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Abstract Phreatic eruptions are possibly the most dramatic
surface expressions of hydrothermal activity, and they remain
pootly undetstood. The near absence of precursory signals
makes phreatic eruptions unpredictable with respect to both
time and magnitude. The Valley of Desolation (VoD),
Dotninica, located close to the Boiling Lake, the second larg-
est high-temperature volcanic crater lake in the world, hosts
vigorous hydrothermal activity with hot springs, mud pools,
fumaroles, and steaming ground. A phreatic or
phreatomagmatic eruption from this site is considered to be
the most likely scenario for future volcanic activity on
Dominica. Yet there is little information regarding the trigger
mechanisims and eruption processes of explosive events at this
active hydrothermal center, and only a very small number of
studies have investigated hydrothermal activity in the VoD.
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We therefore conducted two field campaigns in the
VoD to map hydrothermal activity and its surficial phe-
nomena. We also investigated alteration processes and
their effects on degassing and phreatic eruption process-
es. We collected in situ petrophysical properties of clay-
tich unconsolidated samples, and together with consoli-
dated rock samples, we investigated the range of super-
gene and hydrothermal alteration in the laboratory. In
addition, we performed rapid decompression experi-
ments on unconsolidated soil samples. Our results show
that alteration leads to an increasing abundance of clay
minerals and a decrease in both strength and permeabil-
ity of the rocks. In the immediate vicinity of degassing
acid-sulfate fluids, advanced argillic alteration vields a
mineral zoning which is influenced by meteoric water.
The water-saturated basal zone is dominated by kaolin-
ite run Owhereas alunite formation is favored at and
above the groundwater table where atmospheric oxida-
tion of H5S to H,SO, occurs (e.g., steam-heated alter-
ation). Alteration effects may in turn inhibit degassing
at the surface, increasing the potential for pressurization
in the subsurface and thus lead to phreatic eruptions.
Rapid decompression experiments, together with ballis-
tic trajectory calculations, constrain estimates of the
conditions prior to the 1997 small-scale phreatic event
in the VoD. The results presented here may serve as a
contribution to the understanding of the hazard potential
of ongoing hydrothermal activity within the VoD. On a
broader perspective, our results will help evaluate hy-
drothermal activity in similar areas worldwide which
might also have the potential for phreatic eruptions, for instance
Poas {Costa Rica) or Tongariro and Waimangu {New Zealand).

Keywords Phreatic eruption - Valley of Desolation -
Hydrothermal alteration - Degassing - Permeability
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Introduction

Dominica, with nine distinet volcanic centers across an island
area of 750 km?, has one of the highest concentrations of poten-
tially active volcanoes in the world (Lindsay et al. 2003).
Abundant geothermal phenomena can be observed, especially
across the southemn part of the island. The Valley of Desolation
{(VoD)-Boiling Lake area is one of the most vigorous hydrother-
mial centers, hosting hot springs, miud pools, fumaroles, steaming
ground, and the Boiling Lake. The “Boiling Lake” is the local
name for one of Dominica’s most popular tourist attractions, as it
is the world’s second largest high-temperature crater lake (Di
Napoli et al. 2014). Such lakes contain mainly meteoric water
with a low pH and are high temiperature due to the heat transfer
from fumarolic emissions of the active crater below the lake
(Fournier et al. 2009).

Craters within this area have been formed as a result of phre-
atic and/or phreatomagmatic eruptions (Lindsay et al. 2005).
Even though the island, with a population of 72,000, is not
densely populated (Lindsay et al. 2005}, the tourist flux of
~ 80,000 people per year is significant {World Bank 2017).

A phreatic eruption from one of these sites is considered as
the most likely scenario for future volcanic activity on
Dominica (Lindsay et al. 2003) representing a major threat
to the resident and visiting populations and especially to peo-
ple in close proximity to the sites. Hazards associated with
such eruptions include ballistics, surges, and jets of mud and
rocks without any juvenile components (Montanaro et al.
2016). The absence of any precursory signals {Browne and
Lawless 2001} further increases the hazard potential of such
eruptions from the VoD {as seen in many other phreatic events
worldwide). Phreatic and phreatomagmatic eruptions are
well-researched problems of high concern not only in the ac-
tive hydrothermal systems of a small volcano island (e.g.,
Gurioli et al. 2012) but also in densely populated urban areas
{e.g., Mayer et al. 2016). This is accentuated by the fact that
explosive activity can be triggered suddenly and, at any time,
to impinge on the immediate population with little or no
warning.

Relatively little information is available for the Valley of
Desolation-Boiling Lake system; exceptions being the studies
of Fournier et al. (2009), Joseph et al. (2011), Smith et al.
{2013), and Di Napoli et al. (2014). Regarding historic phreatic
events, the literature is limited to the nineteenth century studies of
Nicholls {1880}, Watt (1880), and Sapper (1903), plus those of
James (1997) and Lindsay et al. {2003). In the past, studies have
focused on the geology of the island and provided some geolog-
ical descriptions in the context of volcanic hazard assessment
{Lindsay et al. 2003). Joseph et al. (2011} investigated the geo-
chemistry of the main geothermal areas, including the Valley of
Desolation-Boiling Lake system. Further studies have been con-
ducted on the Boiling Lake with respect to episodic drainage
events (Fournier et al. 2009; Di Napoli et al. 2014). The last
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drainage occurred in December 2016 and was accompanied by
a small mud-rich explosion.

Despite the abundance of surficial hydrothermal expres-
sions within the Valley of Desolation-Boiling Lake area
{(Joseph et al. 2011}, no modern detailed descriptions or geo-
logical maps exist. Although soil properties, as affected by
weathering processes, across the island have been investigated
by Rouse et al. (1986) and Rao (1996), detailed descriptions of
supergene alteration—mainly due to oxidation and chemical
weathering in the presence of cool meteotic waters or hydro-
thermal alteration—i.e., changes resulting from the interaction
with high-temperature aqueous fluids (Pirajno 2009) within
the Valley of Desolation, and their influences on degassing,
are still lacking. Although the wide range of initial pressures,
temperatures, and the proportion of liquid water within the
decompressing fluid, as well as the different rock types that
characterize the Valley of Desolation, can result in phreatic
eruptions with variable degrees of explosivity {Browne and
Lawless 2001; Montanharo et al. 2016}, there is also little in-
formation regarding the triggering mechanisms and eruption
processes for the eruptions that have occurred in historic
times. Hydrothermal alteration of the host rocks, or of the
gjecta generated by the historic eruptions, has only been
briefly described by James (1997) and Lindsay et al. (2005).

Thus to understand the effects of hydrothermal alteration,
we cartied out field and laboratory measurements on rocks
from the Valley of Desolation crater. In particular, the effects
on the geochemical and mineralogical composition of the
rocks, as well ag on their properties (including in situ perine-
ability, porosity, and strength), and thus on the surficial, hy-
drothermal activity, were assessed. Rapid decompression ex-
periments allowed us to investigate the egjection behavior of
the hydrothermally altered, unconsolidated material collected
from the vicinity of the last phreatic eruption in 1997. Our
results allowed us to characterize the type and intensity of
hydrothermal alteration within the Valley of Desolation and
shed light to the processes leading to its last eruptive event.

Geological setting

The island of Dominica is part of the Lesser Antilles (Fig. 1), a
volcanic arc formed by the subduction of the North and South
American plates below the Caribbean plate at a rate of 2.0 em/
year (Smith et al. 2013). With ~ 40 knv® of erupted magma
within the past 100 ka, Dominica has the highest erupted
magma volume of all the Lesser Antilles volcanic islands over
this period (IDi Napoli et al. 2014). Dominica has a rugged
topography covered by dense tropical vegetation (Lindsay
et al. 2005). Geologically, the island consists almost entirely
of volcanic rocks and their weathering products, with the ex-
ception of some minor Pleistocene conglomerates and lime-
stones {(Lindsay et al. 2005). Due to the tropical climate with a
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Fig. 1 a Simplified geographical map of the Lesser Antilles showing the
location of Dominica. Modified after Joseph et al. (2011). b Simplified
geological map of Dominica. Modified after Roobol and Smith (2004). ¢

high annual rainfall (3000 mm/year) and the heavily-incised
topography in which slopes frequently exceed an angle of 40°,
the island is subject to extreme weathering and physical denu-
dation, mainly involving mass-movement phenomena (Rouse
et al. 1986; Rad et al. 2013). The predominantly andesitic-

Simplified geological map of the Roseau Valley showing faults, inferred
faults, collapse structures or calderas, craters, lava domes, and the main
areas of hydrothermal activity. Modified after Traineau et al. (2015)

dacitic volcanic products make up lava domes, block-and-
ash flows and ignimbrites (Roobol and Smith 2004; Lindsay
et al. 2005) (Fig. 1b), with the oldest igneous rocks being
dated to Miocene times (7 Ma; Demange et al. 1985). About
1.6 Ma ago, volcanic activity migrated from the north to the
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south of the island {Lindsay et al. 2005). However, based on
seismic activity, Motne Diablotin and Morne aux Diables (lo-
cated in the notth of the island) still show potential for further
activity {Joseph et al. 2011). Since the late Pleistocene, seven
major andesitic-dacitic subduction-related volcanic centers,
associated with geothermal systems, have been active in the
southern part of Dominica {Lindsay et al. 2003). Most of them
have erupted within the last 10 ka (Lindsay et al. 2005; Joseph
etal. 2011).

The Valley of Desolation (VoD) is situated within the
Mormne Trois Pitons National Park in the south-central part of
Dominica and represents a phreatic or phreatomagmatic erup-
tion crater within massive lavas associated with the Peléan
dome of Morne Watt (Fig. 1; Traineau et al. 2015).
According to Traineau et al. (2015), the VoD and the nearbyy
Boling Lake crater are related to a local fault system trending
NE-SW and NNW-SSE (Fig. 1¢). Since their formation,
block-and-ash flow deposits, as well as landslide debris de-
tived from the surrounding slopes, have partially filled the
VoD (Lindsay et al. 2005).

Today, the VoD-Boiling Lake area is one of Dominica’s
main geothermally active areas (Joseph et al. 2011).
However, the details of its geothermal evolution remain un-
clear, despite the presence of several small, crater-shaped de-
pressions associated with hydrothermal activity within the ar-
ea. What is known is that dilution of acidic gases in near
surface oxygenated groundwater currently leads to the dis-
charge of predominantly acid-sulfate fluids with variable sul-
fate concentration (1004200 ppm) and moderate-to-high
acidity with a pH of <4 (Joseph et al. 2011).

Holocene and recent eruption record

Phreatic eruptions have occurred in the VoD-Boiling Lake
area since at least 4000 years ago (Lindsay et al. 2005).
According to Demange et al. (1985), the oldest eruptions in
the area occutred ~ 4050 years ago, but no details about the
vent location are available. Two other prehistoric eruptions
{~3750 and ~ 2900 years ago) ate believed to have generated
small explosion craters within the VoD-Boiling Lake area
{Demange et al. 1985; Lindsay et al. 2005). The formation
of Boiling Lake itself (undated) may have resulted from one
of these two more recent events (Fournier et al. 2009).
According to Nicholls (1880), Watt (1880), Sapper (1903),
and Lindsay et al. (2005), the first historic explosive event
from the VoD-Boiling Lake area occurred on January 4,
1880. However, Robson and Willmore (1953) found an earlier
eruption which occurred in 1863, in the Eastern Hot Springs
area (Fig. Za, b). The well-documented 1880 event was spec-
ulated to have been associated with a decrease in baromettic
pressure during heavy rainfall by Nicholls {1880). Nicholls
{1880) suggested an eruption from a hydrothermally active
crater, which showed solfataric activity prior to the event.
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The 1880 eruption created ash fall over an area of at least
50 km” and extending westward to a distance of 19 km,
covering the city of Roseau with a few millimeters of ash
{Nicholls 1880). This steam driven phreatic eruption
gjected juvenile-free tephra, consisting of mineral frag-
ments and altered material (Wadsworth 1880). Within
and beyond the crater edge, trees were destroyed by bal-
listics and the ground was covered by meter-sized debris
{Nicholls 1880). Endlich (1880) estimated a total volume
of 27 million tons for this eruption, which generated a
WSW-ENE elongated, ~ 180-m-deep, ovoid crater
breached to the NE. These dimensions cotrespond well
to the topography of the Valley today (Fig. Zc, d).

Sapper (1903) visited and investigated the VoD-Boiling
Lake area in 1903, mapped the hydrothermal features, and
made temperature measurements within three distinct craters.
His map, given in Fig. 2a, shows the Boiling Lake located
within the easternmost crater, a second crater characterized
by fumarolic activity but with signs of vegetation regrowth
along the crater walls, and a thitd crater, the VoD—formetly
known as Grande Souftiére (Sapper 1903). This depression
was slightly inclined towards the northeast, and was free of
vegetation (Sappet 1903). Despite ascribing the strongest hy-
drothermal activity of the investigated area to the VoD, Sapper
{1903) did not consider it to be the location of the 1880 erup-
tion. This stands in confrast to field observations made just
days after the eruption, which clearly confirm the VoD as
being the source location {(Endlich 1880; Nicholls 1880).
Documented repotts of the activity in the area following the
1880 eruption are rare.

A phreatic event occurred on July 89, 1997, during a
tropical storm associated with heavy rain. This unwitnessed
eruption, which involved just a few tons of erupted material,
was significantly smaller in magnitude than the 1880 eruption
(James 1997). It was suggested to have been triggered by a
landslide, which might have happened on the day of, or in the
days preceding, the eruption (James 1997). The burial of the
fumarolic vents bry the landslide deposits (which were 2.5-3 m
thick; James 2013, personal communication) would have hin-
dered fumarolic emissions. This led to pressurization of the
hydrothermal system and ultimately resulted in this small-
volume phreatic eruption (James 1997). According to obser-
vations made by James (1997) on July 13, a 2.5- to 7.5-m-
deep and 19-m-long eruption crater, which contained a bub-
bling mud pool, was superseded by a valley (Fig. 2e). This
gully-like feature named “Mini valley” was formed by erosion
of the loose material within the eruption crater by surface
runoff (James 1997). At least eight fumaroles and a hot spring
at 85 °C developed within the “Mini valley™ (James 1997).
Mud, pebbles, and sulfur-bearing fragments of rock were
found asymmetrically distributed around the “Mini valley”
with the deposit extending 53 m to the west {James 1997},
due to the prevailing wind direction being westerly (Fig. 21).
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Fig. 2 a Topographic and hydrothermal activity map of the Valley of
Desolation-Boiling Lake area indicating morphological craters [I, II, III]
and hydrothermal features. The features indicated on the map are: [A]
steaming, bubbling hot spring (92 °C) and highly spraying mineral
spring, [B] strongly steaming fumaroles (96 °C) surrounded by sulfur
precipitations and several small fumaroles along the northern crater mar-
gin, [C] bubbling and spraying mud pools (max. 7 m diameter; 84 °C),
[D] spraying fumaroles (2 m high; 94.5 °C), [£] several small fumaroles
and hot springs (92 °C), [] strong fumaroles and several hot springs
(max. 95 °C), [G] vigorously bubbling hot spring (80 °C) and several
other springs, and [/{] two springs (40.5 and 42 °C). Modified after
Sapper (1903). b Recent Google Earth™ image showing the same area

Since this event, the VoD has exhibited vigorous hydrother-
mal activity. The activity of the fumaroles and the discharge of
the springs show fluctuations possibly affected by rainfall and
landslides, but without significant variations in chemistry (Jeffrey
2013, personal communication; Joseph et al. 2011). The volcanic

in 2015. Note the striking similarities between the hand drawn map and
the satellite image. ¢ Google Earth™ image (2015) showing the outline of
the Valley of Desolation (dashed line), the suggested location of the phre-
atic eruption of January 4, 1880. d Photograph of the Valley of Desolation
(2015) surrounded by steep slopes. The Boiling Lake trail (dash-dotted
line) enters the valley in the west, passes by the hydrothermal phenomena
and exits at the lowest point in the east. e, f Photographs taken by A.
James ~ 5 weeks after the 1997 phreatic eruption in the Valley of
Desolation. e Following the eruption, the crater was affected by erosion
of surficial runoff, which changed its shape and created a gully-like “Mini
valley” surrounded by loose phreatic debris. f Distribution of ejecta main-
ly in a sector from the north to the south-southwest of the vent location

rocks of the area are exposed to ongoing weathering and hydro-
thermal alteration (Lindsay et al. 2005). Subsequent to the
1997 eruption, a seismic station was installed on Morne
Nicholls by the University of West Indies (UWI) Seismic
Research Centre to monitor seismic activity in the VoD-
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Boiling Lake area (James 1997). Regular geothermal monitor-
ing was also initiated in November 2000 by the UWIL This
includes full gas and water chemistry analyses on an antiual
basis for investigation of compositional variations related to
changing volcanic activity (Joseph et al. 2011).

Methodology

Two field campaigns were conducted in April 2013 and
May 2015 to study the hydrothermal activity, its alteration
effects and processes controlling the degassing within the
VoD. Petrophysical and soil mechanical properties were de-
termined in the field and in the laboratory, and these were
compated with the mineralogical and geochemical composi-
tions of the rocks. Further laboratory investigation allowed
study of the behavior of selected samples during rapid
decompression.

Mapping and sampling

Hydrothermal features, as well as surficial lithological units,
within the VoD were mapped. Rocks in the vicinity of hydro-
thermal phenomena are the most intensely altered, showing
clear signs of changes concerning their rock properties, pat-
ticularly mineralogy, porosity, permeability, and strength, as is
well-known at the hydrothermal systems of Campi Flegrei,
Vulcano, White Tsland, and many others (Pola et al. 2012,
Mayer et al. 2015, Gurioli et al. 2012, Heap et al. 2017). We
collected rock and soil samples affected by supergene and
hydrothermal alteration at three different locations within the
VoD and measured in situ sample properties of soil samples.

A recent landslide in the east of the valley created an out-
crop (51) which yielded access for sampling of the moderately
weathered parent rock and altered equivalents (Figs. 5 and 6).
A second landslide on the northern slope also enabled sam-
pling of the in situ parent rock and the secondary supergene
alteration (S2). Both locations showed similar changes in
macroscopic texture and rock/soil color due to effects of alter-
ation, being charactetized by a transition from gray, weakly
altered, andesitic parent rock (VoD1, VoD2), to moderately
altered clay-dominated horizons (VoD3, VoD4). Two further
types of alteration products were investigated and sampled
close to F1 within the “Mini valley” {83) where a 2-m-deep
escarpment comprises a lower section of a clay-rich, homoge-
neous, blue-gray layer (VoD5), overlain by a white, heteroge-
neous, and partly loose, breccia-like material (VoD6). To ac-
count for heterogeneities, both horizons were sampled at three
locations along the escarpment.

Cylinders used for collection and measurements of soil
samples were weighed and immediately sealed for transport.
This technique allowed non-destructive sampling and preser-
vation of the sample required for investigation of additional
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properties (i.e., porosity, water content, and mineralogical
cotposition) in the laboratory, which are described below.

Field-based characterization

A PL-300 soil permeameter {Umiwelt-Geréte-Technik) was
used to measure permeability and moisture content of uncon-
solidated material (see Fig. 52 in the Supplementary material).
Measurements wete made using stainless steel cylinders
{length = 61 mm; diameter = 72 mm) to extract the sample
material by vertical plunging into the soil to a depth of 10 cm
and finally connecting those cylinders, completely full and
cleaned at both ends, to the permeameter. Air permeability
was obtained within a measurement range of 5.6 * 10 '° to
6.5 » 10" m’. The device determines gas volume flow
through the samples connected pore network based on
Darcy’s law. An internal vacuwm punip produces the inflow
of ambient air through the soil sample, which is confrolled by
a valve of calibrated petmeability within the apparatus. The
pressure difference across the soil sample is recorded by a
sensor, which provides the pressure gradient over the sampled
distance. A comparison of the pressure gradient, with respect
to the gradient over the calibrated section, enables the air
volume flow through the soil sample to be determined and
consequently its permeability. At each site, three individual
soil samples wete taken with the sampling cylinder and con-
nected to the soil permeameter for measurement, to account
for sample heterogeneities.

The detived air permeability characterizes the water-free
pote space of the soil sample so that any variation is a function
of the water content (Maké et al. 2009; Umwelt-Gerite-
Technik 2012). The soil sample’s moisture content was also
indirectly obtained using a sensor consisting of two stainless
steel rods (length = 10 cm) that measure the dielectric con-
stant. The rods were inserted directly into the soil next to the
extracted samiple. Comparing the measured dielectric value
with calibrated standards of pure water and dry soil yields
the calculated moisture content. Field chatacterization further
involved two handheld devices applied in soil science: (1) a
pocket penetrometer which measures unconfined comipressive
strength {Zimbone et al. 1996) and (2) a torvain which mea-
sures undrained shear (Farquhar 2001). Volume, total weight,
and cylinder weight were used to calculate bulk density of
samples prior to samples being sent back.

Laboratory-based characterization

Collected soil and rock samples were analyzed in the labora-
tory, to determine their physical properties such as porosity,
water content, and permeability (of the collected consolidated
rocks). Consolidated rock samples were cored
{length = 60 mm; diameter = 25 mm), with their end faces
ground flat, and dried in an oven at 65 °C for at least 24 h
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until fully dried following the standard procedure described by
Heap et al. (2017). The same drying conditions were applied
to unconsolidated samples. Dried sample powders were used
for powder density measurements and mineralogical and geo-
chemical analyses. Samples were weighed prior to and afier
drying to determine their water content. Powder density and
volume of all cored samples were measured using a helium
pyvenometer (Ultrapye 1200e®, Quantachrome) following
Heap et al. (2017). This allowed determination of the connect-
ed porosity, which is a key parameter controlling rock me-
chanical hehavior {e.g., Pola et al. 2012, Heap et al. 2017,
Mayer et al. 2016). For unconsolidated samples, the dry den-
sity and water content were used to calculate the initial con-
nected porosity within the sampling cylinder of known
volume.

Gas permeability of the dried cored samples was obtained
using a benchtop (nittogen) permeameter under a confining
pressure of 1 MPa to preclude fluid (nitrogen) flow around the
sides of the sample. The device measures confining pressure
and gas volume flux using a pressure sensor and a precision
gas flow meter under several pressure gradients. This yielded
petmeability using Darcy’s law.

Mineralogical and geochemical characterization

Bulk geochemical, as well as the mineralogical composition
of each sample, was determined by wavelength dispersive X-
ray fluorescence {(WD-XRF) and quantitative X-ray powder
diffraction (XRD) analysis on bulk samples. Details of samiple
preparation and analysis are reported in Appendix Al of the
Supplementary material. Geochemical analysis was further
emmploved to determine the type and degree of alteration.
The relationship between chemical changes and alteration
was evaluated using five indices, as proposed for characteri-
zation of the degree of alteration in different lithologies (see
Pola et al. 2012 and references therein). These indices, which
are based on the weight percent ratio of major elements, as-
sume that distribution of chemical elements is controlled by
the degree of alteration (Duzgoten-Aydin et al. 2002).

Rapid decompression experiments

Unconsolidated samples, collected from the escarpment of the
“Mini valley,” were used for rapid decompression expeti-
ments to investigate the ejection behavior of heavily altered,
clay-rich material. Details of the general procedure and spec-
ifications of the experimental setup are reported in Appendix
A2 of the Supplementary material. Samples were carefully
placed into sample holders to ensure preservation of sample
texture and water content and then mounted into the auto-
clave. Experimental conditions were chosen to best mimic
steam-flashing during rapid decompression, close to the over-
pressure and temperature at which steam-flashing occurs (i.e.,

0.4 MPa and 120 °C); these are the values estimated to have
been associated with the phreatic eruption at VoD in 1997,
Such conditions are reported to be the major trigger for this
type of eruption in many other cases worldwide {Browne and
Lawless 2001). Based on (1) the gjecta distribution of James
(1997), {2) the thickness of the landslide deposit burying the
fumarolic vents (see the “Holocene and recent eruption record”
section), and (3) the temperature measurements of hydrother-
mal features made by Sapper (1903) and Joseph et al. (2011},
two sets of experiments were run at 115 °C/0.3 MPa and
125 °C/0.5 MPa, respectively. For both conditions, the small
decompression (0.3-0.5 MPa) resulted in the sudden expan-
sion of heated liquid water flashing to steam (James
1997). Accumulation of steam and gas below a low per-
meability cover can also be considered to lift the overly-
ing material and may cause fractures for degassing, as, for
example, at Camipi Flegrei. But taking both the distribu-
tion of ejecta and the size of the area affected by the
eruption into account, this scenario is inferred to be not
energetic enough and therefore unrealistic. Indeed, given
the low pressures and temperatures, the simple expansion
of steam and gas would not release the energy required to
cause the distribution of ejecta as reported (James 1997).
To account for sample heterogeneities, at least three re-
peats for each investigated condition and sample were
petformed.

Analysis of high-speed video recordings allowed the deter-
mination of patticle ejection velocity. The experimental setup
was equipped with LED lights facing towards the high-speed
camera: see Fig. S1 of the Supplementary material to facilitate
the tracking of very fine particles ejected within the gas-
steam-particle mixture. Tracked particles were grouped by
size into ash (< 2 mm) and lapilli (> 2 mm) and investigated
individually.

Ballistic trajectory estimations

To estimate the ejection dynamics during a phreatic event
similar to the 1997 eruption in the VoD, theoretical ballistic
trajectory distances were calculated. For this approach, phre-
atic ejecta were freated as ballistic projectiles (Mastin 1995).
Ejection velocity and particle size, which were obtained by
high-speed video analysis, as well as particle density as deter-
mined during the rock physical characterization, were used as
put parameters. The ballistic trajectories were then calculat-
ed using the Fject! software of Mastin (2001). By assuming a
spherical particle shape and an ejection angle of 45°, maxi-
mum trajectory distances could be estimated. Additional in-
formation concerning the Eject! software is provided by
Mastin (2001). Calculations allowed us to analyze the influ-
ence of patticle size and sample type of both ash {1-2 mm)
and lapilli {2-10 mm) from VoD35 and VoDé (collected at
sampling site S3) on their trajectory distances.
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Results
Field results

The locations of hydrothermal features (hot springs, mud
pools, and fumaroles) within the VoD are located in the geo-
motphological map of Fig. 3. This map also illustrates areas
where the soil is affected by hydrothermal alteration, second-
ary precipitations, or surficial sulfur-rich encrustations. We
can also see that large areas within the valley are covered by
landslide debris and runoff deposits or are covered by dense
vegetation. Dernudation and erosion processes remove and
transport most of the altered material into the valley where,
in the vicinity of hydrothermal vents, these reworked rocks
and soils experience further alteration due to hydrothermal
activity.

Most of the fluids discharge along the southern margin of the
valley. A massive landslide deposit several meters in thickness is
the result of many individual events, all otiginating from Motne
Watt in the south (Fig. 3). The lobe of the landslide deposit
separates the hydrothermally active areas containing fumarole 1
(F1) from that containing fumarole 2 (F2) (Fig. 3). Bach fumarole
is situated within a gully that is up to 3 m deep, several meters
wide, and more than 40 m long. Fumarole 3 (F3; Fig. 4b) is
associated with a hot spring around which mineralization has
occurted (MHS in Fig. 3), rich in silica sinter deposits. Sulfur-
rich encrustations appear predominantly along gullies where the
main degassing occurs (Fig. 3). Below these encrusted areas,
alteration and erosion lead, occasionally, to the formation of cav-
ities, which are unstable and have the potential to collapse easily.

Several mud pools located in the lower part of the valley
showed signs of recent mud eruptions. The resulting ejecta
teached the Boiling Lake trail several meters away (Fig. 4c, d).

Geochemical quantification of alteration

The indices used to estimate the degree of alteration assume
immobility of aluniinum and should therefore be carefully
applied to heterogeneous samples, especially in environments
of hydrothermal alteration {(Arikan et al. 2007; Pola et al.
2012). Nevertheless, our values for the indices correlate well
with the increase in clay minerals observed in the investigated
samples. CIA (Chemical Index of Alteration), PIA
{Plagioclase Index of Alteration), and CIW {Chemical Index
of Weathering) values generally rise due to the loss of mobile
cations within facies with supergene and hydrothermal alter-
ation. By contrast, the SA value decreases with alteration as it
is reflecting the loss of silica. Further information concerning
the definition of individual indices used (Table 2) is given in
the Supplementary material. The loss on ignition not only
cotrelates with the amount of clay minerals (Arikan et al.
2007) but also shows a large increase due to the presence of
alunite formed by hydrothermal alteration.
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Mineralogical composition

Besides the two lithologies consisting of consolidated rocks
(Vo1 and VoD2), we found four different types of soil sam-
ples (Figs. 5 and 6; Table 1). VoD1-VoD4 represents a se-
quence which shows an increasing degree of supergene alter-
ation. Accordingly, the clay content increases from VoDI to
Vo4 (Table 1). Following re-deposition and exposure to sul-
fur-bearing, acidic fluids (Joseph et al. 2011), the rocks (VoD 1-
VoDM4) are variably affected by intermediate argillic alteration
which leads to the formation of VoD5 and VoD6.

VoDl is a dense volcanic rock with a porphytitic texture. It
mainly consists of euhedral plagioclase and sanidine as well as
colloform-banded amorphous silica {opal-C) precipitated within
the pore spaces (Fig. 7a). It containg minor amounts of quartz
phenocrysts, euhedral pyrite, and homblende. A significant
amount of smectite, as detected by XRD analysis, confirms the
alteration of feldspars {Glasmann 1982).

VoD?2 is very similar in composition to VoD1 but, due to an
increased degree of alteration, this sample hag a higher amount
of montmorillonite and a correspondingly lower proportion of
sanidine and plagioclage. Core and zonal textures are caused
by the replacement of sanidine by montmorillonite which
leads to the occurrence of 10-30-pm-wide residual rims
(Fig. 7h).

VoD3 represents the product of progressive supergene al-
teration and disaggregation towards the surface. This hard-
packed horizon, more than 40 cm in thickness (Fig. 5), shows
an increased amount of montmorillonite due to the replace-
ment of plagioclase, sanidine, and hornblende.

VoD4 is a surficial, yellow-brown horizon with a thickness
of < 20 cm. It is completely disaggregated and affected by
supergene alteration, which tesults in an increased amournt
of montmorillonite. Tn agreement with the chemical alteration
indices (Table 2), which represent the depletion of mobile
alkali elements relative to immobile elements (e.g., alumi-
num), the degree of argillic alteration increases towards the
surface.

VoD5 is a blue-gray, clay-rich layer with an outcrop thick-
ness of ~ 1.5 m which locally contains remnants of less-altered
parent rock. Acid-sulfate fluids caused leaching and the com-
plete alteration of feldspars mainly to kaolinite, alunite, and
amotphous silica. The latter are characterized by pseudo-
morph replacement {Fig. 7¢).

VoD6 represents the upper part of the valley wall and is
mainly made up of a white, breccia-like horizon (Figs. 5
and 6) consisting of altered, sub-rounded pebble-sized
clasts, which are embedded in a finer-grained matrix.
Some of these clasts comprise a similar andesitic compo-
sition as VoD1 and VoD2, confirming their origin as these
lithologies. VoD6 consists of fine-grained (< 5 pm) alu-
nite, a lesser amount of kaolinite, and fragments of min-
erals replaced by amorphous silica (Fig. 7d).



Bull Volcanol (2017) 79:82

Page 9 of 19 82

Fig. 3 Map of the Valley of Desolation (Google Earth™ image; 2015)
showing the distribution of surficial hydrothermal features and main
degassing sites during fieldwork in May 2015. The features marked on

.. - Heavily altered
- > _escarpment of

Fumarole

c Recently erupted
bubbling fmu

Fig. 4 Photographs of hydrothermal features from the Valley of
Desolation. a Fumarole F1 within the “Mini valley” emitting gas. b
Fumarole F3 and mineralized hot spring showing steam emission and
sinter formation. ¢ Hot bubbling mud pools showing clear signs of
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the map are as follows: [S1] sampling location 1, [S2] sampling location
2, [S3] sampling location 3, [F1] fumarole 1, [F2] fumarole 2, [F3]
fumarole 3, [MHS] mineralized hot spring

sy ¥
Mineralizedi-==
hot spring “::/'

activity (the rectangular dashed box corresponds to the close-up displayed
in d. d Close-up photograph of the recently erupted mud pool character-
ized by a burst which excavated approx. 0.5 m of weakly consolidated
material
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Fig. 5 Fig. S2: Map, overview, and close-up photographs showing the
sampling locations within the Valley of Desolation. Sampling locations
S1 and S2 were accessible due to recent landslides, which exposed con-
solidated and unconsolidated rocks affected by supergene alteration.
Sampling location S3 represented by the escarpment within the “Mini

Petrophysical properties

Physical and mechanical properties of the samples as
determined in the field and the laboratory are given in

@ Springer

valley” comprised two units of unconsolidated material affected by hy-
drothermal alteration in the close proximity of degassing vents.
Corresponding close-up photographs show the alteration sequence from
VoD 1 to VoD 2, from VoD 3 to VoD 4, and from VoD 5 to VoD 6,
respectively

Table 2. In situ moisture content of unconsolidated sam-
ples ranged from 34.9 to 87.8% and was higher than the
water content determined in the laboratory by drying
(26.3—67.3%). The differences probably originate from
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Supergene alteration
2= S

Fumarole
Bubbling pool
Strongly weathered

Andesite

Moderate weathered
Andesite

E Mud pool

- Clay rich, andesitic
residue

Fig. 6 Conceptual model of the origin and deposition processes of the
investigated rocks as well as photographs of samples. VoD 1 to VoD 4
represent a sequence from solid to unconsolidated rocks affected by
supergene argillic alteration. The progressive decomposition of
feldspars results in an increased amount of montmorillonite towards the

sample heterogencities and the loss of water during
sample shipping, where samples were exposed to signif-
icant temperature and pressure changes during transport,
which likely induced changes in the water distribution
within the sample cylinders.

Bulk and matrix density ranges from 1.52-1.74 and
2.56-2.76 g/em® for unconsolidated samples and from
2.18-2.22 and 2.49-2.61 g/em® for solid rocks. The per-
meability results of Table 2 are the average for three mea-
surements on each sample and range from 2.5 x 107" to
2.1 x 107" m?. Finally, UCS (uniaxial compressive
strength) and shear strength of investigated samples varies
between 0.9-2.4 and 0.8-3.1 kN/m?, respectively. These
results confirm that the strength of the unconsolidated
samples decreases with (1) an increase in clay content
and (2) an increase in the degree of alteration for samples
affected by supergene (VoD3 and VoD4) or hydrothermal
alteration (VoD5 and VoD6).

Rising fluids

- Montmorillonitic soil

=71 Alunite dominated, kaolinite rich

alteration breccia

Kaolinite dominated, alunite rich
alteration clay

surface. In the vicinity of hydrothermal vents emitting acid sulfate fluids,
rocks are affected by advanced argillic alteration. VoD 5 is dominated by
kaolinite whereas VoD 6, showing a lesser degree of alteration, consists
predominantly of alunite

Eruption source conditions

The energy released during decompression, which drives the
fragmentation and ejection of particles, is controlled, in this phre-
atic case, by the amount of water in the system. Thus porosity
and sample water content are the main parameters affecting the
ejection dynamics of particles during decompression (Mayer
et al. 2015).

We observed a non-linear decay of the gjection velocity as a
function of time irrespective of the particle size, sample porosity,
and water content (Fig. 8). Grouping particles by size into lapilli
(>2 mm) and ash (< 2 mm) revealed the following results:

(1) Independent of the experiment conditions (3 bar/115 °C
or 5 bar/125 °C), the first ejected particles were smaller
than 500 um and exhibited the highest ejection speeds
(5570 m/s), which is in agreement with previous studies
at Stromboli (e.g., Harris et al. 2012a, b).
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Tablel Mineral composition and major and trace element analyses for

mvestigated samples affected by supergene and hydrothermal alteration
Supergene alteration Hydroth. alt.
VoDl  VoD2 VoD3 VoD4 VoD5 VoDé

Mineral phases (determined by X-ray powder diffraction}

Plagioclase 37+3 3243 16+3 18+3

Sanidine 15+£2 1242 8+2

Homblende 2+1

Clinopyroxene 2+1

Cristobalite 20£2 23+£2 8+2 6x2 152 13+2
Quartz 241 2+1 5+1 1+1 2+1 4+1
Pyrite 1+£1 141 3&+1

Alunite* 25+£3 47+£3
Montmorillonite 23 +£2 30+3 60+3 7343

Kaolinite 58+3 36=+3
Sum 100 100 100 100 100 100
Major elements (%)b

Si0y 61.5 65.1 59.2 54.8 54.5 49.8
Ti0, 0.5 0.6 0.6 1.0 0.6 0.5
Al,O4 17.0 17.5 17.5 202 19.2 13.5
Fe 04 58 3.7 6.3 7.9 39 29
MnO 0.1 0.1 0.1 0.1 0.1 0.1
MgO 16 0.9 1.7 36 0.7 0.9
Ca0 52 3.7 35 34 0.7 2.7
Na,O 3.0 2.8 1.5 14 1.0 21
K,0 16 1.7 1.1 02 14 1.2
P05 0.1 0.1 0.1 0.1 0.1 02
S04 0.7 0.3 0.6 04 10.7 10.7
LOI 34 2.9 9.3 6.8 17.6 264
Sum 99.8 98.9 99.4 99.8 99.7 100.0
Trace elements (pprn)b

Ba 267 266 220 115 0 544
Cr <20 <20 <20 128 <20 < 20
Cu 48 82 71 <30 117 92
Ni 7 1 <20 <20 70 50
Rb 53 55 31 <30 48 40
Sr 192 161 102 90 192 133
Y 40 30 21 17 0 0

Zn S0 46 99 96 52 59
Zr 103 103 113 77 87 74

*Includes Na- and K-dominated alunites
* Determined by wavelength dispersive X-ray fluorescence

(2) Lapilli-sized particles (> 2 mm) occurred at a later stage
of the ejection (after 12.5 ms) and had slower ejection
velocities (2550 m/s); this also confirms natural data
from Stromboli {e.g., Taddeucci et al. 2012).

(3) As initial pressure and temperature were increased, at-
source gjection velocities increased from 40-30 m/s to

0] Springer

63-80 m/s for the ash and lapilli of sample VoD5 and
from 2540 mv's to 55-70 /s for VoD6.

(4) VoD5 had higher ejection velocities (40-80 m/s) than
VoD6 (25-70 mv's), which was associated with a higher
water content in VoD3 (67.3%) than in VoD6 (49.9%).

(3) Calculated trajectory distances for VoD3 (22—65 m) were
higher than for VoD6 (21-40 m).

(6) For both samples, distance increased with particle size,
ranging from 21 to 24 m for ash and 35-65 m for lapilli.

These results are in good agreement with studies of hydro-
thermal explosions occurring in Iceland and involving the
gjection of unconsolidated and hydrothermally altered materi-
al of similar grain size (Montanaro et al. 2016).

Discussion
Hydrothermal activity

The spatial disttibution of hydrothermal features in the
VoD is likely controlled by the structural setting
{Schopa et al. 2011), as also proposed by Traineau
et al. (2013) for the Boiling Lake area. Nevertheless,
the intensity and style of hydrothermal activity, includ-
ing the phreatic eruptions, seem to be influenced by
alteration processes at the surface and at shallow depth.
As our results show, rock/soil permeability is a major
parameter because degassing is significantly changed
{(reduced by over two orders of magnitude; see
Table 3) by alteration processes present in the VoD.

By comparing our mapping results with the descriptions
made after the phreatic eruption of 1880 (Sapper 1903) and
the report of James (1997) following the 1997 eruption, the
following inferences can be made:

(1} Advanced argillic alteration affecting mainly the area
close to hydrothermal vents results in the formation of
a clay-rich material, which exhibits a lower strength and
is generally more easily eroded than surrounding consol-
idated rocks (Figueiredo et al. 1999). Thus, gullies and
rills mostly develop in areas where fumaroles, hot
springs, and bubbling pools are located.

(2} Despite the constant modification to topography in
the VoD due to denudation and mass-movement,
the main hydrothermal features (fumaroles and
mud pools). remained at the same locations during
the period 1880-2015 (Figs. 2 and 3). Such persis-
tence of emission location has also been well-
documented at Vulcano, where it results from the
occurrence of deep-seated, structurally controlled
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Fig. 7 BSE-SEM images of investigated samples. a Precipitates of
amorphous silica (am Si) in pore space showing growth zonation. b
Outline of a euhedral sanidine (dashed line) which has been replaced by
montmorillonite. Remnants of sanidine (Sa) are in bright gray. The rect-
angle shows a zoom into the core area of the sanidine which has been

high-permeability pathways that surficial modifica-
tions do not effect (Harris and Maciejewski 2000).
(3) Although a significantly larger amount of material was
ejected during the more energetic 1880 eruption (Watt
1880) compared to the 1997 phreatic eruption (Lindsay
et al. 2005), it is still described as a phreatic eruption
since there was no involvement of any juvenile material
(Watt 1880). The crater which formed during the 1880
eruption was filled (to a certain extent) by its own ejecta
(Watt 1880). Subsequent crater filling resulted from
slumping processes and retrograde erosion of its crater
walls (Nicholls 1880; Sapper 1903). Hydrothermal fea-
tures located mainly along the margin of the oval crater-
shaped valley could therefore be related to the disconti-
nuity between the host rock and the loose reworked
crater-filling material. Such a zone might facilitate the
rise of fluids at shallow depth, as observed in studies
from Vulcano, Campi Flegrei, and Nysiros (Harris and
Maciejewski 2000; Iacono et al. 2009; Pantaleo and
Walter 2014). Similar processes of fluid circulation along
a discontinuity have been observed during flank collapse
studies in the Lesser Antilles (Boudon et al. 2007) and

replaced by montmorillonite (Mnt). The zoomed inset highlights the lay-

ered structure of montmorillonite. ¢ Amorphous silica pseudomorph after
hornblende (Hbl) (~ 400 pm) within a fine-grained matrix. d Rectangular
fragments (30—40 pm) of amorphous silica pseudomorphs within a fine-
grained matrix consisting of euhedral alunite crystals (< 2 pm)

elsewhere around the world (Waythomas 2012).
Hydrothermal outflow at greater depth is most common-
ly associated with the structural setting (i.e., Curewitz
and Karson 1997; Rowland and Sibson 2004), which is

Table 2 Averaged

sample properties CIA® PIA® CIwWe

including petrophysical

properties obtained 63.6 65.5 67.6

during field and 68.1 70.8 72.9

laboratory analysis 20.3 76.6 778
80.2 80.6 80.8
86.1 91.3 91.9
69.5 2.2 74.0
?Chemical  index  of  alteration

(AL,03)x 100 ;

(A1203+C:2101§a20+K20) Nesbitt and Young
(1982)

bPlagioclase index of alteration (PIA)

(A05-K,0) x100
m Fedo et al. (1995)

°Chemical index of weathering (CIW)

(ALO3)x 100 .
(A1203<2FC3a0+Na20) Hamois (1988)
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Fig. 8 Ejection speed of particles determined by analysis of high-speed
camera footage of the rapid decompression experiments. The velocity of
the particles decays with time. Coarser particles (d > 2 mm, with d = par-
ticle diameter) exhibit lower ejection speeds and appear in the field of
view at a later stage of the ejection. Insets represent sequences of still-

thought to provide the pathways for the persistent activ-
ity in the VoD.

(4) The northern part of the VoD changed within approxi-
mately the last 100 years from intense fumarolic
degassing (Sapper 1903) to mud pool activity (Figs. 2a
and 3). Both hydrothermal and supergene alteration re-
sults in the formation of low permeability clay-rich
layers. This in turn may lead to increased condensation
of fluids at shallow depth, which could have induced a
gradual change from emission of gaseous fluids as fuma-
roles to the development of bubbling mud pools within a
shallow liquid-dominated zone (Fig. 4c, d). Such a
change in activity might also be favored as this part of
the VoD is located within a depression with little drain-
age. The mud pools occasionally show increased activity

50 60 70 80

Time (ms)

frames from high-speed camera recordings showing the gjection of parti-
cles at different times (10 ms, 15 ms) after the initiation of the decom-
pression. The onset of the ejection is characterized by the expulsion of
fine particles followed by a mixture of fine and coarse particles

associated with burst events and minor mud jets, which
eject hot mud up to several meters in distance.

Effects of hydrothermal alteration

Geochemical and mineralogical analysis of investigated sam-
ples revealed that two types of alteration are prominent in the
VoD. Supergene argillic alteration of the host rocks leads to
the formation of montmorillonite-rich unconsolidated material
(Table 1). This alteration process led to the development of a
clay-rich soil horizon at the surface. Advanced argillic alter-
ation by acid-sulfate fluids affects the vent locations, causing
leaching and complete decomposition of feldspars and horn-
blendes to kaolinite and alunite (Pirajno 2009). The VoD

Table 3 Chemical alteration
indices of investigated samples

Sample M We Ce pB pM [ k (rnz) o (kN/ 7 (KN/
%) (%) (%) (gem)  (gom') (%) m’) m’)
VoDl  nm. nm. 23 202 2.61 148 25x1071%2 nm. nm.
VoD2  nm. nm 30 2.18 2.49 173 85x1071% nm. nm.
VoD3 349 263 52 1.74 2.58 502 3.6x101%® >5.04 3.1
VoD4 415 321 73 1.58 2.76 655 2.1 %101 0.9 1.6
VoD3 878 673 58 1.56 2.56 731 <5.6x1071% 14 0.8
VoD6 549 499 36 1.52 2.56 655 94 x101%® 2.4 2

M moisture obtained with PL-300, We water content obtained by drying, Ce clay content, pB bulk density, pAM
matrix density, ¢ connected porosity, £ gas permeability, o uniaxial compressive strength (UCS), 7 shear strength

? Gas permeability determined by benchtop permeameter under a confining pressure of 1 MPa
" In situ air permeability determined by PL-300 soil permeameter (Umwelt-Gerite-Technik)

¢ Sample permeability below measurement range of device
4Unconfined compressive strength (UCS) exceeded the range of the device (5.0 kN/rnz)
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represents an example of how the presence of meteoric water
influences the mineral zoning within an advanced argillic al-
teration sequence (ie., Fulignati et al. 2002; Bovce et al.
2007). The highly water-saturated horizon {VoD5) in the low-
er part of the escarpment of the “Mini valley™ (Fig. 3} is
dominated by kaolinite (and lesser amounts ofalunite), where-
as the overlying, alunite-dominated layer (VoD6) has a lesser
amount of kaolinite and is located above the water saturation
level. The dominance of alunite over kaolinite in the upper
part of the valley wall indicates that alunite formation is fa-
vored above the water table where atmospheric oxidation of
H,S to H;80,4 oceurs (Mutlu et al. 2003).

Alteration indices can be applied to confirm (i) the degra-
dation of rock petrophysical properties by alteration, (ii) the
influence of supergene alteration, and (iii) the effect of hydro-
thermal alteration on rock mechanical properties (Table 2;
Pola et al. 2012}). Derived porosities, densities, and water con-
tents are typical for those of clay-rich materials and agree well
with the values of residual and volcanic soil investigated in
other locations on Dominica and similar volcanic environ-
ments (Rouse et al. 1986; Rao 1996; Del Potro and
Hirlimann 2009). Moreover, the increasing degree of alter-
ation is reflected by decreasing rock strength—a relationship
observed for samples affected by supergene and hydrothermal
alteration in this study and elsewhere (Del Potro and
Hirlimann 2009). The results confirm previous investiga-
tions, which showed that the formation of clay is associated
with intense weakening leading to the destabilization of the
rocks, which in turn causes landslides and collapse (Montalto
1994; Boudon et al. 2007).

Petrophysical properties of investigated unconsolidated
samples show that altered rocks in a volcanic environment
tepresent very weak units and that their behavior is further-
more controlled by particle size distribution and water content
(Del Potro and Hiirlimann 2008 and references therein). As
our results show, clay alteration leads to decreasing permeabil-
ity and thereby affects the degassing of hydrothermal active
areas (Alvarado et al. 2010, Harris et al. 2012h). Surficial
sulfur-rich encrustations, observed in the close vicinity of
degassing vents (Fig. 3), could further contribute to a decrease
in permeability and create sealing levels within surficial lith-
ological units, as observed at Vulcano by Harris and
Macigjewski (2000).

Permeability is a key factor in the pressurization events
{Browne and Lawless 2001). In our investigated samples, per-
meability is mainly controlled by clay formation and precipi-
tation of alunite. The hydrothermally altered zone, which is
characterized by low permeability lithologies, is thus prone to
pressutization, especially as the acidic fluids are emitted from
this zone. The pressurization of the hydrothermal system
could be caused by an increased fluid flux to the surface
resulting from changes within the hydrothermal system {e.g.,
fracturing of sealed zones, inflow of meteoric fluids, rainfall,

changes in the groundwater table). Such an increased fluid
flux could also be caused by a rising flux of magmatic fluids.
Pressurization could also be caused by constant gas flow but
continuously decreasing permeability (due to clay formation
and precipitation of secondary minerals). Following our te-
sults, the capping of degassing vents by low permeability
layers blocked the pathways for fluid flow which led to pres-
surization. This is in agreement with the work by Chiodini
et al. (1995) on Vulcano where sudden decompression of the
shallow hydrothermal system, or entry of water into that sys-
tem, during an earthquake is one potential eruption scenatio.
As the lithologies in the vicinity of degassing vents {VoD5—
VoD6) are relative low strength, rupture and decompression
might occur even at little overpressure. Such small-volume
eruptions might further be favored by heavy rainfall (as is
common during cyclones in tropical environments) which
shocks the surficial hydrothermal system by a rapid fluid input
increase. Along with the plugging of the system by a land-
slide, a pressure build-up with the potential for sudden decom-
pression could be inevitable. Such a scenario and eruptive
style might therefore be more likely in tropical environments.

Ejection behavior of altered unconsolidated material

Results obtained by rapid decompression experiments with
heavily altered, clay-tich material at initial pressures of 0.3
and 0.5 MPa confirmed the influence of particle size on ejec-
tion speed. As most of the kinetic energy is released during the
mnitial stage of decompression, and smaller particles ate mote
efficiently coupled with the expanding gas and steam, ash-
sized particles arriving during an early stage in the field of
view exhibit the highest ejection velocities (Alatorre-
Ibargiiengoitia et al. 2010; Harris et al. 2012a).

Estimated trajectory distances (up to 65 m) correspond well
with the reported maximum distances obtained by particles
(52 m)} cjected during the 1997 phreatic eruption (James
1997). The asymmetrical distribution of ejecta to the west,
as described by James (1997), was most likely caused by a
lateral jet (Table 4). However, information on the direction
and speed of wind during the eruption period is lacking. Our
conceptual model for the probable evolution of the 1997 phre-
atic eruption in the VoD is given in Fig. 9. Landslide deposits
derived from slope failure at Morne Watt would have caused
an uneven coverage of the degassing locations, which resulted
in a lower overburden towards the valley side. This favored an
expansion of fluids in this direction and caused a directed jet
of steam and debris to the NW of the source location.

Summary and conclusions

Two field campaigns and laboratory analysis, in combination
with a comprehensive literature review, allowed us to (1) gain
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Table 4 Estimated trajectory
distances based on ejection
speeds obtained during
decompression experiments by
high-speed video analysis. For the
calculation, the in situ bulk den-
sity was used and an ejection an-
gle of 45° was assumed

Sample Size Pressure (MPa) Temperature (°C) Vejema (m/s) Trajnr,]-nb (m) Trajmax. (M)
VoD5 Lapilli 0.5 125 50 20 65
VoD5 Ash 0.5 125 80 12 24
VoD5 Lapilli 0.3 115 40 18 56
VoD5 Ash 03 115 65 il 22
VoD6 Lapilli 0.5 125 40 17 40
VoD6 Ash 0.5 125 70 1L 21
VoD6 Lapilli 0.3 115 25 13 35
VoD6 Ash 0.3 115 55 10 21

#Ejection speed of particles obtained by high-speed video analysis
P Minimum trajectory distance calculated with Eject! (Mastin 2001)
¢ Maximum trajectory distance calculated with Eject! (Mastin 2001)

further insight into the historical and most recent hydrother-
mal phreatic eruptions in the VoD and (2) investigate phreatic
activity and alteration processes in the VoD. A detailed map of
the VoD showing the distribution of hydrothermal occurrences
and soils affected by alteration, as observed during fieldwork
in 2013 and 2015, is presented. The map serves as a basis for
further investigation of hydrothermal activity in the area, as it
represents a snapshot of activity in an environment subjected
to various surface processes which affect the degassing style
and intensity. As at other sites characterized by hydro-
thermal activity, the locations of degassing sources are
constantly changing so that repeat surveys are justified
to track the temporal and spatial evolutions of the emis-
sions (e.g., Harris et al. 2012a).

Field and laboratory-based characterization, including in
situ permeability measurements of altered unconsolidated

Fig. 9 Conceptual model
showing a possible scenario for
the evolution of the 1997 phreatic
eruption in the Valley of
Desolation. The landslide
deposits might have caused an
uneven coverage of the vent
locations, which most likely
resulted in an overpressure build-
up and a lateral jet of steam and
particles. The distribution of the
ejecta was thus dominantly in an
area to the NW of the source lo-
cation, as reported by a field in-
vestigation (James 1997)
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rocks, revealed several characteristics of supergene and hydro-
thermal alteration in an active hydrothermal area:

(1) Rocks within the VoD are generally affected by interme-
diate supergene argillic alteration, causing disaggrega-
tion and the formation of montmorillonite.

(2) The close proximity of degassing vents is characterized
by advanced argillic alteration and the formation of kao-
linite and alunite.

(3) Both types of alteration decreased rock strength and per-
meability and were accompanied by an increasing abun-
dance of clay minerals.

(4) Advanced argillic alteration in the vicinity of degassing
vents (causing clay formation and a decrease in perme-
ability) may have enhanced condensation of fluids at
shallow depth, therefore inducing the progressive change

900 Landslide covering ./
fumaroles 7

875 N
Accumulation

of fluids
Pressure
build-up

Valley filling
%4 sediments
- Recent
landslide debris
:, Colluvium

- Altered and loose
material

- Andesitic
host rock

Aureole of hydro-
= thermal alteration

Area impacted ,
by ejecta *..




Bull Volcanol (2017) 79:82

Page 17 of 19 82

from steaming fumaroles to boiling mud pools.

(5) Strength reduction of altered rock/soil could have caused
destabilization in steeply sloping areas, which may have
increased the occurrence of landslides. These covered
pre-existing fluid-emitting vents, thus hindering
degassing, which led to pressurization (a similar process
most probably triggered the 1997 phreatic eruption in the
VoD).

Our results furthermore demonstrate that the degradation of
physical rock properties, induced by supergene and hydrother-
mal alteration, is well reflected in chemical alteration indices
(i.e., CIA, PIA, and CIW).

In addition, decompression experiments and analytical
modeling on hydrothermally altered samples made it possible
to reconstruct the dynamics of the 1997 phreatic event in the
VoD and to estimate the conditions (3-5 bar; 115-125 <C)
leading to such events. Based on observations of the 1997
eruption and the experimental results, a conceptual model
for the progression of the events which occur during a
landslide-triggered phreatic eruption in the VoD has been pro-
vided. Landslides thus represent a potential trigger mechanism
for volcanic activity in geothermal areas (Hansell et al. 2006).
Furthermore, sudden fluid input increase during extreme rain-
fall probably contributes to the potential triggering of such a
scenario {Martini et al. 1981, Marini et al. 1993) and should
therefore be investigated in the future.

Our findings shed light on the processes of hydrothermal
alteration associated with landslide-triggered plreatic erup-
tions. New techniques for mapping and monitoring of alter-
ation processes, which induce mechanical instability of
degassing vent-systems, must be developed for all the active
volcanoes of the Lesser Antilles (Boudon et al. 2007) and
elsewhere. The results presented in this study may therefore
be considered as a confribution to such efforts at the VoD and
at similar hydrothermally active environments.
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