porosity assuring maximumwater satura-
tion. By contrast, unconsolidated samples were poured into sample
holders with effort made to ensure that their particle size distribution
was not misrepresented (i.e., undisturbed from laboratory manipula-
tion and water-saturated in the same manner).

The fragmentation threshold was first determined for both ash tuff
sample series at room temperature (dry condition); for this purpose, a
series of tests was done where the applied pore pressure was succes-
sively increased (from 2MPa) until complete fragmentation of the sam-
ples was achieved. In cases where the sample did not fragment, the
same sample was tested again with the initial pressure raised by an
increment of 0.5 MPa. This procedure was continued until the removal
of a fewmillimeters of the sample surface occurred. This fragmentation
alunite precipitates

opal-A

opal-A

pore

200 µm

al particles cemented by alunite. Alunite precipitated within the pores, on opal particles.
showingWI22. Main components of pores, alunite precipitates, and opal-A are identified
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initiation is usually 0.5–1.5 MPa below the complete fragmentation of
the sample, which is defined as the fragmentation threshold (Scheu
et al., 2006).

Giggenbach et al. (2003) estimates the temperatures in the proxim-
ity of the fumaroles, within the uppermost 200 m below the western
subcrater, in the range from 200 to 300 °C (Fig. 6). In order to compare
fragmentation initiated by steam flashing following rapid decompres-
sion, with fragmentation initiated by argon gas expansion, both water-
saturated and dry samples were heated to 270 °C and pressurized to
6.5MPa. The temperaturewas chosen in agreement to the temperatures
estimated by Giggenbach et al. (2003); the applied pressure was fixed
to 6.5MPa in order to allowdecompression from the liquid phase slight-
ly above the boiling curve but still at a reasonable pressure condition for
Whakaari. For a precise acquisition of the dwell condition for the exper-
iments performed on dry samples, samples were initially pressurized to
about 4 MPa. The target temperature of 270 °C was reached after a
heating time of 45 min whereas during the last stage of heating, the re-
maining pressurization required for a dwell pressure of 6.5MPawas ap-
plied. Holding these final conditions for a dwell time of 10 min ensured
temperature and pressure equilibrations over the entire sample before
triggering the fragmentation.

For the experiments performed onwater-saturated samples, the au-
toclave was first pressurized with argon gas to 4.0 MPa before heating
(Fig. 7), thereby holding thewater in the liquid state throughout the ex-
periments. Shortly before approaching the final temperature of 270 °C,
the autoclave was pressurized further with argon to the target dwell
conditions. The final dwell condition was held constant for a further
Table 3
Summary of the rock physical properties of investigated samples. Porosity measurements from
of the ash/lapilli at a confining pressure of 0.3MPa are also included. Permeabilitymeasurement
for density and porosity are averaged on all samples and might therefore differ from values sh

Sample Density
(g/cm3)

Porosity
(connected)
(%)

WI21 ash tuff 2.3 32
WI22 ash tuff 2.2 49
WI27 ash/lapilli 2.5 51
10 min to ensure equilibrated conditions within the autoclave and the
sample, before the controlled opening of the diaphragms was initiated.
During the decompression of the system, the phase transition from
liquid water to water vapor is crossed (Fig. 7).

Following a test, the analysis of the pressure decaymonitored by the
dynamic pressure transducers, located above and below the sample,
provides a quantification of the fragmentation speed for consolidated
samples or unloading speed for unconsolidated samples (e.g. Alatorre-
Ibargüengoitia et al., 2010 and references therein). For the time assess-
ment of pressure decay though a sample, the travel time of the rarefac-
tion wave from the upper pressure sensor to the top of the sample was
derived according to the procedures developed by Scheu et al. (2006).

The ejection of the gas–particlemixturewas imaged by a high-speed
camera (Phantom V710®, Vision Research, USA). The entire ejection
was monitored at 10,000 frames per second at an area (h = 21.0 cm,
w = 12.5 cm) at the base of the collector tank, just above the dia-
phragms (Fig. 5). This allows the tracking of fragmented particles and
an estimation of their ejection velocities.

To investigate the grain size offineparticles, the experimentally gen-
erated pyroclasts of all experiments were collected from the low-
pressure tank. By dry sieving the particles of N63 μm at half-phi steps,
the particle-size distribution was evaluated. In addition, for WI21 and
WI22, the long (L), intermediate (I) and short (S) axes of each fragment
from phi sizes −2.5 (5.6 mm) to −1.5 (2.8 mm) were measured.
These particles were large enough to be measured with calipers
and were present in the products of all experiments. The S/L ratio and
[(L–I)/(L–S)] form index developed by Sneed and Folk (1958) was
Heap et al. (2015) by using the triple-weight water saturation technique and permeability
s ofWI21 andWI22were collectedunder a confiningpressure of 1MPa. Note: Given values
own in figures.

Porosity
(closed)
(%)

Porosity
Heap et al.(2015)
(%)

Gas permeability
(m2)

3.8 29 1.9 × 10−15

3.2 46 3.1 × 10−15

3.0 n.m. 3.4 × 10−12
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employed to determine the grain shape for each fragment.We calculated
the average and standard deviation of the S/L ratio and the [(L–I)/(L–S)]
form index and plotted them for the dry and water-saturated experi-
ments for WI21 and WI22.

5. Results

5.1. Fragmentation threshold

In order to account for sample heterogeneities, we repeated the
determination of the fragmentation threshold three times for each ash
tuff. The low porosity (Φ = 31–33%, WI21) and the high porosity
(Φ=44–47%,WI22) ash tuffs fully fragment at initial pressures ranging
between 4.3–5.3 MPa and 3.8–4.0 MPa, respectively (Fig. 8). The results
are fully in accordance with the fragmentation threshold defined in
previous studies (e.g., Spieler et al., 2004) and therefore are also in
agreement with the fragmentation criterion of Koyaguchi et al. (2008).

5.2. Fragmentation speed

Rapid decompression experiments at 270 °C and an initial applied
pressure of 6.5 MPa were performed for all three sample series under
both dry andwater-saturated conditions in order to determine the frag-
mentation speed. Fig. 9A illustrates the following dependencies of the
fragmentation speed: (1) for identical conditions (dry argon or steam
flashing), the fragmentation speed of the consolidated ash tuffs
10

1

0.01

0.001

0.1

0 100 200
Temperature (°C)

0.1 MPa

6.5 MPa

R
T

 (
20

°C
)

27
0°

C

Heating

C
om

pr
es

si
on Decom-

pression
&

Fragmen-
tation

supercritical fluid

triple point

liquid water

water vapor

 ice

P
re

ss
ur

e 
(M

P
a)

300

Fig. 7. Experimental pressure and temperature conditions. Both dry and water saturated
sampleswere initially pressurized to about 4MPa, then heated to 270 °C and further pres-
surized to 6.5 MPa during the last stage of heating. Water within the pores of saturated
samples immediately flashes to steam during decompression when crossing the phase
transition from liquid water to water vapor.
increases with porosity. For the dry experiments, samples with ~32%
porosity have fragmentation speeds between 10 and 28 m/s, and at
~52%, porosity fragmentation speeds increase to 53–83m/s. Fragmenta-
tion speed in the presence of steam flashing increased with increasing
porosity in the ash tuffs (~34% samples 75–130 m/s and ~51% samples
160–180 m/s). Within a sample series (given mean porosity), the
presence of steam flashing significantly increases the speed of fragmen-
tation. Ash tuffs where steam flashing occurred led to increased frag-
mentation speeds for WI21 (Φ = 33%) from 10–28 m/s to 75–130 m/s
and for the highly porous tuffs WI22 (Φ = 51%) from 53–83 m/s to
160–180 m/s, respectively. (3) The unloading speed of loose ash/lapilli
samples (WI27) is increased for both, dry and steamflashing conditions,
compared with a consolidated ash tuff of comparable porosity (WI22).
Dry ash/lapilli samples were unloaded at a speed of 167–203 m/s
whereas steam flashing led to an unloading speed of 305–353 m/s
(Fig. 9A).

5.3. Ejection speed of the particle front

The duration of the entire gas–particle ejection is on the order of
0.15 s to 0.25 s for the experiments with the ash tuffs and on the
order of 0.10 s to 0.15 s for the ash/lapilli (Table 4). The velocity of the
gas–particle mixture was measured by high-speed videography for
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Table 4
List of samples used for fragmentation experiments with experimental condition and po-
rosity to quantify the fragmentation speed and the ejection speed of particles front.
Δtejection corresponds to the total duration (s) over which particle ejection occurs. Note:
unloading speeds of WI27 samples are given under column fragmentation speeds
(Vfragmentation).

Sample Experimental
condition

Porosity
(%)

Vfragmentation

(m/s)
Vejection front

(m/s)
Δtejection
(s)

WI21-1 Dry argon 34 28 84 0.24
WI21-2 Dry argon 32 12 85 0.25
WI21-3 Dry argon 31 10 80 0.25
WI21-4 Steam flashing 36 129 162 0.20
WI21-5 Steam flashing 32 74 125 0.22
WI21-6 Steam flashing 33 121 150 0.20
WI22-2 Dry argon 51 53 122 0.19
WI22-3 Dry argon 52 59 125 0.20
WI22-4 Dry argon 53 83 133 0.19
WI22-5 Steam flashing 47 No record 181 0.16
WI22-6 Steam flashing 49 161 No video No video
WI22-7 Steam flashing 52 180 194 0.15
WI22-8 Steam flashing 51 174 195 0.16
WI27-1 Dry argon 53 203 155 0.14
WI27-2 Dry argon 49 167 150 0.15
WI27-3 Dry argon 52 197 161 0.14
WI27-5 Steam flashing 49 305 208 0.12
WI27-6 Steam flashing 51 324 221 0.11
WI27-7 Steam flashing 53 353 220 0.10
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each experiment (exceptWI22-6). Velocities of the particles traveling at
the front of the ejected plumes were estimated by considering the aver-
age of several (≥5) particle velocities (Fig. 10). The determination of the
ejection speed is limited by the visibility of single particles within the
plume of either argon gas and dust or steam and fine dust, respectively
(Fig. 10). Therefore the maximum velocity of particles ejected in steam
flashing experiments, obtained by the technique of high-speed video
analysis, is an approximation to the truemaximum velocity. In addition,
the fastest particles, if visible at all, are hard to track in two consecutive
still frames. The obtained ejection speeds of all three sample series
(Table 4) are illustrated in Fig. 9B showing the following dependencies:
(1) at identical conditions (dry argon or steam flashing), the ejection
speed of the ash tuff particle front increases with porosity. In case of
dry fragmentation from 80–85 m/s for WI21 (Φ = 32%) to 122–
133 m/s for WI22 (Φ = 52%) and for fragmentation dominated by
steam flashing, the ejection speed of particle front was enhanced from
125–162m/s (Φ=34%) to 181–195m/s (Φ=50%). (2)Within a sam-
ple series ejection speed is significantly increased in the presence of
steam flashing. From 80–85 m/s to 125–162 m/s for WI21 and from
122–133 m/s to 181–195 m/s for WI22 respectively. (3) For both,
dry argon and steam flashing conditions, the ejection speed of loose
ash/lapilli samples (WI27) is higher, compared with a consolidated
ash tuff of comparable porosity (WI22). Ash/lapilli samples were
ejected at a speed of 150–161 m/s under dry conditions and at a
speed of 208–221 m/s in the presence of steam flashing.

For both ash tuffs, the ejection velocity of the gas–particle mixture is
higher than the fragmentation speed in each experiment (Fig. 9A andB).
In contrast, themaximum ejection speed of the loose ash/lapilli is lower
than the unloading speed.

5.4. Particle size and shape

The evaluation of the particle-size distribution of the experimentally
generated pyroclasts is shown in Fig. 11. Due to the sealing between the
plexiglass cylinder and the collector tank, aswell as the adhesion of very
fine particles on the lid and along the rim of the tank, a complete recov-
ery of the very finest fraction was not possible; however, a minimum
weight yield of 95% was achieved. WI21 ash tuffs showed a peak in
the particle-size distribution at phi=−0.5 (1.5mm)when fragmented
dry with argon (Fig. 11A). The samples fragmented by steam flashing
exhibit a peak at a smaller phi-value between 0 and 1 (1–0.5 mm).
Dry argon fragmented WI22 samples demonstrate the highest particle
fraction at phi-values between −3 and −1.5 (8–3 mm), whereas the
steam-flashing experiments enhanced the generation of fine particles,
shifting the peak to phi = 1 (0.5 mm) (Fig. 11B). The unconsolidated
WI27 ash/lapilli particles showed grain size peaks at phi = 1
(0.5 mm). In contrast to WI21 and WI22 a grain size distribution prior
to experimentation (raw) was determined for the loose ash/lapilli,
which is biased by a few coarser particles leading to a peak at
phi = −3 (8 mm). The shift of the grain size distribution curve from
prior to post experimentation is evidence of fragmentation despite
their lack of consolidation (Fig. 11C). Fragmentation dominated by
steam flashing increases the proportion of fine particles.

To quantify variations in particle shape, the three axes of the gener-
ated particles from experiments onWI21 andWI22weremeasured and
used to plot the S/L ratio and [(L–I)/(L–S)] form indexwith the standard
deviation (Fig. 12). In total, 134 particles with phi sizes ranging from
−2.5 to −1.5 were used for the analysis of the particle shape as these
phi sizes have been produced in every experiment and were
measureable with a set of calipers. The shape of particles fragmented
by steam flashing for sample WI21 was slightly different to particles
fragmented by gas expansion, and also slightly different than any parti-
cles generated in the experiments on the sample WI22 (Fig. 12).
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Nevertheless, the shape of the particles from the different experiments/
conditions is not significantly different as the standard deviation bars of
the individual samples show a significant overlap.

6. Discussion

Our results show that, under identical pressure and temperature
conditions, eruptions accompanied by the process of liquid water flash-
ing to steam are significantly more violent that those driven simply by
gas expansion. Thus, steam flashing changes the conditions for and
the progression of fragmentation.

6.1. Fragmentation threshold

The pressure applied during the fragmentation experiments of this
study was set above the pressure determined in the experiments
designed to delineate the fragmentation threshold in order to ensure
full fragmentation and complete ejection. As noted above, the fragmen-
tation threshold of WI21 and WI22 follows the well-defined trend of
fragmentation threshold and porosity (Fig. 8), and plots slightly below
the fragmentation criterion postulated by Koyaguchi et al. (2008)
based on experiments with pristine volcanic rocks from Spieler et al.
(2004), Kennedy et al. (2005) and Scheu et al. (2006). The microstruc-
ture of these altered ash tuffs is characterized by shards and fragments,
cemented mainly by alunite and opal-A (Fig. 3; Heap et al., 2015). This
complex microstructure containing altered particles bound by second-
ary precipitated minerals exhibits a slightly lower tensile strength
than that of pristine volcanic rocks and subsequently, fragment slightly
below the classically defined fragmentation threshold of Spieler et al.
(2004), still obeying the fragmentation criterion.

6.2. Fragmentation and ejection speed

The fragmentation and ejection speed obtained in the experiments
are controlled by the initial overpressure within the pores, the connect-
ed porosity, the permeability, and the strength of the sample (Scheu
et al., 2006; Richard et al., 2013). Here, we clearly demonstrate that, in
addition, the state of the decompressing fluid is an important control.
Both, the fragmentation and ejection speed increase significantly for
those samples fragmented in the presence of steam flashing. The con-
nected porosity allows us to quantify the amount of gas or superheated
water storedwithin the sample. Indeed, Scheu et al. (2006) demonstrat-
ed that fragmentation speed is highly influenced by porosity using
fragmentation experiments on samples containing different porosities.
They showed that fragmentation speeds of 20 and 43 m/s respectively
were achieved, when fragmenting samples with 33 and 54% porosities
at an initial pressure differential of 10 MPa. These results, for the case
of fragmentation by pure argon gas expansion are similar to those for
dry argon experiments with WI21 and WI22 in this study. In contrast,
during the decompression from 6.5 MPa to ambient pressure, the iso-
thermal expansion of water within the pores and the instantaneous
flashing to steam causes a 30-fold larger volume increase compared
with pure argon gas expansion under these conditions. Thereby, this
process is significantly more violent and energetic (Wohletz, 1983)
leading to a faster fragmentation of the sample (as shown in Fig. 9A).
As the fragmentation process controls the velocity of the gas–particle
mixture (Alatorre-Ibargüengoitia et al., 2011), the ejection speed of
the particle front increases with an increase in the fragmentation
speed. Therefore, the ejection speed increases with porosity and is sig-
nificantly higher during steam flashing than for simple gas expansion.

During decompression, the potential energy of gas trapped in pores
is converted into kinetic energy as gas expands (Aldibirov andDingwell,
2000). In this process, part of the energy is consumed by fragmentation
and the remaining kinetic energy is left to expel the fragments
(Alatorre-Ibargüengoitia et al., 2010). During steam flashing
experiments, the scenario is slightlymodified as a change in phase is ad-
ditionally responsible for the gas volume increase powering the
fragmentation and ejection processes; yet, the balance in energy used
by fragmentation and particle expulsion remains.

In the experiments with loose ash/lapilli (WI27), a grain size reduc-
tion was observed which is assumed to be caused by fragmentation,
fracturing, and/or comminution. As a consequence of only very minor
energy consumed by fragmentation, a higher amount of energy is avail-
able for the main energy sinks: namely, the lofting, acceleration, and
ejection of the particles. This leads to faster unloading speeds for uncon-
solidatedWI27 comparedwith the fragmentation speeds ofWI22, even
though these two samples exhibit similar values of connected porosity.
Further, the surplus energy also leads to higher ejection speeds of the
particle front for the unconsolidated WI27 samples compared with the
cemented WI21 and WI22 samples for both dry and steam flashing
experiments (Fig. 9B). Alatorre-Ibargüengoitia et al. (2011) observed
that the ejection velocity of the gas–particle mixture is higher than the
fragmentation speed of rock samples fragmented by gas expansion.
Our results for the ash tuff experiments are in agreement with this ob-
servation. We note that the ejection speed of particles in the presence
of steam flashing may even be still faster than we report here as the
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highest speeds might not have been estimated due to poor visibility
during initial phase of ejection of the fastest particles.

The experiments with loose material (WI27) showed that the ejec-
tion speed of the first trackable particles is higher than the ejection
speed of the ash tuffs but lower than the unloading speeds. In addition,
the unloading of the ash/lapilli (in both dry argon and steam flashing
experiments) is faster than the ejection speed of particles front.

6.3. Particle size

The production of fine particles in the experiments quantified by the
particle size distributions of all fragmented samples is in agreement
with the trend identified by Kueppers et al. (2006): an increased pro-
duction of fine particles results from higher fragmentation energy as a
consequence of higher gas volume stored in high porosity samples.
Our work shows that a similar effect is induced by steam flashing as
the gas volume increases significantly during the phase change. The re-
sults support previous assumptions byWohletz (1983) and Cronin et al.
(2003) that steam flashing reduces the particle size in natural eruptions
and in shock-tube experiments (e.g., Foote et al., 2011; Rager et al.,
2013). Rager et al. (2013) investigated the effect of steam flashing on
the production of fine particles during the fragmentation of sandstones
with an average connected porosity of 27%. The grain size distribution of
saturated sandstone fragmented at 300 °C and 15 MPa showed a clear
increase in the production of fine particles compared with the control
samples fragmented by pure gas expansion.

Particle size analysis prior to and postfragmentation showed that
fragmentation processes also occur in experiments with loose samples
(WI27) (Fig. 11C). The few coarse particles responsible for the peak in
the particle size distribution plot (phi = −3) fragmented during de-
compression as they could not be observed in the high speed camera re-
cordings. In addition, the peaks in the particle size plot of fragmented
ash tuffs (WI21 and WI22) (Fig. 11A, B) are not predetermined by the
initial particle sizes of the shards and fragments which are cemented
by alunite and opal-A (Fig. 4). In fact, there seems to be no correlation
between the dominant particle size of the original clastic rock and the
dominant size of fragments. Indeed, most particles generated by
fragmentation are aggregates of several cemented particles (Fig. 12).

6.4. Particle shape analysis

The shape analysis of investigated particles showed that for the
Whakaari ash tuffs neither sample type nor fragmentation fluid state
has a significant influence on the shape (i.e., they plot within the same
shape fields; Fig. 12). Here, fragmentation both with and without
steam flashing involves fracturing parallel to the decompression front
and generate particles with platy or bladed shapes consistent with pre-
vious experimental studies (Rager et al., 2013). Although the mean
shape of the WI21 particles generated by steam flashing plots within
the field of very bladed particles, no significant difference (considering
the standard deviation) exists within the investigated particles. Our
grain shape analysis results slightly contrast with the findings by
Rager et al. (2013) who investigated the shape of volcaniclastic sand-
stone particles produced by fragmentation experiments with a different
degree of sample saturation at 177 °C and 300 °C, respectively. Their
study showed that, according to the (S/L) and (L–I)/(L–S) ratio, particles
generated by fragmentation at 15 MPa are characterized by a bladed
shape and plot within or close to the “bladed” field. However, they
showed that full sample saturation (steam flashing) caused a change
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of the particle shape in comparison with partial sample saturation, as it
leads to the generation of compact bladed particles. This effect is not
supported by the analysis of Whakaari ash tuff particles that were
fragmented at 6.5 MPa.

We speculate that the shape could be controlled by the initial pres-
sure as well as sample microstructure and inhomogeneity. As a result,
we exercise caution here on the subject of using the shape of particles
to distinguish between phreatic or gas blast eruptions. Further studies
are needed to shed more light on this complex relation.
6.5. Eruption scenarios

Due to its active hydrothermal system, Whakaari's subsurface
is characterized by intense fluid migration, storage, and emission.
Hydrothermal fluids exist in both liquid and gaseous states within the
hydrothermal system at Whakaari and our results have implications
for both types of eruption (liquid and gaseous).

In both eruption scenarios, we envisage pressurization of the hydro-
thermal system to occur if the volume of the uprising fluid supply ex-
ceeds the volume of fluids emitted at the surface. One of the main
controlling factors here is the permeability of the rocks within the hy-
drothermal system. Our permeability data (Table 3) highlights that
the rocks comprising the hydrothermal system at Whakaari can vary
by at least two orders of magnitude. This difference in permeability is
likely related to the differences in rock microstructure (Figs. 3 and 4):
WI21 is less porous and contains a higher amount of secondaryminerals
precipitated within the pores (Fig. 4). Hydrothermal sealing has been
discussed in several studies (Edmonds et al., 2003; Christenson et al.,
2010; Vignaroli et al., 2014; Wyering et al., 2014). Sealing occurs by
the deposition of silica and other hydrothermal minerals within the
pore and fracture network. Such precipitation is likely to reduce the
porosity and permeability of the deposits and will eventually lead to
the pressurization of the hydrothermal system. Likewise, dissolution
during hydrothermal alteration can increase the permeability of rocks
(Wyering et al., 2014).

Eruptions, with or without steam flashing, occur when the pore
pressure exceeds the combination of lithostatic and hydrostatic
pressure plus the tensile strength of the surrounding rock (Browne
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alogical seal and lead to decompression and hence the expansion of
fluids leading to an eruption (Fig. 13).

Here we will focus on the events following full fragmentation and
ejection of the sample (i.e. after the decompression of the fluid within
the pore network). In the case of gaseous fluids, the expansion and
therefore the explosivity of an eruption is less violent than for steam
flashing of fluids that are initially liquid and change to a gaseous
phase during decompression. Thermodynamics dictate that water at
270 °C and 6.5 MPa will increase in volume 30 times when changing
phase into a gas at atmospheric pressure. This volume increase due to
the phase transition of water is the crucial reason for the differences
in the fragmentation and ejection dynamics of the investigated experi-
ments. Steam flashing causes higher fragmentation speeds, higher ejec-
tion speeds and an increased production of fine particles. The hazard
potential of such eruptions is therefore much greater than that of gas
eruptions, in terms of energy, trajectory distances of ballistics, and size
of the area affected by ejecta. Large amounts of very fine particles in a
plume represent a persistent, long-lived hazard for the surrounding
area. Moreover, eruptions at Whakaari are likely to involve high
amounts of unconsolidated material (Fig. 2B). As our results showed,
the ash/lapilli (WI27) was ejected at higher speeds and, thus, the prob-
ability of ejecta reaching greater distances and spreading over wider
areas is increased. Steam flashing phreatic eruptions, which may
prove to be the least predictable of all eruptions, are apparently also
those containing the highest specific energies for fragmentation and
its consequences not only at Whakaari but also at any other hydrother-
mal system worldwide.
7. Summary and conclusions

We conducted rapid decompression experiments on hydrothermal-
ly altered samples (ash tuffs and unconsolidated ash/lapilli) from
Whakaari. The experiments, designed to mimic phreatic eruptions,
explore the effect of different fluids (dry argon gas versus superheated
liquid water) on the fragmentation behavior. The initial conditions
were set at 270 °C and 6.5 MPa; rapid decompression to atmospheric
pressure triggered fluid expansion, fragmentation and ejection of
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particles. Our results show the influence of argon expansion versus
steam flashing as well as sample type and secondary hydrothermal al-
teration (among others alunite precipitation) on the fragmentation
threshold and speed as well as the particle size, shape and ejection
velocities.

(1) The rapid decompression experiments revealed that fragmenta-
tion and ejection speeds of two ash tuffs, cemented by alunite
and amorphous opal, increase with increasing porosity and that
both are significantly enhanced in the presence of steam flashing.

(2) The energy consumption by fragmentation leads to reduced ejec-
tion speeds of cemented tuffs in comparisonwith unconsolidated
samples.

(3) Fragmentation dominated by steam flashing also results in
increased fragmentation energy and increased proportion of
fine particles.

(4) For the investigatedWhakaari samples the phase of the fluid just
prior to fragmentation showed no significant influence on the
particle shape as revealed by analysis before and after fragmenta-
tion. Both steam flashing and pure gas expansion produce platy
or bladed particles from fracturing parallel to the decompression
front.

In summary, under identical pressure and temperature conditions,
eruptions accompanied by the process of liquid water flashing to
steam are significantly more violent than those driven simply by gas
expansion. Phase changes during decompression together with the
type and amount of cementation are important fragmentation variables
and should therefore be considered for hazard assessment and model-
ing of eruptions in hydrothermally active environments.
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