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Article history: Hydrothermal explosions frequently occur in geothermal areas showing various mechanisms and energies
Received 18 June 2015 of explosivity. Their deposits, though generally hardly recognised or badly preserved, provide important
Received in revised form 25 November 2015 insights to quantify the dynamics and energy of these poorly understood explosive events. Furthermore

Accepted 27 November 2015
Available online 14 December 2015
Editor: T.A. Mather

the host rock lithology of the geothermal system adds a control on the efficiency in the energy release
during an explosion. We present results from a detailed study of recent hydrothermal explosion deposits
within an active geothermal area at Kverkfjoll, a central volcano at the northern edge of Vatnajokull.

Keywords: On August 15th 2013, a small jokulhlaup occurred when the Gengissig ice-dammed lake drained at
hydrothermal explosions Kverkfjoll. The lake level dropped by approximately 30 m, decreasing pressure on the lake bed and
lake drainage triggering several hydrothermal explosions on the 16th. Here, a multidisciplinary approach combining
multidisciplinary detailed field work, laboratory studies, and models of the energetics of explosions with information on
deposits volume duration and amplitudes of seismic signals, has been used to analyse the mechanisms and characteristics
energy partitioning of these hydrothermal explosions. Field and laboratory studies were also carried out to help constrain the

sedimentary sequence involved in the event. The explosions lasted for 40-50 s and involved the surficial
part of an unconsolidated and hydrothermally altered glacio-lacustrine deposit composed of pyroclasts,
lavas, scoriaceous fragments, and fine-grained welded or loosely consolidated aggregates, interbedded
with clay-rich levels. Several small fans of ejecta were formed, reaching a distance of 1 km north of
the lake and covering an area of approximately 0.3 km2, with a maximum thickness of 40 cm at the
crater walls. The material (volume of approximately 10 m3) has been ejected by the expanding boiling
fluid, generated by a pressure failure affecting the surficial geothermal reservoir. The maximum thermal,
craterisation and ejection energies, calculated for the explosion areas, are on the order of 10'1, 1010
and 10° J, respectively. Comparison of these with those estimated by the volume of the ejecta and the
crater sizes, yields good agreement. We estimate that approximately 30% of the available thermal energy
was converted into mechanical energy during this event. The residual energy was largely dissipated
as heat, while only a small portion was converted into seismic energy. Estimation of the amount of
freshly-fragmented clasts in the ejected material obtained from SEM morphological analyses, reveals that
a low but significant energy consumption by fragmentation occurred. Decompression experiments were
performed in the laboratory mimicking the conditions due to the drainage of the lake. Experimental
results confirm that only a minor amount of energy is consumed by the creation of new surfaces
in fragmentation, whereas most of the fresh fragments derive from the disaggregation of aggregates.
Furthermore, ejection velocities of the particles (40-50 m/s), measured via high-speed videos, are
consistent with those estimated from the field. The multidisciplinary approach used here to investigate
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hydrothermal explosions has proven to be a valuable tool which can provide robust constraints on energy
release and partitioning for such small-size yet hazardous, steam-explosion events.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Unrest in geothermal areas can be manifested in jetting or
eruption of hydrothermal fluids (steam, water) and substantial
amounts of solid material (mud and rock fragments). Such events
are commonly referred to as hydrothermal explosions, a type of
non-juvenile eruption, or “boiling-point eruption” (Mastin, 1995).
The term “explosion” is here used as opposed to “eruption” fol-
lowing the terminology presented in Muffler et al. (1971). Hy-
drothermal explosions can last from seconds to hours (Browne
and Lawless, 2001; Jolly et al., 2014), and produce craters span-
ning from a few meters up to more than 2 km in diameter, with
depths from few meters to several hundred meters strongly de-
pendent on host rock composition (Muffler et al., 1971; Browne
and Lawless, 2001). Typical eruptive velocities vary between few
tens of m/s up to more than 200 m/s (Browne and Lawless, 2001;
Kilgour et al., 2010; Breard et al., 2014). Deposits are generally
of low volume (<10° m?3); they are typically very-poorly sorted,
matrix-supported, and may contain hydrothermally altered clasts
from the geothermal reservoir (Muffler et al., 1971; Mastin, 1995;
Browne and Lawless, 2001).

Hydrothermal explosions are common in many volcanic ter-
rains as well as other areas of high heat flow, where abundant
hydrothermal activity favours conditions for rapid generation of
steam and pressure build-up. Despite their frequent occurrence
(Barberi et al., 1992; Browne and Lawless, 2001), these eruptions
are still poorly understood. Their deposits are often not recognised,
badly preserved or buried under younger materials. In addition
the dynamics and magnitude of such eruptions tends to be un-
predictable. Recent hydrothermal eruptions at Mt. Ontake in Japan
(Yamamoto, 2014; Kato et al., 2015), and Ruapehu and Te Maari,
in New Zealand (Kilgour et al., 2010; Breard et al.,, 2014), high-
light major proximal hazards of these events. Moreover they oc-
curred with little or no pre-eruptive monitoring signals (Hurst et
al., 2014).

The conditions that cause hydrothermal explosions arise
through a rapid increase in temperature or decrease in pressure.
The contained fluids may flash to steam, resulting in signifi-
cant volume increase and fragmentation of the enclosing rocks
(Smith and McKibbin, 2000; McKibbin et al., 2009). The heating
is the result of an increase in reservoir energy, (e.g. by injec-
tion of magma or magmatic gases), as in the recent Mt. Ontake
eruption (Kato et al., 2015). Pressure reduction can arise due to
removal of fluid from a geothermal area, for instance by exploita-
tion, or a reduction in confining pressure by a landslide (e.g. Te
Maari eruption; Breard et al., 2014), erosion processes, lowering of
groundwater, or rapid draining of an overlying lake (Muffler et al.,
1971). The response of a reservoir to rapid decompression depends
mostly on its permeability. Highly permeable reservoirs are likely
to efficiently release any steam generated, thus largely preventing
pressure build-up and explosions. However, if such a reservoir is
capped by low-permeable layers, steam generated may not escape
and pressurization of the reservoir is likely; sufficient pressuriza-
tion may cause rupture of the capping layers and thus initiate
rapid depressurization and explosions (Browne and Lawless, 2001;
Seki et al., 2015).

The rate at which energy is released controls the violence of
such explosions. This depends on 1) the physical condition (P-T) of
a system before the explosion (Mastin, 1995), and 2) the nature
of the rock hosting the geothermal system (Muffler et al., 1971;

Browne and Lawless, 2001). Here a multidisciplinary approach was
chosen to study the mechanisms and the energetics of small-
sized hydrothermal explosions occurring on August 16th, 2013 at
Kverkfjoll, Iceland. These explosions were associated with a sudden
drainage of an ice-dammed lake and represent a low-energy end-
member case compared with the recent hydrothermal eruptions
at Mt. Ontake in Japan (Yamamoto, 2014), and Te Maari, in New
Zealand (Lube et al., 2014). The latter involved different mecha-
nisms and also larger volumes, durations, products and types of
confining rock. The Kverkfjoll event presents a unique opportunity
to shed light on this low-energy hydrothermal explosion type. We
combine detailed field surveys, sampling of deposits, laboratory
studies, and analytical models with seismic data to define their
characteristics, and understand the role of host-rock involved in
the explosions.

2. Geological setting

The Kverkfjoll central volcano is a mountain massif with a re-
lief of 1200 m, located in central Iceland, at the northern margin of
Vatnajokull glacier. The southern part is mostly ice covered, includ-
ing two calderas (Fig. 1). Generally Kverkfjoll eruptive products are
basaltic with lithologies dominated by pillow lava, hyaloclastite,
and fine-grained tuffs (Oladéttir et al., 2011). No volcanic erup-
tions are known to have occurred in the last 1100 yrs but several
moderate-sized explosive basaltic eruptions have occurred in the
Holocene (Oladéttir et al., 2011), which have been the source of
catastrophic pre-historic floods (Carrivick et al., 2004). The geother-
mal activity is mostly concentrated along a SSW-NNE trend-
ing lineament, cutting through the volcano (Thorarinsson, 1953;
Olafsson et al., 2000). A 500-600 m wide and 100 m deep depres-
sion is located in the centre of the active area, about 500-1000 m
east of the main lineation. This depression exhibit vigorous ther-
mal activity and the ice-dammed lake Gengissig. The lake is char-
acterized on the northern shore by a geothermal field enclosed by
ice (Fig. 1). Here a number of (near-) boiling hydrothermal pools,
sulphurous fumaroles, hot springs, and geothermal sediments are
present.

3. August 16th hydrothermal explosions

On August 15th 2013, a small jokulhlaup occurred when
the Gengissig ice-dammed meltwater lake drained at Kverkfjoll
(Gudmundsson et al., 2013). The lake level dropped 30 m to
1607 m a.s.l. in 10-15 hrs (estimated from the discharge at a gaug-
ing station in river Jokulsi, 40 km downstream from the glacier
margin, and eyewitness observations of the jokulhlaup: B. Einars-
son pers. communication). Wardens at a nearby hut noted that
the water level in the short tributary river Volga issuing from the
glacier margin about 7 km north of Gengissig was rising on Au-
gust 15th between 20:30 and 23:00. On August 16th at 07:30 the
river discharge was still relatively high but had subsided consid-
erably, indicating that the draining event had waned by that time.
This was confirmed by a Coast Guard helicopter inspection flight in
the afternoon of the 16th of August. The decompression beneath
the lake bed, calculated to be 4-8 Pa/s (head loss of 20-30 m
over 10-15 hrs), likely triggered the rapid boiling in the surficial
geothermal reservoir. Subsequent to this event hydrothermal ex-
plosions occurred, producing several fans of ejecta dispersed over
1 km from the lake by southerly winds. Craters, up to 30-40 m
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Fig. 1. (a) Aerial photo of Gengissig lake on the 16th of August 2013; several small
fans of ejecta are visible north of the lake to a distance of about 1 km. A debris
blanket characterizes the area in proximity of the craters. Steaming activity is also
visible at the crater sites, especially on the north-eastern side of the lake area.
(b) Map of Kverkfjoll caldera. (c) Lidar map of Gengissig lake area, marked by a
black rectangle in (b). Dashed and continuous blue lines represent the lake level
before (1637 m) and after (1607 m) the drainage. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

in diameter and partially-coalesced, were formed on the northern
corner of the Gengissig depression along the pre-drainage shore
line. Smaller, isolated craters were generated closer to the deeper
part of the lake depression (Fig. 1). These explosions occurred in
areas where the presence of fumarole systems and boiling pools
suggest a high local heat flow.

Similar hydrothermal explosions occurred in Gengissig after a
draining event in 1959 (J6hannsson, 1959). In May 1968 a steam
eruption occurred on the top of a hill 500 m west of Gengissig
lake (Fig. 1; Thorarinsson, 1968). Gengissig lake has drained catas-
trophically in jokulhlaups at least five times in the 30 yrs prior
to 2013: in 1985, 1987, 1993, 1997 and 2002. However, it is not
known whether explosions were associated with these drainage
events (Gudmundsson and Hognadéttir, 2009).

4. Field-based studies

A preliminary study of the eruptive products of the 16th Au-
gust explosions was carried out by an aerial reconnaissance survey
on the following day (Fig. 1). On 28th, we conducted an initial
field campaign to sample and measure the deposit thicknesses be-
fore burial by snowfall. Additionally, boundaries of ejecta fans and
the crater area were mapped with kinematic GPS. Nine months
later, when a few meters of snow had largely buried the fresh de-
posits, we conducted a second campaign to re-examine the prox-

Proximal part of the 2013
hydrothermal explosions deposit
ash to fine block in size
KVF_C2_L3-4: loose material
sand to gravel in size

KVF_C2_L2 : clay-rich level
KVF_C2_L1 : loose material
sand to gravel in size

“Host rock”
Heavily altered

Fig. 2. (a) The rim of crater 2; the white dotted line marks the pre-explosion sur-
face. (b) The 1.5 m thick section studied: the black-grey layer at the top of the
section is the proximal part of the 2013 deposit. Areas highlighted by square boxes
indicate the portions where samples of the Gengissig sedimentary succession and
the deposit of the hydrothermal explosions were taken for analyses.

imal deposits and the stratigraphic sequence involved in the ex-
plosions. In both campaigns we collected samples for component
and grain-size analyses, particle shape characterization and density
measurements. Field observations were then used to reconstruct
the explosion scenario, estimate the volume of ejected material,
and evaluate the energy partitioning in these small-size events.

4.1. Gengissig sedimentary succession

A sedimentary succession of hydrothermally altered glacio-
lacustrine unconsolidated deposit covered the depression occu-
pied by Gengissig lake (Olafsson et al., 2000). Alteration miner-
als are dominantly heulandite (Ca/Na zeolite) and smectite (Fe/Mg
phyllosilicates), with lesser amounts of gypsum, quartz, sulphur,
jarosite, and pyrite (Cousins et al., 2013). Investigation of erosional
features and the study of the exposed outcrops at the crater walls
enabled a more detailed overview of the succession involved in
the explosions. However, there is still a lack of detailed studies
(drilling, stratigraphy etc.) concerning the subsurface structure of
the Gengissig area.

Two representative outcrops from the larger coalescent craters
and a smaller crater (craters 2-3 in Figs. 2 and 3) were analysed in
detail. Both successions comprise poorly sorted, matrix-supported
sand to gravel in layers of sub-angular to sub-rounded clasts. These
coarser layers, are interbedded with clay-rich levels (Fig. 2 and
Figs. 1-2 suppl. mat.). The main components of the coarse frac-
tion have basaltic lithologies varying from lavas to scoriaceous
fragments, and fine-grained welded or loosely consolidated aggre-
gates, composed of fine glass fragments and alteration minerals.
The clay-rich levels (10 to 15 cm thick) vary in colour from bluish
to yellowish when altered and locally show relative enrichments in
sand and gravel.
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Fig. 3. (a) Isopach map of the 2013 hydrothermal explosions; crater locations la-
belled 1 to 6. Black dots denote thickness measurement points. (b) Close-up of area
with craters 1-3. Hashed lines indicate crater margins, used for volume and energy
calculations. Asterisks indicate the position of the outcrops at craters 2 and 3 de-
scribed in the text. (c) Grain size distribution for proximal and mid-distal deposits.
Stars in (a) show sampling site locations. (d) Semi-log plot showing deposit thick-
ness as a function of square root of isopach area.

The north-western part of the studied area, together with an
isolated area in the central part of the lake depression, exhibits
varying grades of hydrothermal alteration. These areas correspond
with fumarolic activity implying its role in the alteration process.
In some areas alteration is limited to below a certain depth, where
clay-rich levels appear to act as barriers.

4.2. Hydrothermal explosions deposit and crater features

Deposits of the hydrothermal explosions covered an area of ap-
proximately 0.3 km? and were dispersed towards the north form-
ing three elongated fans. The westernmost and central fans were
accessible and investigated in detail. The extent of the inaccessi-
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ble proximal part of the eastern fan was mapped on the plateau
(Fig. 3a).

The two studied fans covered approximately 0.15 km? with
a maximum deposit thickness of 40 cm at the crater wall. De-
posits thinned rapidly, to approximately a tenth, within 50-100 m
from the crater rim (Fig. 3a). Most of the massively-bedded debris
blanket consists of lapilli- and fine block-sized clasts ballistically
emplaced around the crater areas. A minor amount of ash and
lapilli was dispersed by winds to form elongated fans. The de-
posit reflects the composition of the underlying sequence including
variably hydrothermally-altered lava lithics, intensely altered rock
fragments, and recycled scoria and pumiceous clasts.

Several craters were formed following the explosions (Figs. 1, 3).
Crater diameters on the north western side (no. 1-3) range from
9 to 24 m (Table 1). Sizes of the craters (no. 4-6) on the east-
ern side could not be determined. The craters exhibit two main
morphologies: (1) larger craters on the north-western side charac-
terized by irregular shapes, and (2) smaller isolated craters in the
deeper part of the lake depression associated with a more circular
form. The investigated craters were located at ca. 1617 m a.s.l. (ca.
20 m below the initial lake level).

4.3. Grain-size distribution

Grain-size distributions of the sedimentary succession and the
hydrothermal explosion deposits were determined using dry siev-
ing for the coarse fraction (>250 pm), and laser refraction tech-
nique using a Coulter LS230 (measuring range 0.375-2000 um), for
the fine fractions (<250 pm).

The coarser component of the sedimentary succession includes
poorly sorted material with a polymodal distribution and maxi-
mum peaks around 4 and 8 mm; larger clasts in the succession
represented a negligible percentage and were not considered. The
clay-rich levels are better sorted with a modal peak between 250
and 100 pm (Figs. 1-2 suppl. mat.).

Samples from proximal and distal deposits of the hydrother-
mal explosions exhibit different grain-size distributions reflecting
two different inferred emplacement mechanisms (Fig. 3). The very-
poorly sorted proximal deposits show a polymodal distribution
with the highest peak in the very coarse component (Figs. 3c and 3
suppl. mat.). Most of the material is in the ash to fine block range
(<10 cm) and their distribution is used for the energy calculation.
Several decimetre-sized lava blocks (up to 40 cm) are also present,
but not included in the grain-size distribution as they represent a
minor to negligible percentage of the overall deposit. In contrast,
the mid-distal deposits are characterized by a more unimodal dis-
tribution with a peak around 180 pum (Figs. 1 and 3 suppl. mat.).

4.4. Particle shape characterization
A qualitative estimation of the amount of freshly-fragmented

clasts in the ejected material was performed by using Scanning
Electron Microscopy (SEM). SEM analysis shows the presence of

Table 1

Deposit volume, craters size data, and energy estimations.
Crater Dmean Vol Err Foc. depth Err Eth Err Ecrat® Err EKinb Err

(m) (m?) (m?) (m) (m) ) [0)) )] 0 )] 0

1A 20.2 4600 684 215 3 1x 10M 1.5 x 1010 3 x10'0 5 x 10° 9 x 10° 2 % 10°
1B 133 1430 -195 155 -2 3 %100 4% 10° 9% 10° 1x10° 3 x 10° 7 x 108
2A 12.4 1180 —199 14.7 -25 2.4 % 100 4.5 % 10° 7 x 109 1x 10° 2.4 % 10° 5x 108
2B 10.6 765 —-70 11.2 -1 1.6 x 10'° 1.6 x 10° 4x10° 4% 108 1.9 x 10° 4% 108
3A 8 350 / 20.9 / 8 x 10° / 2 x10° / 7 x 108 1x108
3B 9 485 / 23 / 9.9 x 10° / 3 x 10° / 9 x 108 2 x 108

3 The Ecrar has been calculated based on the method of Goto et al. (2001).

b The Ey, represent an average of two values measured considering an initial ejection velocity of 40 and 50 m, respectively.
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Fig. 4. SEM images showing: (a) crystal and glassy particle showing fresh fractures; (b) glassy particle with fresh fractures; (c) aggregate and glassy particle showing old
fracture around pore wall; (d) glassy particle showing fresh fractures around pore wall and secondary alteration minerals; (e) alteration minerals aggregate with fractures
around some of the pore walls; (f) glassy particle showing fresh fracture around pore walls.

non-juvenile particles only, characterized by a variety of surface
morphologies and particle shapes. We identified four subgroups,
the first of which is composed of blocky lithic grains, with more
or less equant shapes showing a variable proportion of vesicles,
small microlites, signs of chemical pitting and strong hydrother-
mal alteration (Fig. 4). Hydrothermal minerals clustered in a highly
variant shape, from spherical to “agglutinate” in profile, form a sec-
ond and predominant subgroup which we refer to as aggregates
(Fig. 4c, e). SEM images that show particles in different stages
of hydrothermal alterations indicate that the two further sub-
populations exist: spherical amygdule vesicle-infillings and pure
crystals (Fig. 4a, d, e). A minor but significant amount of fresh frac-
ture surfaces were found on both, lithics and agglutinates. While it
was beyond the scope of this study, a quantitative approach could
be used to determine the proportion of different grain types.

4.5. Particle volume and mass

The volume of ejecta produced by the 16th August event was
calculated using three different approaches.

Firstly, the volume was determined by measuring the de-
posit thickness at various locations across and down the main
northward-directed dispersal axis. Based on the direct integration
of the isopach map (Fig. 3a, d), the minimum volume of the de-
posits is estimated to be approximately 6 x 10> m>.

The second method; exponential decay of deposit thickness
away from the craters (Pyle, 1989) is approximated by a straight
line on the semi-log plot of thickness vs. the square root of the
area (Fig. 3). The extrapolated To (maximum thickness at area
equal 0) and the rate of thinning measured by b, =In2/(k x w1/2),
where k is the line slope (Pyle, 1989), were then used to calculate
the volume:

V =Tp x 13.08 x b? (1)

to yield a volume of 7 x 103 m3.
A third estimation of the deposit volume was obtained accord-
ing to the method of Sato and Taniguchi (1997), which is based on

the relationship between crater diameter (R) and ejecta volume

V):
R=0.97 x v036 (2)

This relationship was used to estimate the volume for each
recognised crater and yields 8 x 103> m3 (Table 1).

That all three volume estimates are quite consistent, probably
reflects the fact that 1) most of the ejected material was deposited
ballistically around the craters with little effect of wind dispersion
(Pyle, 1989), and 2) the models yield better results with shallow
events (Sato and Taniguchi, 1997; Goto et al.,, 2001). Assuming a
field-measured bulk density of the ejected material of 1.1 g/cm3,
the calculated mass is thus c¢.7.3+1 x 105 kg.

5. Seismic studies

Seismic monitoring of the Kverkfj6ll caldera and other volca-
noes in Iceland is operated by the Icelandic Meteorological Office
(IMO). The network consists of mostly short period (Lennartz 5 s)
stations, but in the Vatnajokull area several broad band stations are
present (TRC20 20 s, Guralp 30 s, 60 s and 120 s). Real-time events
recorded at the stations are automatically located and their mag-
nitude is estimated within minutes of their occurrence. In August
2013 the closest station was at 19 km distance from Kverkfjoll,
with 10 additional stations within 64 km (Fig. 5a). An explosion
event was recorded on 16th August at 10 stations, very emergent
and well above noise level (Fig. 5b). The signal appeared as a short
tremor burst and therefore difficult to locate. An approximate lo-
cation of roughly 2 km northeast of the explosion craters was
obtained from the first arrivals at the three closest stations (kre,
dyn, mko). The onset of the event was approximately 00:46:57.
A continuous seismic trace from noon on the 14th of August at the
closest station (kre) shows no other event of comparable amplitude
that is not a confirmed earthquake elsewhere. The timing of the
seismic signals and the observations at the glacier margin men-
tioned earlier, suggest that most of the water had already drained
from the lake in the early hours of the 16th and that maximum
flow occurred at the glacier edge during the night.
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Characteristics of the signal from the closest seismic station
(kre) indicate a duration of 40-50 s (spectrogram in Fig. 5c). Possi-
bly smaller events, of shorter (10 s) duration, followed for another
1.5 min. Therefore most of the energy appears to be released in
the first explosion. Amplitudes are too small to be seen above the
micro-seismic noise, so the signals are only observed at frequen-
cies higher than 0.5 Hz. Most of that energy is concentrated be-
tween 0.5 and 2.5 Hz, but frequencies of up to 4 Hz are observed.
Tremor bursts in his frequency range are commonly observed on
the seismic network during subglacial floods, reflecting the low-
frequency source and the dominance of surface waves due to the
shallow source depth (Vogfjord et al., 2013). The smaller events
are poorer in lower frequencies and peak around 2.1 Hz. A faint
tail of elevated tremor, possibly reflecting vigorous boiling follow-
ing the explosions, is observed for several minutes following the
initial energetic events.

Peak ground velocities (PGV) and their decay with distance is
shown in Fig. 5d together with the noise level for comparison.
To estimate the seismic moment (M) for the event, the peak
amplitudes were fitted to an attenuation relation between PGV
and moment magnitude (Myy, ) derived for earthquakes in Iceland
(Pétursson and Vogfjord, 2012). The median of the moment magni-
tude estimates from each station indicates a My = 1 and seismic
moment My = 4 x 10! Nm. However, considering that similar
magnitude and shallow earthquake sources located at Kverkfjoll
are usually only 10-15 s long at station kre, while the event is

of 40-50 s duration, the cumulative seismic moment for the event
is estimated to be 4 x Mg~ 1.6 x 10'! Nm.

Estimation of seismic energy (Es) radiated by the explosion
was obtained using a relation between the seismic moment and
energy, Es = My x 10748 (Choy and Boatwright, 1995). The rela-
tionship holds for many orders of magnitudes, different data sets
and different regions, revealing a large spread in the data around
the regression fit (Choy and Boatwright, 1995; Choy et al., 2006),
and representing a rough estimate of the energy. By assuming
Es/Mg~107%-107%, and considering that the event is dominated
by low frequencies, we expect the radiated energy to be on the
lower end of the range, giving the estimate Eg ~ 106 J.

6. Laboratory studies

We analysed the permeability of samples taken during the field
campaigns, with special focus towards the clay-rich levels observed
in the successions (Fig. 2 and Figs. 1, 2 suppl. mat.). Additionally,
we explored if these clay levels are likely to act as capping layers
to area below, enhancing the pressure build-up during the explo-
sions. Further, we conducted decompression experiments mimick-
ing the conditions created during lake drainage to investigate the
ejection dynamics as well as potential changes in the grain-size of
the ejected particles due to fragmentation and compared the re-
sults with field-based information.
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6.1. Permeability measurements

Water permeability measurements were conducted in a steady-
state permeameter. The unconsolidated samples were placed in a
stiff rubber jacket, carefully saturated with water and compacted
under a uniaxial pressure of 0.3 MPa, corresponding to the in-situ
pressure before the lake drainage. This procedure resulted in frag-
ile but coherent cylindrical samples with a diameter of 20 mm and
lengths ranging from 30 to 40 mm. The fluid volume flux was mea-
sured during steady state flow at a confining pressure of 0.3 MPa
and four different water differential pressures ranging from 0.02 to
0.1 MPa. Permeability was derived from the flux measurements by
using Darcy’s law (de Marsily, 1986).

Two partially-altered clay-rich samples collected from 10 to
15 cm thick layers at the crater 2 and 3 (Figs. 2, 3 and Fig. 1
suppl. mat.), and one relatively unaltered sample close to the rim
of crater 3 were investigated. The sample from crater 2 shows a
bluish, clay-rich component in the lower part of the level, and a
more sandy-rich portion in the upper part. The clay sample from
crater 3 is less enriched in sand than the sample from crater 2.
The third sample however, consists mainly of clay and is more ho-
mogeneous than the other two samples. From each of these, three
sub-samples were analysed for permeability in order to check the
repeatability of the obtained values (Table 1 suppl. mat.). We ob-
tained permeability values of 2.3 x 10714 m? and 3.8 x 101> m?
for the sand-enriched clay levels, sampled at crater 2 and 3, re-
spectively. The homogeneous clay-rich sample has a lower perme-
ability of 1.2 x 10~17 m2, due to its high clay content.

To explore the capability of these different clay level to act as
barrier enhancing the pressure build-up, we consider the follow-
ing assumptions: 1) the lake drainage caused a pressure decrease
on the lake bottom sediments of approximately 2 bars (ca. 20 m
of water column above the crater area; see section 4.2); 2) the
decompression triggered the boiling of the fluids within the lake
sediments (see section 8); 3) the time needed to release the boil-
ing vapour pressure through these clay-rich levels is controlled by
their permeability and thickness, according to a simple Darcian up-
flow (de Marsily, 1986). Thus the calculated flowing time through
the sand-enriched levels ranges between 2 and 3 hours using the
first permeability value reported above, and between 11 and 16 hrs
using the second value. However, the permeability value for the
clay-rich level equates to a drainage time ranging between 150
and 200 days. Accordingly, and considering the lake drainage dura-
tion (10-15 hrs), we speculate that the clay-rich levels (including
those slightly enriched in sand) likely acted as a barrier to fluid
flow prior and/or during the hydrothermal explosions due to their
significantly longer flowing time.

6.2. Decompression experiments

6.2.1. Methods

We conducted rapid decompression experiments on particle-
water mixtures using the shock-tube apparatus at LMU, described
in detail by Alidibirov and Dingwell (1996) and developed further
by e.g. Alatorre-Ibargiiengoitia et al. (2010); Rager et al. (2014);
Mayer et al. (2015). The apparatus consists of a large upper cham-
ber at ambient pressure and temperature conditions, and a small
high-pressure chamber (autoclave) which is heated and pressur-
ized, usually by Argon gas (Fig. 4 suppl. mat.). The autoclave is
separated from the chamber by a series of diaphragms. Controlled
rupturing of the diaphragms initiates rapid decompression of the
autoclave. A transparent section at the bottom of the large cham-
ber allows monitoring of the sample ejection by a high-speed cam-
era. The ejected material is recovered, and analysed for its shape
and grain-size distribution analogous to the samples of the hy-
drothermal explosions deposit (see sections 4.3 and 4.4). These

experiments qualitatively investigate the role of the loose nature of
the material involved on the fragmentation and ejection dynamics
of explosions. We looked at the changes in grain-size distribution
of pre-sieved material, and measured the velocities of ejected par-
ticles.

The pre-sieved unconsolidated material from the Gengissig sed-
imentary succession that served as sample material included all
the main components, from lava and scoriaceous clasts to aggre-
gates. Different combinations of grain-sizes were used to investi-
gate the effect on fragmentation and ejection behaviour (Table 2
suppl. mat. and Fig. 6). Cylindrical steel crucibles (34 mm in di-
ameter and 70 mm long) were completely filled with particles
of known grain-size. Gentle tapping of the particle-filled crucible
ensured comparable conditions in terms of particles amount and
porosity for different experiments. Using the weight of the parti-
cles and the volume of the crucibles, porosity could be estimated
(Table 2 suppl. mat.). A fairly high bulk porosity was obtained due
to the use of mainly coarse material, but these conditions were in
line with the experiment purpose. After placement in the crucible
the samples were placed in water and kept in a moderate vacuum
to assure a complete saturation of the porous particles.

The pressure and temperature conditions used in this study
represent those of the decompression following the Gengissig
drainage. The water height at the craters area dropped ca. 20 m,
corresponding to a pressure drop of approximately 0.2 MPa. We
assume that the water temperature at the lake bottom corre-
sponds to the boiling temperature under pressure prior to drainage
(~0.3 MPa), which is 133.5°C (see section 8). The decompression
results in the explosive boiling of the water (and so the steam for-
mation), which is driving the explosion and is the same process
invoked for the Gengissig case. During experiments the entire pres-
surization, heating and dwelling process lasted 20-30 min, ensur-
ing the samples reached thermal equilibrium (Fig. 4 suppl. mat.).

6.2.2. Results

The grain-size distribution of the recovered material was anal-
ysed and compared to that prior to the experiment. All grain-size
distributions of the ejected samples exhibit an increased weight
fraction of ash-sized particles (Fig. 6). This may be an indication
of fragmentation as well as other size-reducing processes such as
disintegration of aggregates. A qualitative morphological analysis
was performed on the 180-250 pum fraction of two samples, which
contained most of the freshly-fragmented material (Fig. 6a). In
this grain-size fraction only minor evidence was found for freshly-
formed fractures, possibly due to the lack of fracturing occurring
in that grain-size fraction, or due to the lack of fresh material in
which fractures could be recognised. Analogous to the analysed
particles from the hydrothermal explosion deposits, most clasts
consist of aggregates (Fig. 6b, d). These are usually composed ei-
ther by fragments of crystals and glassy parts in a matrix of alter-
ation minerals, or by clusters of alteration minerals only (Fig. 6a,
d). The remaining particles in that size range are mainly glass
fragments covered by a blanket of micron or sub-micron sized al-
teration minerals (Fig. 6¢).

The ejection velocity of the gas-particle mixture was obtained
from high-speed video recordings of each experiment. Results
showed in Fig. 7 indicate that the clasts were ejected with veloci-
ties of up to 100 m/s. In all the experiments for particles smaller
than 1 mm the initial ejection speed is of 60-100 m/s, whereas the
first larger particles (>2 mm) are ejected later and show a velocity
range of 40-50 m/s.

7. Energy considerations

Estimates of the energy associated with these hydrothermal ex-
plosions includes the mechanical energy required to produce the
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observed cratering and ejecta, balanced with the energy available
for the explosive processes.

The calculation of available energy is based on the thermody-
namic change of the geothermal system before and after drainage
pressure failure (Muffler et al., 1971; Mastin, 1995). The estimated
energy is approximate as the rock properties prior to the explosion
and the depth of the craters are imperfectly known. Additionally
the irregular crater shape, assumed here to be circular/elliptical,
and errors in the deposit volume calculations (Table 1), add a cer-
tain degree of uncertainty to our estimation. For each observed
crater we assumed a conical vent. The diameter and estimated vol-
ume was used to calculate the focal depth of the explosion (or
the deepest level from which rock material was removed) defined
as the tip of the downwards pointing cone. The estimated depths
range between 11 and 23 m (Table 1).

As described in section 3 these explosions were triggered by a
decrease in confining pressure as a consequence of Gengissig lake
drainage (1637 to 1607 m a.s.l. in ca. 10-15 hrs; Fig. 8a). The pres-
sure failure caused boiling in the surficial geothermal reservoir and
thereby explosions (Fig. 8b—d). The area where the explosions de-
veloped was roughly ca. 20 m below the lake level. A maximum
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Fig. 7. Ejection velocities of particles with time, measured using image analysis of

high-speed camera footage. Within inlet the difference in the ejected particle size
is shown.

drainage of 30 m was instead reached in the deepest, southern
part of the Gengissig lake (Figs. 1 and 8a).
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The drainage of the glacially-dammed lake reduced the effec-
tive confining pressure on the sub-lacustrine hot-spring system
(corresponding to the craters area as mapped from the field; see
section 4.2) by the equivalent of a ca. 20 m water column (approx-
imately 0.2 MPa), and the controlling boiling point curve became
relative to a free-water level at 1617 m a.s.l. Here, the declining
water level results in higher steam pressures developing close to
the ground surface as boiling conditions descend deeper into the
reservoir (Muffler et al., 1971; Browne and Lawless, 2001). The
temperature of the lake bed at points of thermal up-flow is as-
sumed to be 133.5°C. Similarly, at a depth of 25 m, slightly below
the maximum focal depth, it is assumed to be 155.5 °C. Parts of the
affected system may not have been at maximum permissible tem-
peratures, and so the average initial temperature is conservatively
assumed to be 144.5°C (Fig. 8c). Thus the hydrothermal explosion
process assumes water at an initial temperature of 144.5°C and
pressure of 0.3 MPa which flashes to steam, cooling to approxi-
mately 94.87°C (the boiling point of water at 1617 m a.s.l.). At
the same time, additional heat is transferred from rock debris to
the water, causing further steam production. Therefore, assuming
an isolated system, a reservoir pore volume of 28% (averaged value
for sand-gravel mixed deposits), a heat of vapourisation for water

of 2.26 x 10° J/kg, and an isenthalpic and irreversible depressuriza-
tion, the energy available for craterisation and ejection is (Muffler
et al,, 1971):

AEth =[m; x ¢cr x At]+ [x X My X (Uﬂ _yt2 )]

water steam
+ [(1 — X) x My X (U\t/\}ater - U\t/\%ater)] (3)

X = steam fraction (calculated by using:

At X (Myy, X Cpy +Myp X ) =X XMy X L);

my-my, = rock-water mass (kg);

¢r = rock specific heat of 900 J/kg x °C (assuming an average
lava composition);

U™-2 — jnternal energy before and after explosions.

Thus we estimated a thermal energy ranging between 7 x 10° |
and 1 x 10! | for the different craters (Fig. 9 and Table 1).

Craterization energy is assessed using the cube-root similarity
rule of explosion dimensions (Nordyke, 1962; Sato and Taniguchi,
1997; Goto et al., 2001). This method, which assumes a scal-
ing relationship between the craters formed by individual explo-
sions and explosive energy and depth, has been proved to be
valid on a wide range of scale and holds well for surficial ex-
plosions (Lee and Mazzola, 1989; Sato and Taniguchi, 1997 and
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(Exin) energy vs. crater size (see also Table 1). (b) Log-log plot showing the ratio of
craterisation and kinetic energy to thermal energy.

reference therein). Valentine et al. (2012) point out that final crater
size is not a good indicator of the energy of individual explo-
sions, especially for large scale maar-like events, since the final
size is the result of multiple explosions in the subsurface and
collapses of the crater rim. However, good agreement is shown
between the energy-crater size ratio of the studied hydrother-
mal explosions, and that of field-based explosion experiments per-
formed in loose material (Goto et al., 2001; Taddeucci et al., 2013;
Graettinger et al., 2014). We suggest that the similarity rule is ap-
plicable to our case because of the loose nature of the material
involved and the shallow depths of explosion. Furthermore in-situ
observation of the fresh morphology soon after the event suggest
that little changes in the crater rim shape occurred. Therefore, to
calculate the energy we use the similarity rule established by Goto
et al. (2001):

logD =0.32 x log Ecrat — 2.06 (4)

The results for the observed crater diameters (D) indicate an
energy (Ecrar) ranging approximately from 2 x 10° J and 3 x 1010 |
(Table 1).

The kinetic energy required to transport ejecta was also as-
sessed. With a well-constrained mass of the ejected material,
and neglecting the energy dissipated in the accompanying seismic
wave and air blast, we calculate the kinetic energy of the ejected
projectiles using:

Exin=1/2x M x V? (5)

Based on the distribution of the ballistically ejected material
(<10 cm in size and deposited within a range of 50 to 100 m from
the craters), and optimum angles of 70-85°, this yields an initial

velocity varying between 40-50 m/s assuming zero drag (Fagents
and Wilson, 1993). By using the field-measured density (1.1 g/cm?)
and the volume estimated at each crater we estimated an energy
range between 7 x 108 and 9 x 10° J (Table 1).

Finally, we evaluate the energy conversion ratio (hereafter ECR:
the ratio of the mechanical energy to the thermal energy), which
is an important parameter to define how efficiently the available
energy budget is partitioned. Fig. 9 shows both the ratio of cra-
terisation and kinetic energy over thermal energy plotted against
ejecta volume. The ECR of thermal to craterisation energy ranges
from ca. 23-30% whereas the kinetic energy associated with the
transport of ejected material is on the order of ca. 8.5-12%.

8. Discussion
8.1. Explosion mechanism and dynamic

The drainage of Gengissig lake on 15th to 16th of August 2013
caused a decrease in confining pressure beneath the lake bed
(4-8 Pafs), which triggered rapid boiling in the surficial geother-
mal reservoir (Fig. 8a-c), and lead to several hydrothermal explo-
sions through coarse unconsolidated sediments interbedded with
clay or clay-rich levels (seen in crater successions). As permeabil-
ity in unconsolidated clastic sediments is known to scale with
grain size, we can assume that the coarse (sand to gravel) sections
are sufficiently permeable to dissipate the pressure perturbation
caused by the lake drainage. In contrast, permeability measure-
ments of the clay-rich levels resulted in low to very low values
(1.2 x 10~17 m?), which excludes dissipation of the pressure over
the time of lake drainage and suggests that clay-rich levels can
have acted as capping layers in the Gengissig hydrothermal explo-
sions. Explosions are triggered if the residual pressure developed
below such a layer is sufficient to cause the failure of the cap-
ping clay level, and results in a sudden pressure drop below them
(Fig. 8). However, as the clay layers are only 0.15-0.2 m thick and
interbedded in coarse unconsolidated sediments, we expect them
to behave in a weak manner. When failure occurs, the generated
boiling-front penetrates downwards into the geothermal reservoir,
followed by the explosion front (McKibbin et al., 2009), where
the steam expands, fragmenting and dispersing the surrounding
material (Fig. 8c-d). Explosion continues until the rate of ground-
water boiling decreases and steam expansion ceases to provide
sufficient energy to eject rocks from the crater (Fig. 8d). The ex-
plosions at Gengissig occurred on the north-western side of the
lake, where the presence of fumarole systems and boiling pools in-
dicate a local high heat flow. Besides favouring pressurization, the
low-permeable clay level might helped maintaining liquids at boil-
ing conditions during the decompression phase by hindering the
migration of cold fluids into the explosion sites.

Based on the debris distribution, and assuming the downward
migration of the explosive process, we speculate that an initial
shallow phase of the explosion produced a funnel-shaped cloud
with clasts ejected at a low angle. This may have evolved into a
more elongated fan with a higher ejection angle as the focal depth
of explosion deepened (Fig. 8c-d). The ejection dynamics inferred
here are based on similarities with the jet shape produced during
natural eruptions (Yokoo et al., 2002), and on field-based explo-
sion experiments using loose material at varying shallow depths
(Ohba et al., 2002; Valentine et al., 2012; Taddeucci et al., 2013;
Graettinger et al., 2014).

Seismic data indicate that the explosive activity lasted approx-
imately 40-50 s. Assuming that many short-time scale explosions
occurred, of which the most intense shaped the final crater size
(Goto et al., 2001), we lack sufficient resolution to constrain the
duration of explosions at each crater (at least 9). Thus the contin-
uous signals recorded indicate that the explosive events may have



318 C. Montanaro et al. / Earth and Planetary Science Letters 434 (2016) 308-319

occurred sequentially or with a very short interval, possibly of sec-
onds, at the different craters.

Results from decompression experiments indicate the produc-
tion of “fresh” fine particles. Comparison of the morphology of the
newly-formed material with the pristine component would suggest
that the majority of the fresh fragments derive from dismembered
aggregates. Furthermore, the ejection velocities of the particles ob-
tained experimentally yield good agreement with the velocities es-
timated from field data. The very fine material is ejected at higher
velocities (100 m/s) compared to the lapilli-sized clasts (>2 mm).
The two velocity regimes fit well with the proposed scenario and
can explain the different ejection modes inferred from the de-
posits. Thus the fine particles are ejected at higher elevation and
caught by the wind, whereas the coarse material is emplaced bal-
listically around the crater area.

8.2. Energy budget and partitioning

The assessed thermal energy available in the hydrothermal sys-
tem at Gengissig is in the order of 10'' |, consistent with the
estimates made for similar-sized (i.e. crater size, deposit area and
estimated volumes) events in Yellowstone (Muffler et al., 1971;
Morgan et al., 2009). The energy required to excavate the ejected
material (approx. 10* m3) at Gengissig has been estimated to be
approximately 5.9 Jjcm® (ECR of ca. 30%). This value fits well with
the range of 3 to 15 Jjcm® estimated from field-based explosion
experiments performed in loose material (ECR between 30 and
70%; Valentine et al., 2012; Graettinger et al., 2014), and also with
the value of 8.4 J/cm® (ECR of ca. 40%) estimated by Muffler et
al. (1971). The ECR from thermal to Kinetic energy, assessed for
comparable hydrothermal eruptions occurring in cemented, mostly
consolidated or highly fractured rocks, ranges between 0.1 and 6%
(Browne and Lawless, 2001). However, we estimated a values of
ECR between 8.5 and 12% for the Gengissig hydrothermal explo-
sions (Fig. 9). We relate this highly efficient conversion to the
loose nature of the sedimentary material involved, as the energy
partitioning into fragmentation and viscoelastic deformation de-
pends strongly on media properties (Murphey and Vortman, 1961;
Goto et al,, 2001; Ohba et al., 2002; Valentine et al., 2012). Thus,
most of the mechanical energy has been used in the erosive pro-
cess of craterisation and ejection of material, with only a minor
(not quantifiable) amount consumed in fragmentation, as inferred
from the particles morphology. A very small portion (ECR <<
0.01%) is converted into seismic energy, while the remaining en-
ergy was dissipated as heat, generating steaming over days and
weeks following the explosions.

8.3. Broader implications

Our study on the Gengissig explosions has broader implica-
tions in terms of hazard management in Iceland and understanding
other similar events. In terms of hazard management, the seismic
data recorded in this event provide insight into how similar events
occurring in other remote, subglacial areas in Iceland might be de-
tected. In cases where a subglacial jokulhlaup path is long, signals
of this kind may occur before the onset of water drainage outside
the glacier edge. This has practical implications for hazards, since
the drainage of subglacial lakes has on several occasions caused
damage to roads, bridges and other infrastructure in Iceland.

In terms of understanding other similar events better, we note
that in the case of Gengissig the occurrence of explosions during
the re-equilibration of the geothermal system to lower pressure,
and hence temperature, depended on (1) the timescale of this
destabilization process, (2) presence of liquids close to the boiling
point at sub-surface, and (3) existence, and variability (thickness
and strength), of a near-surface low-permeable layer. These can be

generally considered the main factors controlling the response of a
reservoir to rapid decompression, which does not always result in
an explosion.

9. Conclusions

The 16th August 2013 hydrothermal explosions at Gengissig
lake were caused by a pressure failure that followed lake drainage.
The approach used here to investigate hydrothermal explosions
allowed us to constrain different aspects of these phenomena com-
bining 1) field analyses, 2) seismic signals and 3) laboratory ex-
periments. Our detailed mapping of the deposits soon after their
emplacement yields good estimations of the ejected mass and
volume, which are also reasonably consistent to theoretical mod-
els, making the Gengissig explosions a rare example of small hy-
drothermal explosions where full characterization of the events is
possible.

The comparison of the collected data with analytical modelling
yields a robust constraint on the energies released by these small-
size explosions. The characterization of the stratigraphic sequence
involved in the explosions provided an opportunity to understand
the effect of the host rock lithology, which here appear to control
the explosion dynamics and energy partitioning.

Furthermore the seismic energy released in this well-con-
strained event may be used to detect similar hydrothermal explo-
sions occurred in the past jokulhlaups. If validated, use of seismic
data might provide a proxy for future events and used in hazard
management.
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