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The Boiling Lake - a major touristic attraction in the Morne Trois Pitons National Park, Dominica's (West Indies)
World Heritage site - is located in an area of high hydrothermal activity in the southern part of the island. This
spectacular lake is characterized by unstable behavior which has been interpreted to result from the presence
of a water body above a fluctuating gas-filled, or multi-phase vent system. The system produces a near-boiling
lake that occasionally drains and refills with water, without any simple periodicity. Despite the fact that such un-
stable draining lakes are thought to be non-eruptive, the Boiling Lake is known to have sourced occasional small
hydrothermal eruptions as well as toxic gas emissions which accompany the refilling phase of these drainage
events. Similar explosive events seem also to be likely after landslide slumped rocks from steep altered crater
walls cover the vent area in the lake leading to overpressurized conditions. In both cases, rock expulsion and
gas release continue to pose serious threats for tourists and tour guides.While conceptualmodels exist describing
possible mechanisms of the Boiling Lake drainage itself, little information exists to date regarding the trigger
mechanisms related to the explosive events. Further, no estimation of the eruption processes and dynamics of
these events has previously been attempted. To address this knowledge gap, we employ here a combined
field- and laboratory-based approach in order to i) characterize the properties of the dominant lithologies
from the crater walls at Boiling Lake, ii) determine how the ongoing alteration may affect their petrophysical
properties (e.g., porosity and permeability), and iii) evaluate howwater-saturated, unconsolidatedwall rockma-
terials behave when rapidly decompressed from a slightly elevated pressure and temperature conditions.
Here, we propose that it is the petrophysical state of the materials involved (e.g. porosity, permeability and
alteration-related strength) which controls the style and energy of these eruptions, as well as the potential for
landslides from the crater walls. The experimentally simulated scenarios included in this study are:
i) decompression from only slightly elevated pressure conditions inferred for small hydrothermal eruptions oc-
curring after lake drainage events, and ii) decompression from rapidly enhanced pressure conditions produced
by the capping and overpressurization of the vent area following landslide episodes. Ejection velocities obtained
from rapid decompression experiments were used as input parameters for ballistic trajectory calculations,
allowing for estimation of the potential area impacted by ejected debris.
We anticipate that this study will serve as a contribution to the understanding of the hazard potential of future
hydrothermal eruptions at unstable crater lakes in general, as well as providing direct insights into the ongoing
hydrothermal activity at the Boiling Lake.
© 2019 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/).
Keywords:
Hydrothermal eruptions
Alteration
Volcanic lakes
Decompression experiments
Hazard assessment
1. Introduction

The Boiling Lake is one of Dominica's most popular tourist attrac-
tions: the world's second largest high-temperature crater lake (Di
Napoli et al., 2013). Its spectacular nature is due to an unstable and
S. Rott).

. This is an open access article under
delicate physical state produced by a denser liquid layer (a lake) placed
atop a gas- or multi-phase-filled vent system. The instability is mani-
fested as a near-boiling lake that occasionally drains and refills its
water, without a clear periodicity (Fournier et al., 2009). Together
with the nearby Valley of Desolation, they represent themost active hy-
drothermal areas in the Morne Trois Pitons National Park of Dominica
(Joseph et al., 2011), drawing ~80,000 tourists per year (James, pers.
comm.). Many of the crater-like features in these areas, Boiling Lake
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included, have been formed as a result of steam-driven phreatic/hydro-
thermal eruptions, and/or following magmatic intrusions resulting in
phreatomagmatic explosive events (Lindsay et al., 2005a, 2005b;
Fournier et al., 2009;Mayer et al., 2017). Some of the best-knownunsta-
ble draining lakes are generally non-eruptive, for example the lake fill-
ing the Inferno Crater in New Zealand, whose level changes by nearly
10 m with a typical period of about 30 to 50 days following variations
in the geothermal activity, or seismic events (Vandemeulebrouck
et al., 2005; Vandemeulebrouck et al., 2008). Boiling Lake, in contrast,
is known to have produced occasional small, and deadly toxic gas emis-
sions and/or hydrothermal eruptions associatedwith the crater refilling
phases (Fournier et al., 2009; Lindsay et al., 2005b). Other inherently
gravitationally unstable lakes that have suffered explosive events are
Poás (eruptions: 2006–2017) and Rincón de la Vieja (eruptions 2011 -
ongoing), both volcanoes in Costa Rica and the extremely acidic crater
lake of Kawah Ijen in Indonesia (Lowenstern et al., 2018), which passed
through year-long phreatic eruption cycles predominantly character-
ized by small phreatic eruptions (Rouwet et al., 2010; González et al.,
2013). At the crater lakes of Ruapehu and White Island (both in New
Zealand), injections of magmatic fluids below a sulphur-sealed vent re-
sult in noncyclical phreatic eruptions (Kilgour et al., 2010; Caudron
et al., 2018). In Iceland hydrothermal explosions occurred in 2013
when the fluctuating Gengissig ice-dammed lake suddenly drained
within the active geothermal area at Kverkfjöll (Montanaro et al.,
2016b).

Considering the intense geothermal activity of the area, the known
eruption history, a steam-driven, phreatic/hydrothermal eruption is
considered as themost likely scenario for future volcanic activity at Boil-
ing Lake (Lindsay et al., 2005a, 2005b). However, due to the relative lack
of observations in this remote area, and the paucity of literature, there is
a significant lack of understanding of the triggeringmechanisms and ex-
plosive processes at Boiling Lake. Hazards associated with steam-driven
eruptions in similar geothermal settings include ballistic launches of de-
bris and blocks, aswell as surges and jets ofmud and rocks lacking juve-
nile components (Browne and Lawless, 2001; Montanaro et al., 2016a,
2016b:Mayer et al., 2015; Strehlow et al., 2017). The absence of reliable
precursors of such eruptions (Hurst et al., 2014) further increases their
risk potential. Mayer et al. (2017) have recently mapped the distribu-
tion of geothermal features in the Valley of Desolation. They highlight
how alteration-induced changes in the porosity and permeability of
the near-surface environment affect the spatial and temporal distribu-
tion of gas and heat emissions. Areas in which permeability reduction
occurs can be expected to produce pore pressure enhancement that
may result in explosive events (Heap et al., 2017; Mayer et al., 2017;
Montanaro et al., 2017). Joseph et al. (2011) investigated the geochem-
istry of themain geothermal areas of Dominica, whereas further studies
have focused on the fluid mechanics of the Boiling Lake (Fournier et al.,
2009; Di Napoli et al., 2013) and the composition of the steam flux em-
anating from the lake. Feuillet et al. (2011) suggested a possible trigger
mechanism for the draining process related to the occurrence of large
magnitude regional earthquakes. Fournier et al. (2009) developed a
conceptualmodel of the lake systemand suggested that drainage events
relate to gas influx perturbation, lake geometry and the presence of
rocks of differing permeability underneath the lake. The differences in
permeability may be due to differences in rock structure and/or hydro-
thermal alteration (Browne and Lawless, 2001; Mayer et al., 2016;
Montanaro et al., 2016a). Hydrothermal sealing of pores and fractures
by silica, or other mineral phases is a further mechanism that may re-
duce the porosity and permeability of the deposits (Mayer et al., 2017;
Heap et al., 2017; Montanaro et al., 2017). The hydrothermal alteration
of the host rock or of ejecta debris from historic eruptions is, however,
only briefly described for the nearby Valley of Desolation (James,
1997; Lindsay et al., 2005b; Mayer et al., 2017), and information on
the type of alteration, and its influences on outgassing at Boiling Lake
is wholly lacking. Weathering and alteration of steep slopes can favor
erosional and mass-wasting processes. In light of this, and similarly to
eruptions that have occurred in the Valley of Desolation, explosive
events at Boiling Lake may be triggered by landslides from the altered
and steep-sided crater-lake walls resulting in blocking the degassing
vents. A rapid emplacement of a low permeability landslide body
might function as a barrier increasing the overpressure up to values pre-
cipitating explosive failure (Mayer et al., 2017).

To estimate potential triggering mechanisms and explosive pro-
cesses at Boiling Lakewe performed field and laboratorymeasurements
using the wall-rocks material representative of the crater lake geology.
In particular, we determined how the ongoing alteration affects the
petrophysical properties (porosity and permeability) of crater rocks,
and in turn how different altered materials can affect ejection behavior
during explosive events. To this end, two types of decompression exper-
iment series have been conducted simulating i) a smaller eruption trig-
gered by a drainage event and ii) amore intense hydrothermal eruption
due to landslide overburden. Finally, experimental results have been
used to calculate ballistic trajectories and to estimate hazard potential
within the area of the Boiling Lake.

2. Geological setting

2.1. Dominica

Dominica is located at the center of the Lesser Antilles archipelago
between Martinique and Guadeloupe and occupies a land area of
750 km2 (Lindsay et al., 2005b). The Lesser Antilles are located on a sub-
duction zone where the oceanic crust of the North American Plate is
subducted below the Caribbean Plate (DeMets et al., 2000; Maury
et al., 1990; Dixon et al., 1998). Dominica has one of the highest concen-
trations of potentially active volcanoes in the world (up to 9 volcanoes;
Lindsay et al., 2003, Lindsay et al., 2005a) and is the most geologically
productive volcanic island of the Lesser Antilles since the Miocene
(Wadge, 1984). The geothermal activity in Dominica is widespread
throughout the island (et al., 2011), and is related to volcanic regions
of differing ages. In particular, volcanic activity has shifted over the
last 1.6 Ma from the north (e.g. at Morne Diablotin and Morne aux
Diable where only low levels of hydrothermal activity remain) to the
southern part of the island. Seven major andesitic-dacitic volcanic cen-
ters are located in the southern part of Dominica, and are associated
with moderate-to-intense geothermal activity (Criaud and Fouillac,
1989), including the highly active areas, Valley of Desolation and Boiling
Lake (Joseph et al., 2011).

2.2. Boiling Lake

The Boiling Lake of Dominica is a high-temperature volcanic crater
lake, formed after a phreatic or phreatomagmatic explosive event (Di
Napoli et al., 2013; Joseph et al., 2011). The lake is situated on a hill
east of the Valley of Desolation, 750 m above sea level and 10.5 km
away from the capital Roseau (Fig. 1; Fournier et al., 2009). With a
water volume of ~1.22 × 104 m3 when filled (Fournier et al., 2009),
the Boiling Lake is the second largest high-temperature lake in the
world (Di Napoli et al., 2013). The crater of the Boiling Lake is about
50 m × 60 m in size and 12–15 m deep and boiling appears to be
sustained through vigorous upwelling of gases (Fig. 2; Joseph et al.,
2011). The dull grey-colored lake surface is surrounded by sub-
vertical walls with a height of approximately 6–30m (Fig. 2) consisting
of block-and-ash debris. A flat area on the northern crater wall, about
13 m above lake level, serves as viewing platform for tourists (Figs. 2
and 3). Fresh water input comes from an inflow and a small waterfall
on the north side of the lake.Water also enters the lake via groundwater
flow and by steam condensation of hydrothermal fluids. The lake water
exits through a crater wall breach on the south lakeside into the Rivière
Blanche aswell as by evaporation from the surface and draining through
the lake floor (see mass balance Fournier et al., 2009). During episodes
of heavy rainfall, inflow and outflow remain fairly constant. The lake is



Fig. 1.Overviewof Lesser Antilles, Dominica and the hydrothermal areas in the southern part ofDominica (a) Geographicalmapof island arc of the Lesser Antilles. The islandof Dominica is
situated betweenMartinique andGuadeloupe.Modified after Joseph et al. (2011). (b) Simplified geologicalmap of Dominicawith a cross section through the island at the height ofMorne
Trois at lower left. Modified after Smith and Roobal (2004). (c) Geological map of Roseau Valley showing inferred faults, faults, collapse structures or calderas, crater, lava domes andmain
areas of hydrothermal alteration / activity. Modified after Traineau et al. (2015).
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usually in a state of ebullition and the surrounding crater is typically
filled with steam clouds and sulfurous vapors. Towards the southeast-
ern part of the lake, an ebullition area/vent, characterized by intense up-
welling of water is visible (Fig. 2). The lake activity over the last
150 years has been dominated by long periods of stable water temper-
ature and almost nearly constantfill level (T=80–90 °C, and pH=4–6)
(Joseph et al., 2011; Lindsay et al., 2005b), together with sporadic and
rapid sequences of emptying and refilling accompanied by temperature
and water chemistry changes (Fournier et al., 2009). During periods of
instability, rapid draining down to the local water table (12–15 m) is
typically followed by gradual refilling of the lake, along with occasional
hydrothermal eruptions and toxic gas emissionswhich have caused loss
of live in the past (Fournier et al., 2009; Lindsay et al., 2005b). During
the normal steady state, the lake water is suspended above the local



Fig. 2. Boiling Lake (a) Overview, showing the crater, in- and outflow as well as main features of the Boiling Lake. Moreover, the sampled crater wall I – III are marked (backed by google
maps image). (b) Boiling Lake in an unstable state, partly filled without boiling activity at the end of 2016. A medium-sized landslide and mud splatter on the flanks of the crater can be
seen,where the latter could be the result of a small hydrothermal eruption. Photowaspublished onDominica NewsOnline, 6thDecember 2016. (c) Picture of Arlington James showing the
Boiling Lake during a drainage event on April 7, 2005. Only a less lake water, remained in the crater, probably at groundwater level. (d) Photo of the Boiling Lake bed on November 17th
2016 (photo courtesy of S. Durand). For comparison of drainage event 2005 and 2016, an identical boulder is surrounded by a yellowcircle near the lake bottom. The increased input offine
clayish sand can be clearly seen in Fig. 2d. Thismight be the result of landslides from the crater wall and ongoing alteration of wall crater rock. Due to successive input of finematerial the
steepness of the lake bedflankhad changed to aflatter one. The higherwater level of the lake compared to 2005might be the consequence of increased sedimentingwhich inhibit a further
draining of lake water. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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water table by drag forces resulting from a gas phase flowing through a
liquid-filled highly permeable conduit (Rouwet and Morrissey, 2015).
The boiling of ground water, produced by the presence of a shallow in-
trusion, continuously supplies rising bubbles. These bubbles condense
within the lake providing latent heat for warming up the lake water to
approximately 90 °C (Fig. 3). The presence of a low temperature,
dense liquid above a high temperature, bubbly, fractured, permeable
conduit provides the basis for lake instabilities (Fig. 4; Fournier et al.,
2009). Recent geochemical analyses of the Boiling Lake system suggest
a deep NaCl brine overlain by a shallow acid sulfate aquifer (Joseph
et al., 2019, Fig. 4). The observed irregular drainage events have been in-
ferred to be associatedwith regional seismic activity favoring shock nu-
cleation of bubbles within the conduit, or to changes in groundwater
table levels (Fournier et al., 2009; Feuillet et al., 2011; Joseph et al.,
2011). Despite the above, the exact causes for drainage events of the
Boiling Lake remain unclear.

Drainage events occurred at least nine times during the past
150 years: 1876, 1887, 1900, 1901, 1971, 1972, 1988, 2004/2005
(Ober, 1880, James, 1988, Fournier et al., 2009) andmore recently inNo-
vember 2016 (Durand, 2016). Some of the total emptying cycles some-
times occurred in periods of b24 h (Fournier et al., 2009; Ober, 1880,
James, 2014). The refilling time is in contrast, highly variable, ranging
from b24 h through days, to weeks. In 2004/2005 the Boiling Lake
drained two times 1) immediately following the 6.3 Mw Les Saintes
earthquake and 2) after an associated aftershock (Mw 5.9). Feuillet
et al. (2011) proposed that the earthquake generated a volumetric
strain increase (expansion) around the lake which in turn contributed
to an increase of effective porosity by opening crackswhichpredisposed
the lake to drain rapidly.

As there is no apparent change of temperature or gas/water flux at
fumaroles and hot springs in the nearby hydrothermal areas (i.e., in
the Valley of Desolation), the process controlling the drastic changes
in Boiling Lake seems to be isolated from the surrounding hydrothermal
phenomena (Fournier et al., 2009). Monitored fluctuations of the Boil-
ing Lake water level and temperature between December 2004 and
April 2005, correlate significantly with changes in water chemistry.
The chemical compositional changes during these periods of unstable
lake condition indicate a drastic decrease of hydrothermal fluid input
into the lake (Joseph et al., 2011).

Turning to themost recent event, the Boiling Lake appeared in a nor-
mal state on the 7th November 2016, then drained completely on the
8th of November, leaving a small pool inside the crater. From 8th of No-
vember to 1st of December several fluctuations in the water level and
degassing activity were observed. By the 15th of December the lake
returned to a “normal” (and stable) level and activity. A survey of the
lake on 8th of November revealed the presence of mud splatter on the
crater wall and its above growing vegetation (Durand, 2017, Fig. 2).
This latter element would suggest that the drainage event was accom-
panied by a small mud-rich explosive event. Interestingly, a small land-
slide from the eastern crater wall of the Boiling Lake took place several
weeks (between May and November 2016) prior to the actual draining
events.

Previous studies investigated the chemistry of the lake water
(Joseph et al., 2011), characterized the emitted gases (Di Napoli et al.,



Fig. 3. Geometry of the Boiling Lake crater and sample locations (a) The photograph (fromMay 2015) shows the view from thewest crater wall down to the lake. Steam and vapor come
from the lake surface and fill the crater. From the north direction, a cold stream flow over an alluvial fan (point A) into the lake. A small cascade supplies water from the eastern side.
Towards the south-eastern side of the lake, a point of upwelling water (vent) is located. On this point the water is elevated a bit above the general water surface. An outflow into the
Blanche River breaks through the southern crater wall. On the northern side a visitor platform (B) allows a nice view on Boiling Lake for visitors. Point C on the eastern crater wall
marks the place where vegetation was probably affected by a hydrothermal eruption in Nov. 2016. (b) Sample location of BL1 and BL7 on the northern crater wall (wall I), left (view
towards the lake) of the alluvial fan (c) BL6 was taken on the northern crater wall (wall II), beneath the visitor platform on the right side (view towards the lake) of the alluvial fan.
BL8 to BL11 were excavated at the north-western wall (wall III). (See people for scale).
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2013), as well as allowed to develop a conceptual model of the Boiling
Lake systemand its drainage events (Fournier et al., 2009). However, lit-
tle or no information is available regarding the lithology of the crater
wall, and of the lake floor itself. Thus, we are missing fundamental pa-
rameters like rock strength, porosity or permeabilitywhich highly affect
the rock resistance and which are fundamental to understand possible
trigger mechanisms of eruptions in such a hydrothermally-active envi-
ronment (Montanaro et al., 2016b;Mayer et al., 2017; Heap et al., 2017).

3. Investigated sites and methods

The lithologies of the crater were characterized and sampled during
two field campaigns carried out at the Boiling Lake in April 2013 and
May 2015. The investigated sites were the only ones safely accessible,
yet are considered representative of the materials making up the crater
walls surrounding the lake. The lithologies consistmainly of mildly con-
solidated, and heterogeneous block-and-ashflowdeposits (Fig. 2). Sam-
ples were collected at three different crater wall locations, all near the
outcropping lake floor. In particular, material was taken from the wall
(Figs. 3) namely: i) the northern part of the crater (wall I), left of the al-
luvial fan (BL1 & BL7), ii) the northern crater wall beneath the visitor
platform (wall II) and on the right of the alluvial fan (BL6), and iii) the
northwestern crater wall (wall III; BL8, BL9, BL10, BL11).

Slightly consolidated material (BL6 – BL11) was sampled using cor-
ing with steel cylinders (length = 61 mm; diameter = 72 mm), which
were plastic-wrapped and sealedwith tape to avoid any loss ofmoisture
or destruction of original rock texture. To obtain fresh samples of the
wall rock, the steel cylinders were pressed into the respective wall
after removing a minimum of 5 cm overlying rock. Material at location
BL1was instead removedwith a spade and stored in plastic boxes. At lo-
cation BL7, several centimeter-sized consolidated clasts, representative
to the coarse fraction of the deposit, were also sampled (BL7_T1, T2, T3;
Suppl. mat. Fig. A.3).

Besides samples BL2 to BL5 and BL7, all remaining samples were
used for further petrophysical, grain size and geochemical
characterization.
3.1. Field-based characterization of crater wall-rock

Punctualmeasurements of permeability andmoisture content of un-
consolidated material representative of the circum-crater variation in
the wall types at the Boiling Lake crater walls were taken by using a
PL-300 soil permeameter (Suppl. mat. Fig. A.2; Umwelt-Geräte-
Technik; Heap et al., 2017; Mayer et al., 2017; Montanaro et al., 2017).
Cylinders containing the samples for laboratory investigations were
weighed to determine bulk density. Selected sampleswere immediately
sealed and wrapped for transport. This technique allowed non-
destructive sampling and preservation of sample texture and water
content required for further analysis in the laboratory.



Fig. 4. Conceptualmodel of the Boiling Lakewith view towards the north direction. Aflat area on thenorth craterwall, about 13mabove the lake represents a viewing platform for tourists.
A small cascade supplies water from the eastern side of the lake. The crater is filled with steam and sulfurous vapors coming from the lake surface. An area of upwelling water and gas is
located at the south-eastern side of the lake (situated above the vent). The rock material of the crater wall consists of unconsolidated to slightly consolidated block and ash flow. The
volcanic lake is suspended above the local water table by drag force and buoyancy caused by a gas phase flowing through a liquid filled high permeable conduit (Rouwet and
Morrissey, 2015). The constant supply of rising bubbles comes from the boiling groundwater near an intrusion. Fluid chemistry made by Joseph et al. (2019) suggests a shallower acid-
sulphate hydrothermal aquifer and a deeply sourced NaCl brine.
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The field characterization of the investigated unconsolidated mate-
rial additionally involved two hand-held devices: a pocket penetrome-
ter that allowed measurements of the unconfined compressive
strength (Zimbone et al., 1996), and a torvain used to measure the un-
drained shear strength (Farquhar, 2001).
All samples petrophysical and mechanical properties were obtained
well within the measurement range of the applied instruments
(Table 1). It should be noted that despite the fact that the field methods
used provide valuable estimates for permeability and rock strength,
their accuracy and precision are often not comparable with well-



Table 1
Photographs of cored samples from slightly consolidated craterwallmaterial of the Boiling Lake (diameter 72mm). Below a table of petrophysical properties determined in thefield and in
the laboratory is shownwhere ρb= in situ bulk density; ρm=drymatrix density; φ=connected porosity; k= in situ gas permeabilitymeasurewith PL-300;min situ= in situ volumetric
moisture measured with PL-300; mlab = volumetric moisture measured by oven drying; Cs= unconfined compressive strength; Ss= undrained shear strength. – Not intended because
material from BL7 was not taken to the laboratory.
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constrained laboratory methods (Heap et al., 2017). However, such
measurements remain extremely valuable for being the first character-
ization of petrophysical and mechanical properties of rocks at Boiling
Lake.

3.2. Laboratory-based characterization of sampled material

3.2.1. Geochemical and mineralogical analysis
The bulk chemical composition of each sample was determined by

wavelength dispersive X- ray fluorescence (WD-XRF) analysis on bulk
samples. Geochemical data, together with mineralogical analyses con-
ducted by optical microscopy, was further employed to determine the
type and degree of alteration. The relationship between chemical varia-
tion and alteration was evaluated using five indices, as proposed for
characterization of the degree of alteration in different lithologies (see
Pola et al., 2012 and references therein). These indices, which are
Fig. 5.Experimental setup (a) Fragmentation bombat LMUMunich (modifiedafterMayer et al.,
tank with a transparent Plexiglas® part on the bottom, where ejected particles can be collected
behind. The high pressure and high temperature section is situated at the lower part and consis
pressurized by argon gas. At the bottom of the sample a dynamic pressure sensor and a thermo
For BL9_2 crater wall material with original texture andwater content is used. For BL1_11 the s
pressure tank after decompression experiment. The ejectedmaterial of BL9_2 (Setup 2) is almo
and wet.
based on theweight percent ratio ofmajor elements, assume that distri-
bution of chemical elements is controlled by the degree of alteration
(Duzgoren-Aydin et al., 2002). Details of sample preparation and analy-
sis, as well as alteration index calculations are reported in the Supple-
mentary material.

3.2.2. Petrophysical characterization, grain size analyses, and componentry
Soil samples were further characterized in the laboratory to deter-

mine their rock physical properties. Samples were dried in an oven at
65 °C for at least 24 h until fully dry. Weighing of samples prior and
post drying allowed the mass determination of dry sample material
and water and therefore the volumetric moisture (Table 1) which can
be compared with moisture measured in the field. Dry powder density
of all samples was obtained by helium pycnometry (Ultrapyc 1200e®,
Quantachrome). Knowledge of the volume of the sampling cylinder, as
well as the water content and dry density, enabled determination of
2015). The setup is divided into two sections. On the top of the installation is a lowpressure
and recordedwith a high-speed camera. The ejection scene is illuminatedwith LED's from
ts of an autoclave in which the sample is mounted. The autoclave is heated externally and
couple is located. (b) Sample holder with rock material from decompression experiments.
ample holder is filled upwith loose sample material and distilledwater. (c) Bottom of low
st dry and finely dispersed. The rock fragments of BL1_11 (Setup 1) is partly agglomerated
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the porosities of the samples, which is a key parameter controlling their
mechanical behavior (Pola et al., 2014; Mayer et al., 2016; Heap et al.,
2017).

Grain size distribution analyses of the sampledmaterialwere carried
out by dry-sieving of particles between 16 mm and 63 μm, whereas
laser refraction techniques, using a Coulter LS230 (measuring range
0.375–2000 μm,wave length 750 μm)were used to analyze the fraction
below 63 μm.

The particles of different sieve fraction were also analyzed petro-
graphically in order to characterize their colour, degree of alteration,
and mineral content.

3.2.3. Rapid decompression experiments
We conducted decompression experimentswith the “fragmentation

bomb” apparatus at LMU (Fig. 5a), described in detail by Alidibirov and
Dingwell (1996) and developed further by e.g. Scheu et al. (2006),
Alatorre-Ibargüengoitia et al. (2010); Rager et al. (2014); Mayer et al.
(2015). The apparatus consists of a large upper chamber operating at
ambient pressure and temperature conditions, and a smaller high-
pressure chamber (autoclave) which is heated and pressurized, usually
byArgon gas. The autoclave is separated from the chamber by a series of
diaphragms. Controlled rupturing of the diaphragms initiates rapid de-
compression of the autoclave. A transparent section at the bottomof the
large chamber allows monitoring of the sample ejection using a high-
speed camera.

Unconsolidated samples collected in larger cylinders from the wall
of the Boiling Lake (Section 3) were “cored” using smaller cylinder
fitting the autoclave size; grain size analyses of residual material from
the large cylinder, and material from the smaller ones show the same
grain size distribution. This assured that the exploded samples were
representative of the original soil sample. The experimental conditions
of pressure and temperature, were chosen to best mimic two type of
scenarios triggering explosive events (Figs. 5 and 6): i) a lake drainage,
and ii) a partially burial by a landslide body.

In the first scenario (Setup 1) we assume a lake drainage associated
with a decrease in hydrothermal activity, and thus in fluids (and heat)
supply (Joseph et al., 2011). During drainage a drastic decrease of
Fig. 6. Two experimental setups: Scenario 1 shows a small hydrothermal eruption after a draina
table. Suspendedmaterial blocks the highly permeable vent. A pressure build-up follows after re
and a rock density of about 2.6 g/cm3 a pressure range between 2 bar and 3 bar and a temperatu
hydrothermal eruption during excavation of the Boiling Lake. In this setup, we assumed that the
pressure a pressure of approximately 10 bar and a temperature of about 150 °C is used for exp
hydrothermal/magmatic fluid input into the lake occurs (e.g. caused
by changes in fluid flow or disturbance of fluid pathways in permeable
region). Such a decrease of fluid input likely disturbs the intrinsically
unstable system formed by a dense liquid lake atop a gas- or
multiphase-filled conduit (Fournier et al., 2009; Vandemeulebrouck
et al., 2005). A mixture of water and a considerable amount of
suspendedmaterial (mud, silt and sand) flow down into the highly per-
meable conduit causing the plugging of the vent zone and a cooling of
the high permeable region. Once the conduit heats up again, thus
returning to its “normal conditions”, water starts to boil and, together
with the steam produced, attempts to percolate through the plugged
vent and refill the crater lake. Depending on the permeability of the
plugged zone, this can lead to the accumulation of superheated water
and non-condensable gases, and thus in pressurization below the
plugged area (Hurwitz et al., 2016; Montanaro et al., 2016b). Looking
at drainage and refilling events in the past, the emptying or backfilling
process of a certain amount of lake water can last from 75 min (e.g. in
1900) to 37 days (e.g. in March 2005 refill from 8 m below the outlet
to almost normal level lake level; James, 2005). Assuming a vent cross
section of about 7 m2, and considering the lake-refilling time range,
the formation of a sediment “plug” 1-to-10 m thick with a permeability
lower than 10−12m2would be enough to produce over-pressurized con-
ditions. The explosive liberation of a plugged vent under the above as-
sumed conditions will require only low pressures in the order of
2–3 bar. This pressure range is selected due to the combination of
lithostatic, hydrostatic (remaining lake water) and vapor pressure. To
satisfy the condition of maintaining the water at liquid state before
and during the re-heating of the system, togetherwith pressures consis-
tent with the above, a temperature of 120 °C is assumed below the
plugged area (Fig. 7). For this kind of experiment, loose sampled mate-
rial fully saturated with water was carefully placed into sample holders
(Fig. 5b).

The second experimental series (Setup 2) simulates an eruption trig-
gered by a landslide body that partially fills the crater and blocks the
vent (Fig. 6). Here we assume that the vent area is overlaid by max.
10 m of material sliding from the steep crater wall, having a relatively
low permeability in the order of 10−15 to 10−16 m2 or marginally above
ge event. Due to disturbance in hydrothermal system, the lake drained until the local water
activation of the hydrothermal system and ends in a hydrothermal eruption. For this setup
re of approximately 120 °C is used for decompression experiments. Scenario 2 illustrates a
crater lake is partly or fulfilledwith rockmaterial due to landslide. To overcome lithostatic
erimental setting.



Fig. 7. Phase diagram of water with heating and pressurization process of the two
decompression setups. The installation is pressurized until a certain pressure, then a
furnace starts the heating procedure which leads to a further increasing of pressure.
When the final P/T conditions are reached, the system is flooded with argon gas which
leads to a rupturing of diaphragms and fast decompression. Due to decompression, a
phase transition from liquid water to vapor phase occurs. Setup 1 (drainage event) is
marked by the green path, Setup 2 (landslide event) by the red path. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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(in similarity to the in situ permeabilitymeasured at the craterwall - see
section below). Even if a small landslide is produced to partially cover
the vent area, and the degassing through the free part of the vent per-
sists, a slow but continuous pressurization at the bottomof the landslide
body can be expected. Depending on body thickness (10m) and perme-
ability we evaluated, based on Darcian flow, that a period of several
weeks to even years would be needed for the gas to percolate through
the landslide body. In this period, the accumulation of steam and gas
below a low permeability cover can result in the uplift of the overlying
material, and may cause “fractures” in the landslide body allowing for
rapid degassing, and in turn for the flashing of hot, and pressurized liq-
uids (Mayer et al., 2017). If fracturing and degassing are not occurring,
the landslide “cap” will eventually fail once a critical pressurization
from below is reached. This critical pressure depends on the thickness
of the landslide body, its density/weight (overburden) and its cohesion.
Mayer et al. (2017) investigated a similar scenario, based on an explo-
sive event, which occurred in 1997 at the nearby Valley of Desolation
and produced the burial of the fumarolic vents by a 2.5–3 m thick land-
slide body. Analytical modeling of hydrothermal altered samples and
decompression experiments together with ballistic observations of
erupted material from 1997, suggest that overpressure of 3–5 bar
would suffice to produce an eruption at such site. A similar triggering
process for steam-driven eruptions was observed at Geysers Valley in
Kronotsky Nature Reserve in Kamchatka in 2007. Here, an enormous
landslide unevenly covered fumarolic fields, at some sites N20 m-
thick, which lead to overpressure conditions and explosive blasts
(Kiryukhin et al., 2012).

In our scenario, considering a landslide body 10 m thick having a
strength/density as measured in situ and in the lab (see Section 4.2),
failure conditions are estimated to be reached for pressures up to
10 bar. We decided for the previously mentioned pressure range, to
use lithostatic and hydrostatic (remaining lake water) pressure com-
bined with vapor pressure with respect to overpressure conditions
used in the “landslide event” of Valley of Desolation experiments. The
pressure may be slightly overestimated to ensure an entire ejection of
landslide rock and to propose amaximumhazard zone. It is also reason-
able to consider an increase in temperature with pressurization, follow-
ing the boiling curve, which would result in a pre-explosive
temperature of about 150 °C. For this kind of experiment, sampled ma-
terial with original rock texture was placed into sample holders and
mounted into the autoclave without adding any water, thus
representing the original moisture of the sample (Fig. 5b). Only for de-
compression experiments BL7_1 and BL7_2 the sample holderwasfilled
with loose material from location BL1 and filled with a similar amount
of water which can be found in the original crater wall rock.

During the experiments, the decompression results in the explosive
boiling of the water (and the formation of steam respectively), which
drives the eruption and is the same process invoked for both the simu-
lated scenarios. During these experiments the entire pressurization,
heating and dwelling process lasted 20–30 min, ensuring the samples
reached thermal equilibrium.

In both type of experiments, high-speed video analysis allowed the
determination of ejection velocities for particles of differing sample
size, while the ejected material was recovered and analyzed for its
grain-size distribution. Grain-size of experimentally-disrupted material
was then compared to the sample's initial size distribution. Thus, exper-
iments allowed us to qualitatively investigate the role of the used lithol-
ogies, and of their natural texture and grain size, on the “fragmentation”
and ejection dynamics of the eruptions.

3.2.4. Ballistic modeling and application to eruption scenarios
To estimate the effects of hydrothermal explosive events in respect

to the investigated scenarios at the Boiling Lake, theoretical ballistic tra-
jectory distances were calculated. For this approach, ejected particles
were treated as ballistic projectiles (Mastin, 1995). Ejection velocity
and particle size, which were obtained by high-speed video analysis,
aswell as particle (bulk) density as determined during the rock physical
characterization, were used as input parameters. The ballistic trajecto-
ries were then calculated using the Eject! software of Mastin (2001).
By assuming a spherical particle shape, ejection angles of 45° and 65°,
and neglecting wind direction and speed, maximum trajectory dis-
tances could be estimated. The incorporated variable drag coefficient
that evolves as the Reynold number of the projectile evolves
(Wadsworth et al., 2018) were used for our ballistic modeling. Calcula-
tions allowed us to analyze the influence of particle size in the range of
lapilli (2–8 mm) on their trajectory distances.

4. Results

4.1. Field results

Thematerial at Boiling Lake wasmostly sampled on the (accessible)
northern-northwestern sectors, and it is representative of the outcrop-
ping lithology around the crater lake (Fig. 3). The collected ash and
block flow material mostly consists of mildly consolidated breccia
with different degrees of alteration, colors, and clay content. In general,
all samples show relatively low permeabilities (Table 1), with the low-
est values measured for materials sampled from the northwest wall
(BL9 and BL10 from wall III). Nevertheless, a rather low pH of 5 (mea-
sured on the rim of the Boiling Lakewith pHmeasuring strips), high hu-
midity, and high sulphur contents of rock samples, give rise to
uncertainties in the permeability and moisture measurements, which
are difficult to quantify.

In particular, at the locationwall I (BL1 andBL7; Fig. 3b), thedeposits
consist of slightly consolidated breccia with ochre colored matrix and
fragments up to several centimeters in size (e.g. type 1, 2, 3 described
below). The breccia in its more consolidated part is hard in its consis-
tency (5 kN/m2), and has a moisture content of 75.4% (Table 1). At the
location wall II (BL6; Fig. 3c), the deposit consists mostly of a dark,
clay-rich matrix that appears hard and brittle, and contains large clasts
(up to several centimeter). Reddish-brown oxidation crust are covering
the deposit in this sector. The sample material from such lithology
showed a low permeability (2.26 × 10−15 m2) and a low moisture con-
tent of approximately 34.6% as well as a hard consistency (4.3 kN/m2)
(Table 1). At the wall III location, the deposits in this section (BL8, BL9,
BL10; Fig. 3c) are made of medium grey, clay-rich material intercalated
with a few sulfurous layers. Thefine-grainedmaterial contains scattered
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centimeter-large soft clasts inside thematrix. In the upper section of the
wall (BL11; Fig. 3c) the surficial deposit appears yellow/ochre in colour
with brown streaks, and seems to be representative of a strongly-
altered variety of the material in the inner part of the crater wall
(BL10). This material is particularly visible at the surface of the wall
or next to cleavages. Overall, lithologies at the western wall are
characterized, from the base to the top, by a decrease in permeability
(8.29 × 10−15 to 7.5 × 10−16 m2), associated to an increase of moisture
content (61 to 100%), and decrease in consistency (5 to 2.5 kN/m2)
and shear resistance (3.8 to 1.8 kN/m2).

4.2. Laboratory results

4.2.1. Geochemical quantification of alteration
As a result of geochemical analysis (Suppl. mat. Table A.1), most of

the sampled material showed dacitic composition and a variable range
of alteration, as confirmed by calculated alteration indices
(Section 3.2.1). CIA (Chemical Index of Alteration), PIA (Plagioclase
Index of Alteration), and CIW (Chemical Index of Weathering) values
generally rise due to the loss ofmobile cationswithin facies with hydro-
thermal and supergene alteration. These indices correlate well with the
increase in the degree of alteration (e.g. CIA of 76.71 and CIW of 83.65
for the highly fragile and altered crater wall III sample BL11) observed
in the investigated samples (Table 3). However, these indices must be
Fig. 8. Thin section of BL7_T1 (top) and BL7_T3 (bottom)without analysator (left) andwith an
another texture than the rest. The minerals of the rounded xenolithe are nearly equal sized. It c
rest of the thin section has a porphyritic texture. The major minerals are plagioclase, pyrox
pleochroism. This thin section has more large minerals and the matrix is much finer, com
plagioclase are also visible. (qz = quartz; hbl = hornblende; plag = plagioclase; px = pyroxe
applied with caution to heterogeneous samples from highly hydrother-
mally active environments, since their estimation assume immobility of
aluminum (Arikan et al., 2007; Pola et al., 2012). Despite the uncer-
tainties, an increase in the effect of both alteration types can be ob-
served going from the northern wall to the northwestern side, with
sample material of crater wall III showing highest values for these pa-
rameters (Table 3). By contrast, the SA value decreases with alteration
as it reflects the loss of silica.

4.2.2. Mineralogical composition
We analyzed four rock lithotypes representative of themain compo-

nents found in the Boiling Lake crater wall deposits. Lithotypes 1 to 3
were collected from the northern wall I, next to BL1 (Fig. 3a, b, and
Suppl. mat. Fig. A.3), while lithotype 4was taken from the northwestern
crater wall III next to BL10 (Fig. 3c and Suppl. mat. Fig. A.4). In thin sec-
tion all samples show porphyritic texture with larger crystals
suspended in a densematrix (Fig. 8 and Suppl. mat. Fig. A.8). Lithotypes
collected from crater wall I can be divided into a white-grey, dark grey
and a red to violet clast variety containing predominantly amphiboles,
pyroxenes, plagioclases and sometimes quartz embedded in a fine
groundmass. Crater wall III almost contains medium grey lithotypes
containing plagioclase, clinopyroxenes amphiboles embedded within a
crystalline groundmass (more detailed description in supplementary
material).
alysator (right). Both were sampled at crater wall I. BL7_T1 contains a xenolithe which has
ontains predominantly pyroxene, plagioclase and a large number of opaque minerals. The
ene and rounded quartz. BL7_T3 contains large amphiboles (hornblende) with strong
pared to the other samples. Pyroxene, rounded quartz and a high amount of zoned
ne).



Table 2
Experimental conditions and results. Note: For realistic ballistic calculation BL7_2 and BL9_4 should not be considered because decompression rates over 10 bar would involve an unre-
alistic large landslide-rock-capping. Nevertheless, the results of these two experiments reveal interesting insights, justifying their inclusion in this table.

Sample P T mH2O msolid Evol Emass veject front dmax-hor 45° dmax-ver 45° dmax-hor 65° dmax-ver 65°

(bar) (°C) (g) (g) (MJ/m3) (J/g) (m/s) (m) (m) (m) (m)

lower P/T experiments (Setup 1)
BL1_11 2.2 115 13.0 30.16 2.4 5.2 22 (±2) 34.3 10.6 25.6 16.4
BL1_12 3.2 120 14.0 30.51 3.5 6.9 59 (±4) 33.3 14.4 23.7 20.7
BL5_5 2.8 113 14.0 28.85 2.1 4.5 39 (±3) 23.8 8.6 17.6 12.6
BL5_6 2.8 110 13.0 30.43 1.5 3.5 54 (±5) 27.9 11.0 19.6 16.5

higher P/T experiments (Setup 2)
BL6 10.0 152 8.7 57.42 5.0 17.7 102 (±4) 61.6 28.1 42.8 39.9
BL7_1 9.9 152 12.5 49.98 8.0 17.7 97 (±6) 95.4 38.5 68.0 57.3
BL7_2 15.5 158 6.1 54.78 4.3 19.6 89 (±5) 67.0 27.2 47.3 40.5
BL8 10.8 155 12.4 26.26 7.6 18.7 128 (±6) 70.7 33.1 49.6 47.4
BL9_2 10.2 154 11.9 42.50 7.1 18.4 104 (±6) 58.8 28.1 40.5 40.7
BL9_4 13.3 162 11.3 40.41 7.7 21.0 132 (±6) 69.2 32.4 48.0 47.2
BL10 10.3 155 14.1 39.60 8.7 18.7 116 (±6) 51.9 23.7 35.3 34.1
BL11 10.1 152 17.1 34.40 10.2 18.0 118 (±4) 49.2 26.5 31.5 36.1
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4.2.3. Petrophysical properties, grain size distribution and clast nature
Petrophysical sample properties and grain size determined in the

laboratory are provided in Tables 1, 2 and Fig. 10. In-situ moisture con-
tent of unconsolidated samples range from 34.6 to 100 vol% and was
higher than the water content determined in the laboratory by drying
(31.8 vol%–81.0 vol%). The differences probably originate from sample
heterogeneities and the loss of water during sample shipping. During
transport samples were possibly exposed to significant temperature
and pressure changes that likely induced changes in water distribution
within the sample cylinders.

The drymatrix density is quite similar for all of the collected samples
and ranges from 2570 to 2800 kg/m3, while the bulk density varies be-
tween 1080 and 1820 kg/m3. Permeabilities of different crater walls are
quite low and cover a narrow range of 8.31 × 10−15 to 0.76× 10−15m2. In
contrast, they show a wide range of porosity from 30.9% at wall II loca-
tion to values ranging between 48.2 and 66.3% at wall III (Table 1).

Material collected at different locations around the lake show a var-
iation in the grainsize distribution. Sieving analysis of original crater
wall samples shows poorly-sorted gravelly sand with fines for BL1
(wall I) and BL8 (wall III) and moderately well-sorted gravelly sand
with fines for BL6 (wall II), BL9, BL10 and BL11 (wall III). In general,
samples from the crater wall I (BL1, BL5 & BL7) appear to be more het-
erogeneous and contain larger clasts (mode = 1.4 mm, median =
1 mm) compared to the other samples. One exception is the grainsize
of BL8 sampled at the bottom of wall III, approx. 0.5 m above the lake
surface which is very heterogeneous resulting in the highest mode
(2 mm) and median (1.4 mm). Wall II and wall III samples are similar
in mode (0.18 mm) and mean (0.25 mm). BL11 from wall III contains
Table 3
Based on geochemical analysis, indices used to estimate the degree of alteration were cal-
culated. Chemical index of alteration (CIA), the plagioclase index of alteration (PIA), the
chemical index of weathering (CIW), the alumina to calcium sodium oxide ration (ACN),
the silica to alumina ration (SA) and the alumina to potassium sodium oxide ratio (AKN).

Sample CIA ACN SA AKN PIA CIW

BL6 69.54 0.81 3.50 3.09 55.62 80.78
BL7 63.01 0.67 4.14 3.44 56.59 67.32
BL7_T1 62.08 0.70 7.99 2.57 51.24 69.62
BL7_T2 57.35 0.65 9.09 2.25 45.46 65.1
BL7_T3 62.86 0.67 4.10 3.40 56.47 67.14
BL8 64.97 0.77 6.94 2.58 49.73 76.66
BL9 74.90 0.81 3.69 5.02 67.93 80.51
BL10 70.36 0.75 3.64 4.53 64.05 75.10
BL10_T4 64.04 0.68 6.46 4.49 50.51 68.21
BL11 76.71 0.84 4.52 5.09 68.41 83.65
the largest amount (0.2 wt%) of fine particles b4 μm (Fig. 10 and
Suppl. mat. Fig. A.6).

A closer look into componentry of grain types shows clear differ-
ences between the crater wall materials. An overview is reported in
the Suppl. mat. Fig. A.7. In general grain types from wall III seem to be
more affected by alteration compared to crater wall I and II containing
very fragile components and crusts sometimes completely made of sul-
phur (e.g. BL8 type 3).

4.2.4. Energetics, grain size, and ejection velocities
Our experimental setups (1 and 2; Fig. 6) aimed to simulate two dif-

ferent scenarios (Section 3.2.3) in which the flashing of liquid water
produced during decompression provides the energy for the unloading,
eventual fragmentation, and ejection of loose material (Montanaro
et al., 2016a, 2016b; Mayer et al., 2017). In both setups, the sample
water content is the main parameter affecting the ejection dynamics
of the particles (Mayer et al., 2015; Montanaro et al., 2016a, 2016b). In
respect to the amount of water within the system observed, the associ-
ated explosive energy due to the work of the rapid expansion of the
fluids (steam) can be estimatedwith respect to the experimental condi-
tions, and by using a thermodynamic irreversible approach (details in
the Supplementary Material; Thiéry and Mercury, 2009; Montanaro
et al., 2016a, 2016b). For our experiments, the produced steam fraction
varies between 2.05 and 4.01% for the 2.8/3.2 bars and 120 °C condition
(Setup 1), and from 10.46 to 12.43% for the 9/16 bars and 150 °C condi-
tion (Setup 2). Thus, the estimated steam fractions served to determine
the irreversible explosive energy (Eq. A.4 in Supplementary Material),
reported in Table 2 as per unit volume of fluid (EUnit vol.). For low pres-
sure/temperature experiments, the 0.013–0.014 kg of water retained
by the saturated loose material equates to an explosive energy of 1.5
to 3.5 MJ/m3. Under higher pressure/temperature conditions, less satu-
rated material with 0,0061–0.0087 g of water yielded explosive ener-
gies of 4.3 and 5.0 MJ/m3. Samples retaining 0.0113–0.0171 g of water,
instead, permitted an energy release of 7.7 to 10.2 MJ/m3.

The grain-size distribution of the recovered material was analyzed
and compared to that prior to the experiment. Grain-size distributions
of the ejected samples from Setup 1 (BL1_11, BL1_12, BL5_5) exhibit a
decreased weight fraction of ash-sized particles than the original sam-
ple (Figs. 10 and 11 and Suppl. mat. Figs. A.5 and A.6). Median diame-
ters, compared to the initial grainsize, shift from 1 to 2 mm,
respectively. For Setup 2 some samples also showed a decrease in ash
fraction. Median diameters of BL6 and BL9_2 increase from 0.25 mm
to 0.5 mm and the median of BL9_4 and BL10 rises from 0.25 to 0.355.
On the contrary, an increase in amount of ash compared to initial sam-
ple grainsize is observed for BL7_1 and BL8 within Setup 2. In this case
mean diameters of newly-produced material shift from 1.4 mm to



Fig. 9.Pictures of the time series fromdecompression experiments recordedwith a high-speed camera combinedwith a diagram showing the ejection velocity of particles over time. Setup
1 (drainage event) is presented by BL1_11 and Setup 2 (landslide event) is shown by BL9_2. Particle ejection of BL9_2 starts earlier and the particle stream looks much denser and more
energetic compared to BL1_11. Further differences are clearly visible in the diagram below. Ejection velocity of BL1_11 is much less and show an acceleration phase.
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0.5 mm, respectively. Overall the particle size distribution is more uni-
formly graded after decompression experiments (Fig. 10, Suppl. mat.
Fig. A.5 and A.6).

In the first setup the material ejected in the particle collection tank
appeared turbid, with the presence of agglomerated material (Suppl.
mat. Fig. A.7, type 5), not present in the initial mixture. These agglomer-
ates consist of weakly-connected, very fragile and highly-breakable as-
semblages of finer grains. For Setup 1 loose material was filled into the
sample holder and the ejected grains maintained a significant amount
of moisture due to reduced vaporization at lower temperature condi-
tions. Both factors favor the aggregation of ejected material, and in par-
ticular of ash-sized particles (Figs. 10 and 11). In Setup 2 however, the
increase in ash fraction may be an indication of fragmentation as well
as other size-reducing processes such as disintegration of aggregates
(Montanaro et al., 2016b). In this case, the drier mixture would reduce
the possibility of aggregation, and more energetic eruptions may in-
crease the possibility of collision and breaking of particles.

The ejection velocity of the gas/water-particlemixturewas obtained
from high-speed video footage of each experiment. Both velocity decay
with time and ejection speed of particle front were measured and the
results are shown in Figs. 9 and 11, and listed in Table 2. In general, re-
sults indicate that in all of the experiments particles smaller than 1 mm
are ejected first and reach the highest ejection speeds of 60–180 m/s,
whereas larger particles (N2 mm) are ejected at a later stage and show
a velocity range of 50–100 m/s. Moreover, depending on the pressure/
temperature conditions the initial ejected particles show different ve-
locities. In particular, particles from Setup 1 exhibited lower ejection
speeds of the particle front (22–54 m/s) as compared to those ejected
using Setup 2 (89–132 m/s).

4.2.5. Estimation of ballistic trajectories
We estimated the potential height and horizontal distance reached

by lapilli-sizedmaterial based on the experimentally measured ejection
velocity. Results are listed in Table 2 and Suppl. mat. Table A.2, aswell as
shown in Fig. 12. The estimated trajectories are used to assess the like-
lihood of lapilli-sized particles to reach visited areas around the lake,
such as the alluvial fan (shore), the visitor platform or the top of the
eastern crater wall (Fig. 2). For simulations of hydrothermal eruptions
occurring during or after drainage events (Setup 1), maximum heights
(ejection angle of 65°) and horizontal distances (ejection angle of 45°)
varies from 12.6 to 20.7 m to 23.8–34.3 m, respectively. In the more en-
ergetic scenario of an eruption triggered by landslide (Setup 2), simula-
tions showmaximum heights (ejection angle of 65°) ranging from 34.1
to 57.3m and horizontal distances (ejection angle of 45°) between 49.2
and 95.4 m.

5. Discussion

5.1. Hydrothermal activity and alteration effects on crater wall stability

The formation of the Boiling Lake, and the spatial distribution of hy-
drothermal features in the surrounding area is likely controlled by its
structural setting (Traineau et al., 2015), as was also proposed by
Schöpa et al. (2011) for the nearby Valley of Desolation. However, the
intensity and style of hydrothermal activity, and in particular the occur-
rence of hydrothermal explosive events, seem to be influenced by alter-
ation processes and drainage events which affects the lake.

The debris apron surrounding the Boiling Lake depression, likely due
to denudation and mass wasting from the crater wall and deposition at
its bottom, as well as the erosional channels cutting the crater at the
lake-inlet and outlet, suggest that modification to the crater topography
occurred after its formation (Fig. 2). However, it can be assumed that
the main hydrothermal vent has remained at the same location during
the period 1880–2016 (Mayer et al., 2017; Durand, 2017). Such persis-
tence of emission location has also beenwell-documented at the nearby
Valley of Desolation, where it results from the occurrence of deep-
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Fig. 10. GSD curves of original sample (blue) and post fragmented sample (grey). The shaded area highlights the ash fraction (particles below 2 mm). For BL1_12 (Setup 1) an
agglomeration effect of finer particles is visible after decompression experiment. For BL7_1 and BL8 a higher amount of ash is generated during experiment. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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seated, structurally controlled high-permeability pathways not affected
by surficial modifications (Mayer et al., 2017; Harris and Maciejewski,
2000).

Together with weathering, intense hydrothermal/argillic alteration
differently affects the crater walls thus favoring erosional and mass-
wasting processes. Indeed, the alteration results in the formation of a
clay-rich material, which exhibits a lower strength and is generally
more easily eroded than consolidated rocks (Figueiredo et al., 1999).

Ongoing hydrothermal alteration has strong influences on rock me-
chanical and physical properties, as observed from the field and
laboratory data collected in this study. The north crater wall, left of the
alluvial fan (wall I) seems to be less altered than the walls to the right
of the alluvial fan. The material composing the deposit show lowest
values for alteration indices (e.g. CIA and CIW) and a low LOI, as well
as an increased strength. It furthermore contains a higher amount of
coarse grains (increased mode and median) compared to that of wall
II and III. The deposit from thewesternwall III seems to bemore affected
by alteration. Samples BL8 and BL11, especially yield significantly low
compaction/shear strength, which is in parallel with increased alter-
ation indices. Except for BL8, all samples contain finer grains which



Fig. 11. The upper diagram shows the velocity of ejection front (fast particles at the beginning of ejection process) of as a function of irreversible explosive energy per volume. It is obvious
that low energy samples, ejected with decreased pressure (BL1_11, BL1_12) or low water content (BL7_2) have lower velocities of ejection front compared to the other samples. Highest
velocities are achieved by samples ejected at higher pressure ranges andwhich contain a large amount of water and a high porosity (BL11, BL8, BL10) or have a high alteration stage (BL11,
BL9, BL10 CIA N 70). The lower diagram shows the generation or reduction of ash sized particles (b2mm) referred to as Ashiness IndicatorA (A= ash fraction after experiment divided by
ash fraction prior experiment in wt%) also as a function of irreversible explosive energy per volume. Low pressure experiments (BL1_11 & BL1_12) as well as BL9_2 show agglomeration.
Most of higher pressure experiments generatesmore ash particles in particular sample BL8whichmaterial has the highest porosity andpermeability and the second highestwater content.
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possibly result from disaggregation of highly altered and fragile compo-
nents (Suppl. mat. Figs. A.5 and A.6). Larger amounts of pore water may
enhance both hydrothermal and supergene alteration that in time can
impair the stability of the steep crater walls (Mayer et al., 2016; Mayer
et al., 2017). These changes in wall robustness can in turn affect erosion
and/or facilitate mass wasting of the crater wall material.

The erosion of very fine grains produced by the ongoing hydrother-
mal alteration results in large amount ofmaterial being transported into
the lake and re-sedimented at the bottom. This fine sediment likely set-
tles down during the drainage periods when ebullition andwater circu-
lation stops. Indeed, during the low lake levels the outcropping bottom
is covered by a thick blanket of mud-like sediments (Fig. 2d). Lake
drainage and refilling periods can vary in time (b24 h to several
weeks). The lake initially totally or partially fills with cold water before
hydrothermal activity restarts. With the resumption of boiling and
degassing, the activity increase before the lake reaches its normal
water levels and activity. Protracted refilling of the lake might favor ex-
plosive events as within an extended period of a “non-active stage” the
mud-plug has time to compact reducing its permeability. Consequently,
when activity of the hydrothermal system restarts with warming up of
the groundwater, the mud-plug can possibly act as a degassing barrier,
whichmight cause over-pressurization in the hydrothermal system and
its release in explosive failure (Browne and Lawless, 2001; Montanaro
et al., 2016b).

Mass wasting of crater wall materials, also favored by alteration, can
result in the generation of a landslide thatmaypartially, or totally,fill up
the crater and the vent area. If a large amount ofmaterial is involved, the
landslide body may keep an internal structure and a low permeability
similar to the pre-slide condition. Considering the fact that the Boiling
Lake is surrounded by extremely steep (almost vertical) crater walls
having a maximum height of about 45 m (from lake bottom to crater
wall top), a landslide event creating an up to 10-m-thick landslide
body is not unlikely. Despite the fact that such events have not yet oc-
curred, future instabilities may be induced by progressive alteration
which weakens the wall rocks, or by a combination of alteration effect
and extreme weather conditions and seismic activity (e.g., landslides
events from steep slopes affecting the nearby Valley of Desolation dur-
ing periods of intense rainfall). At other crater lakes of similar size as
or larger than the Boiling Lake, for e.g. at Kasu Tephra Cone in Papua
New Guinea (Wagner et al., 2003), or at Askja in Iceland (Schöpa
et al., 2018), alteration of steepwalls is known to be one of themain fac-
tors favoring mass-wasting processes. Such a landslide body covering



Fig. 12. The drawing illustrates ballistic trajectories of different sized fragments from two experiments driven under different P/T conditions. The figure shows the geometry of the Boiling
Lake and the areaswhichwould be affected by hydrothermal eruptions originating from the off-centered vent. Ballistics generated in BL1_12 (Scenario 1; decompression experimentwith
3.15 bar & 120 °C) would not reach the shore A (alluvial fan) or the the visitor platform B but the crater wall C which was affected in Nov. 2016 by mud splatter. Ballistics ejected in
decompression experiment with 9.85 bar and 152 °C (Scenario 2) reach area A, B and C and beyond. Point A, B and C are also marked in Fig. 3. Respectively three different sized
particles with various velocities per experiment are used with an ejection angle of 45° and 65°.

115S. Rott et al. / Journal of Volcanology and Geothermal Research 381 (2019) 101–118
the still active vent would lead to a pressure build up due to the rising
hot fluids. After a period of time, and depending on the formation of
fractures in the landslide body, the eruption may be driven by flashing
of pressurized hot fluid, or by expanding over-pressurized gas overcom-
ing the body yield strength (Browne and Lawless, 2001; Mayer et al.,
2017).

Both the scenarios described above were used as likely-scenarios for
the decompression experiments in this study (Section 3.2.3).

5.2. Explosion energetics and ejection dynamics of altered unconsolidated
material

Hydrothermal eruptions involve the conversion of thermal energy
stored in water into mechanical energy (Mastin, 1995; Browne and
Lawless, 2001). The heated and pressurized water within factures and
pores of the hosting lithology powers the fragmentation/unloading of
the enclosing material and the ejection of debris. In this case, initial
pressure/temperature as well as the amount of liquid fraction and con-
nected porosity are the main parameters affecting i) the amount of
stored explosive energy, and ii) the produced grain size and the kinetic
energy imparted to the ejected material (Scheu et al., 2006; Thiéry and
Mercury, 2009; Montanaro et al., 2016a, 2016b).

In the case of Boiling Lake we used loose or slightly consolidated ash
and blockflowmaterialwith awide range of porosities (30–66%) and an
averagewater content of 12 g. Such amount ofwater accounts for an ex-
plosive energy of 2.3 kJ/kg in case of plug explosion (Setup 1), and
7.0 kJ/kg in case of an eruption involving the original crater wall rocks
(Setup 2). Comparable explosive energies have been estimated for
small hydrothermal eruptions triggered by drainage at Gengissig Lake
in Iceland (Montanaro et al., 2016b). At Gengissig the pressure failure
led to the boiling of surficial fluids, while the presence of clay levels in-
tercalated to coarse lake sediments favored the pressure build-up upon
failure (Montanaro et al., 2016b). If a similar mechanism can be as-
sumed for the drainage-driven eruptions at the Boiling Lake, we can en-
visage a failure of the mud cap, and the formation of a boiling-front
penetrating downwards into the mud-filled conduit (Figs. 4 and 6),
followed by the explosion front, where the steam expands,
fragmenting/dragging and dispersing the surrounding material. In
such a case, eruption continues until the rate of water boiling decreases
and steam expansion ceases to provide sufficient energy to eject rocks
from the crater (McKibbin et al., 2009; Montanaro et al., 2016b).

Ejection front velocities measured from drainage scenario case
(Setup 1) are of ~ 60 m/s for ash-sized particles, and 25 m/s for lapilli
(Table 2). These velocities are appreciably lower than for clasts ejected
at Gengissig, where ash-sized particles reached 100 m/s and lapilli-
sized one were ejected at 50 m/s, over a ballistic distance of
50–100 m. The difference in ejection velocities may be due to i) the
slightly lower pressure/temperature conditions estimated for the Boil-
ing Lake, and/or ii) the different lithologies involved in the eruption.
Moreover, the lower pressure/temperature conditions used for Boiling
Lake samples yieldmixtures of higherwater contentwhich favor the ag-
gregation of ejected material forming coarse ash-sized particles, and
thus resulting in lower ejection velocities (Figs.11 and 12). Conse-
quently, the distances for particles ejected from the Boiling Lake, esti-
mated without accounting for wind speed, are shorter (max 35 m) but
still comparable to those from the Gengissig eruption. For themud spat-
ter observed in November 2016, which resulted from a drainage-like
scenario, only a few pictures are available showing the ejecta after this
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“explosive” event at the Boiling Lake suggesting that ash-to-lapilli sized
fragments were likely ejected. If that remains true, the distance reached
by suchmaterialwould be in good agreementwith our results. Unfortu-
nately, the south-eastern crater wall was inaccessible during our last
campaign and therefore sampling to confirm grain size at this wall
was impossible.

For the landslide-triggered eruption, we used samples collected
from the crater walls to represent the inner portion of a landslide
body covering the vent area. Such samples show a wide range of lithol-
ogy, porosity (30.9 to 66.3%) andwater saturation (31.8 to 81.0%;mlab in
Table 1) combined with a relatively low permeability (~10−15 m2).
Water saturation in particular varies from 31.8 vol% (BL6) to 61.2 vol%
(BL10) and 81 vol% (BL11), in agreementwith the estimated sample po-
rosity (from 30.9 to 56.9%). In terms of associated explosive energy, the
more porous and saturated material is 2 to 2.5 times more explosive
than the drier ones.

In terms of velocity, ejected particles reach different values that are
dependent on porosity, water content and degree of alteration. At the
Valley of Desolation, about 1 km southwest of the Boiling Lake, a hydro-
thermal eruptionwas also triggered by the burial of fumarolic vents by a
2.5–3 m thick landslide in 1997 (James 2013, personal communication,
Mayer et al., 2017). The mass movement from this event, led to a pres-
surization of the hydrothermal system and resulted in a small volume
hydrothermal eruption (James, 1997; Mayer et al., 2017). The eruption
involved a few tons of erupted material and a new “Mini Valley” was
formed (observations made by James, 1997). Decompression experi-
ments were driven under P/T conditions of 3–5 bar and 115–125 °C.
Fragmentation and/or unloading of such material resulted in the ejec-
tion velocities of 80 m/s for ash and 50 m/s for lapilli. Calculated trajec-
tory distances of ejected particles are smaller for the “Mini Valley”
eruption (max. 65m) than for the landslide scenario applied for Boiling
Lake experiments (up to 100m). This is becausewe assumed a landslide
body 10m thick burying the vent. At Boiling Lakewe can assume a land-
slide affecting the near vertical eastern side (where the 2016 small land-
slide occurred) and resulting in a 10 m thick body, at least ~30 m long
(to be able to reach the vent) and ~20 m wide. Such a body, made of
slightly consolidated rock material with high water content, will have
a volume of ~6000 m3 and produce overpressure conditions up to
10 bar. Therefore, experiments were done at an initial condition of
approx. 10 bar and 150 °C. This condition leads to faster ejection veloc-
ities of particle front by an average of 140 m/s for ash and 100 m/s for
lapilli thus resulting in a larger area affected by potential ejecta. We
note here that agglomeration has been observed in our experiments.
Accounting for it may affect the estimated ejection heights and dis-
tances. By increasing the ejected particle size through agglomeration,
for. e.g. a change of grain size distribution mode from 1.4 to 2.6 mm, a
reduction in velocity from 24 to 12 m/s is estimated, thus resulting in
smaller heights (2.9m instead of 5.7m) and shorter distances (9.7m in-
stead of 13.9 m) being reached by the ejected particles. Moreover, the
assumed clay-plug and the landslide body can be expected to be hetero-
geneous in terms of water-to-clay volume ratio. Such parameter may
control themanner bywhich thewet body ruptures and thereby the ve-
locity of the ejected particles, i.e. by producing more liquid-like drop-
lets/agglomerates that are ejected slowly, or solid, angular fragments
that are rapidly blasted out (Schmid et al., 2017). Qualitative observa-
tions on the high-speed videos confirm that, independent of experi-
mental pressure/temperature conditions, a more liquid-like behavior
can be observed formaterial N2mm-sized, ejected later in the explosion
(see for e.g. Fig. 9) and having ejection speed lower than 40m/s. There-
fore, heights and distances similar to those estimated for scenario 1 can
be expected for liquid-rich agglomerated particles.

Other examples for the formation of overpressure by steam pro-
duced underneath a rock body are “rootless explosions/eruptions”.
These are also known as secondary eruptions and have happened, for
example, after pyroclastic flows originating at Mount St. Helens in
May 1980. Hot material of the debris avalanche flow covered ponds
and small lakes. Steam was then generated by the contact of meteoric
water with hot rocks. The pressure was built up for weeks and month
before it overcame the strength and resistance of overlying rock mate-
rial which finally exploded (Walker, 1983).

Results from the investigated scenarios in this work allow us to esti-
mate the potential areas at risk of being impacted by debris ejection. In
the event of an eruption associated with drainage events, it can be ex-
pected that very wet and hot material (e.g. mud slurry) is ejected over
an area of about 3850m2, if assumed a circular distribution of the debris
for amaximumhorizontal distance of 35m. In this event, neither the al-
luvial fan nor the visitor platformwould be at risk of being impacted by
the ejected material (Fig. 12). However, factors like themud plug thick-
ness, or the amount of non-condensable gas associated with the rising
fluid may change the initial overpressure, and in turn the explosive en-
ergy (Mayer et al., 2015; Hurwitz et al., 2016). Thismay result in a larger
area impacted by the ejected material. In terms of the landslide hazard
scenario a considerably larger area of about 28,350 m2 would be af-
fected by debris projectiles assuming a horizontal impact distance up
to 95 m (Table 2). The Boiling Lake itself, as well as the surrounding
area,would be largely destroyed or transformed in such a case. A hydro-
thermal eruption at the Boiling Lakewould not endanger villages, towns
or infrastructure except for its hiking trail. It must be kept in mind, that
the moisture of sample material, which is involved in scenario 2, is
thought to be similar to experimental conditions used for rocks in this
study. This study investigates only two possible trigger mechanisms
for eruptions at Boiling Lake. However, there are only limited observa-
tions at the Boiling Lake, meaning that some explosive events might
have occurred without external trigger, being originated from different
causes. For instance, mineral sealing of the permeable conduit is not to
be excluded, and would need no external triggers to result in an explo-
sive failure (Browne and Lawless, 2001).

Experimental uncertainties may influence our results in the follow-
ing manner. Due to likely water loss during the transport process, the
measured water saturation in the laboratory is lower. Moreover, it
should be considered that the landslidematerial might be saturated ad-
ditionally with the lake water itself and in times of rainy seasons it
would have in general a larger water content. Consequently, the full ex-
plosive potential could be underestimated and ejected debris can reach
greater distances. An additional point is that for the drainage-driven
scenario loose wall rock is used instead of original lake bed material
which would probably show a different ejection behavior. This would
be a desirable material to analyze; however the crater lake bed could
only be sampled in periods of drainage and thus was not accessible
within this study. We also ignore in this study the possibility of a di-
rected blast e.g. caused by a partly clogged vent which would end up
in a more energetic eruption towards a particular direction.

The presence of large clasts, e.g. in block size, have not been consid-
ered in the experiments and simulations performed for this study. How-
ever, impacts from block projectiles are amongst the most frequent
causes of fatal volcanic incidents in general (Blong, 1984; Fitzgerald
et al., 2017). Therefore, our estimation should be considered as themin-
imum area of impact in case of eruptions at Boiling Lake. Finally, it can-
not be excluded that hydrothermal eruption dynamics evolvewith time
intomuchmore energetic phreatomagmatic eruptions as it happened at
Ruapehu, NewZealand (Christenson, 2000). This transitionwould affect
a much larger area and involve greater risks.

6. Summary and conclusion

We explore trigger mechanisms and dynamics of hydrothermal
eruptions at unstable crater lakes exemplified at, but not limited to
the Boiling Lake in Dominica. The Boiling Lake displays an irregular oc-
currence of drainage events, sometimes followed by hydrothermal
eruptions. Field analysis like in-situ permeability measurements and
strength tests combined with laboratory experiments were carried out
in order to characterize the crater wall material and to investigate the
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ejection behavior of particles, aswell as the area affected in an explosive
event. Results of transmitted light microscopy and componentry reveal
the predominantly high alteration stage of crater wall material. In anal-
ogy toMayer et al. (2016) we consider that alteration of rock due to hy-
drothermal activity andweathering could lead to increased formation of
fine-grained material and strength reduction, thus favoring erosional
and mass-wasting processes. Wall-eroded clays may plug the vent dur-
ing drainages leading to overpressurized conditions, while mass-
wasting from the altered crater walls may result in landslides clogging
the degassing vent.

Rapid decompression experiments simulate the ejection dynamics
I) in case of a small hydrothermal eruption initiated by a lake drainage
event (Setup 1) as well as II) hydrothermal eruptions induced by land-
slides (Setup 2) (Fig. 6). Ejection velocity increases with increasing de-
compression pressure, porosity, degree of alteration and sample water
content. Ballistic modeling calculations provide information about the
range that ejected particles could reach and based on these results a
hazard zone around the lake can be proposed. Field observations sug-
gest that large amounts of fine material are produced by hydrothermal
alterationwhich is easily eroded and transported into the lake. The large
amount of mud thus produced likely deposits at the lake bottom during
drainages favoring the “mud plug mechanism” trigger for creating
overpressurized conditions and, in turn, explosions. However, experi-
mental velocities and vent position used for modeling suggest that the
overpressured system may explode ejecting lapilli-sized material up
to 30–35mdistance, thus not likely to impact on the visitor platform lo-
cated almost 42mNWof the vent. The 2016 event ejected debris on the
eastern wall which is only about 20m away from the visitor platform. If
a thicker mud plug is formed, or higher pressures and temperatures are
reached before the failure, it can be expected that larger distances may
be reached by the ejected clasts thus impacting on the visitor platform
or the alluvial fan (shore). Alternatively, ejected particles of an event
with higher pressure/temperature conditions, like a hydrothermal
eruption induced by a landslide body of about 10 m thickness, are able
to reach the visitor platform as well as the surrounding area (Fig. 12).
The emission of toxic gases, particularly CO2, during eruption events
and the formation of very fine ash particles presents a further danger
to human life.

Phreatic or hydrothermal eruption in active hydrothermal fields in
Dominica as the area around the Valley of Desolation and the Boiling
Lake have a frequency about once per century. For this reason, a phreatic
or hydrothermal eruption may occur in the next 30 years and is almost
certain within 100 years (Lindsay et al., 2005a). There are several wor-
thy avenues for future research: (1) Incorporate chemistry into the de-
compression experiments by allowing for mixed phases and/or brines,
and (2) To expand the study of the shallow hydrothermal system
below the Boiling Lake and neighboring hydrothermal active areas
(e.g. Traineau et al., 2015). For example Electrical Resistivity Tomogra-
phy could shed more light on hydrothermal structures beneath the
lake and their mechanism of behavior as shown in the study of Gresse
et al. (2017) on Solfatara crater (Italy). Additionally, enhanced geo-
chemical monitoring, further characterization of hydrothermally af-
fected materials and additional decompression experiments under
varying pressure and temperature conditions as well as with different
kinds of crater rocks would be useful for the area around the Boiling
Lake but also for other regions characterized by active volcano-
hydrothermal systems.
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