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Little is known about the processes taking place in new-born hydrothermal systems.We investigate the eruptive
activity of Lusi, a sediment-hosted hydrothermal system active since 2006 in East Java, Indonesia. We show that
superimposed on the regular geysering activity, Lusi features periods of enhanced hydrothermal processes dur-
ing which boiling mud breccia is violently discharged from the eruptive vents. This results in sudden flooding
lasting from several minutes to several hours and featuring almost instantaneous temperature peaks (i.e. from
35 °C to more than 65 °C in less than 2 min). Such activity (here named hydrothermal waves) is marked by
high-frequency seismic radiations and is distinguished by sharp peaks of CH4 and CO2 concentrations in the
erupted fluids. This suggests fluids upwelling from at least tents of meters below the near-surface. The injection
into the shallow plumbing system of CH4- and CO2-rich batches of fluids may promote instabilities in the mud-
breccia column leading to the hydrothermal waves. Our findings provide key insights into the deep charging dy-
namics of a new-born hydrothermal system and highlight the effects imposed by subtle variations in fluid-
chemistry changes at depth.

© 2018 Published by Elsevier B.V.
1. Introduction

Hydrothermal systems are characterised by elevated geothermal
gradients and vigorous fluid circulation fuelled by magmatic bodies at
depth (Bryan, 2008; Lowenstern and Hurwitz, 2008). Geysers, although
not always present, burst hot fluids from eruptive vents providing spec-
tacular evidence of the intense activity occurring in such environments
(Kedar et al., 1996, 1998, Vandemeulebrouck et al., 2010, 2013; Cros
et al., 2011, Hurwitz and Manga, 2017). Recent studies suggest that
CO2 and N2 play key roles in controlling eruptive geyser dynamics
(Belousov et al., 2013; Hurwitz et al., 2016; Ladd and Ryan, 2016).
Mud volcanoes, on the other hand, are buoyancy- and overpressure-
driven geological phenomena occurring in sedimentary basins (Kopf,
2002; Mazzini and Etiope, 2017). In these environments the typically
methane-dominated fluids migrate from the hydrocarbon sedimentary
basins hosting the piercements. Minor amounts of hydrocarbons
heavier than methane, CO2 and N2 may also be present in the gas
phase (Mazzini and Etiope, 2017). Sediment-hosted hydrothermal sys-
tems (SHHS) are hybrid manifestations, sharing features of both hydro-
thermal and mud volcanic environments (e.g. Welhan and Lupton,
1987; Jamtveit et al., 2004; Mazzini et al., 2011; Mazzini et al., 2012;
Holford et al., 2013; Svensen et al., 2004; Berndt et al., 2016; Ciotoli
et al., 2016; Shuai et al., 2018; Mazzini et al., 2018). The fluids involved
may include biotic gases produced by the rapid thermal maturation of
kerogens and abiogenic gases derived from post-magmatic polymerisa-
tion syntheses. The most (currently) investigated SHHS is possibly the
Lumpur Sidoarjo (nicknamed Lusi) in the East Java basin, Indonesia
(e.g. Mazzini et al., 2007, 2012; Davies et al., 2008; Tingay et al., 2008;
Sawolo et al., 2009, 2010; Lupi et al., 2013, 2014; Fallahi et al., 2017;
Karyono et al., 2017; Svensen et al., 2017). Lusi is also the youngest
and largest active on-shore SHHS on Earth and therefore an ideal natu-
ral laboratory to investigate the early phases of the evolution of such
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systems. This paper focuses on the hydrothermal processes deviating
from the normal eruptive behaviours described by Karyono et al.
(2017) and investigates the aspects of rapid hydrothermal eruptions as-
sociated to abrupt emissions of hot CH4-CO2-rich fluids.

2. Geological framework

East Java features a transition from magmatic to sedimentary
volcanism from South to North (Fig. 1). Lusi is located in the centre of
such transition zone. The geochemistry of the expelled fluids reflects
Lusi's geological setting showing the coexistence of mantle- and
hydrocarbon-derived sources (Mazzini et al., 2012; Sciarra et al.,
2018). Closer observations suggest that volcanoes and the other
erupting systems develop along a NE-striking lineament (Fig. 1) buried
(and therefore inferred) in the volcanic arc and clearly recognisable in
the back-arc (Moscariello et al., 2018). The segment of such lineament,
upon which Lusi develops, is namedWatukosek Fault System and links
the back arc basin (where Lusi resides) with the nearby volcanic arc
(Moscariello et al., 2018; Sciarra et al., 2018). The role of theWatukosek
Fault System appears to be an important feature for the development of
Lusi as it streams magmatic fluids from the nearby volcanic arc to the
back-arc (Mazzini et al., 2012; Mazzini et al., 2018). Using passive
Fig. 1.Geographic distribution of eruptive centres in East Java, Indonesia. Volcanic systems (red
trending direction. Such lineament, calledWatukosek Fault System in the back arc basin, possibl
in the inset map. (For interpretation of the references to colour in this figure legend, the reade
seismic data Fallahi et al. (2017) performed an ambient seismic noise
tomography and mapped such connection at about 4.5 km depth in
form of a strong shear wave anomaly corresponding to the trace of the
Watukosek Fault System. Additionally, Fallahi et al. (2017) pointed out
that Lusi is not a shallow-rooted system but rather the surface expres-
sion of a crustal-scale hydrothermal plume departing from at least
6 km depth.

The hybrid magmatic-sedimentary nature of Lusi explains its long-
lasting eruptive dynamics ongoing since the 27th ofMay2006. Lusi's be-
haviour features about 20–30 min complete hydrothermal clastic-
geyser-like cycles that are subdivided by Karyono et al. (2017) as
i) regular bubbling, ii) clastic geysering, iii) clastic geysering with mud
bursts and intense vapour discharge, and iv) a quiescent phase. To
date, we have no constraints on the geometry of Lusi's shallow conduit
although preliminary data based on coring and GPS investigations
(Husein et al., 2016), in agreement with InSAR data (Shirzaei et al.,
2015), gravimetric surveys (Mauri et al., 2018), and ambient vibration
measurements (Panzera et al., 2018), inferred a subsiding funnel-
shaped area centred around the active vents. Numerical simulations
suggest that the deep part of Lusi's plumbing system may be
characterised by a conduit in the order of about 1 m (Collignon et al.,
2018).
triangles), Lusi (orange circle) andmudvolcanoes (yellow squares) are aligned along aNE-
y acts as a crustal discontinuity alongwhichdeepfluids are focused. Indonesian archipelago
r is referred to the web version of this article.)
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A man-made embankment surrounding Lusi's edifice confines the
erupted mud to avoid further flooding of the nearby villages. This
~7 km2 area is walkable on its outskirts (Fig. 2A). Two (sometimes
three) active vents in the centre erupt ca. 80.000 m3/day of boiling
mud breccia togetherwith aqueous vapour and CO2- and CH4-richfluids
(Mazzini et al., 2012; Vanderkluysen et al., 2014). The vents are
surrounded by a 600m (diameter) sub-circular inaccessible pond of liq-
uid mud breccia (hydrothermal pond) (Fig. 2B) where the fluids ex-
pelled from the vents are temporarily captured before draining out
through a dendritic network of streams (Fig. 2B, C).

3. Data

During May 2016 we instrumented the Lusi SHHS with
i) temperature and pressure sensors in the streams draining the hydro-
thermal pond, ii) CH4 sniffers hanging above the streams, iii) three seis-
mic stations and iv) a HD camera (Fig. 2A–B). We measured CO2
Fig. 2. Areal images of Lusi. The subaerial part of Lusi is framed by a man-made embankment c
circular zone hosts the two active vents and consists of liquidmud breccia (hydrothermal pond
this study. Note that one seismic station is outside the image and its location can be seen in pa
variations occurring in the streams using a portable (i.e. non-
continuous) accumulation chamber for diffuse soil degassing
(Cardellini et al., 2003). The goal of the experiment was to monitor
the behaviour of fluids flowing into the dendritic network of streams
draining the hydrothermal pond (Fig. 2C). This allowed us to capture
the occurrence of abrupt flooding events associated to rapid fluid tem-
perature changes and dissolved gas concentrations variations lasting
from several minutes to few hours. This phenomena is herein named
hydrothermal waves (HW).

As example, Fig. 3 shows the rapid evolution of a short-lived HW
captured on the 17th of May 2016 in the Southern stream (inspect the
Supplemental Video 1 for the full video). For this particular HW the ob-
served transport efficiency of the stream increased remarkably within
minutes, with the stream flow capable of transporting boulders about
60 cm in diameter after 3 min (Fig. 3C). The dimensions of the boulders
were estimated during the observation of the HWandmeasured down-
stream (after being transported). The phenomenon lasted about 10min
onfining the erupted products within a ~7 km2 area. A) Satellite image of Lusi. The central
). B) Detail of the hydrothermal pond and streams and location of the instruments used in
nel A). C) Lusi areal image captured with a drone.



Fig. 3. Temporal evolution of flow in the south stream during a short-lived hydrothermal wave. The time elapsed in the bottom right corner (mm:ss) points out the speed at which hydrothermal waves develop. Note in panel C the large boulders
carried by the current. For reference in panel B the measuring pole emerges for about 1 m. Using Manning's equation on the best-monitored stream points out a flow rate in the order of 1 m3/s per stream during hydrothermal waves.
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Fig. 4. Rise of the stream level during hydrothermalwaves. Panels A–C refer to the hydrothermalwave shown in Fig. 3. The units marked on the pole are centimetres. The emerged part of
the stick shown in panel D–F is about 40 cm long.
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and compared to other recorded HWs is short-lived. HWs cause a sud-
den rise of the stream level (Fig. 4). This is strongly controlled by the
width of the stream with more rapidly rising levels occurring in
Fig. 5. Temperature variations at monitored streams. From the 15th to the 31st of May 2016
selected streams draining the hydrothermal pond surrounding Lusi's active vents. Red-shaded
shaded vertical band on the 17th of May frames the HW shown in Fig. 6. The grey-shaded ho
underwater (i.e. the monitored stream temporarily dried out). Note that the W stream showin
from the vents. (For interpretation of the references to colour in this figure legend, the reader
narrower streams. For instance, a 2 m wide stream such as the one
shown in Fig. 3 may experience 20 cm rise in less than 3 min (Fig. 4A–
C). HWs are often (but not always) synchronously observed in all the
we monitored temperature (as well as pressure and CH4 concertation) variations in four
vertical bands show HWs simultaneously occurring at more than one stream. The green-
rizontal band ending at about 27 °C indicates times when the thermocouples were not
g lower T and less fluids (blue line often in the grey horizontal band) is the most distant
is referred to the web version of this article.)
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monitored streams even during long-term monitoring. HWs that are
not observed in all the monitored streams are in general characterised
by a weaker flow rate. We could not accurately quantify fluid volumes
released during HWs due to the lack of synchronous control on all the
(at least) 12 major streams draining the hydrothermal pond.

Fig. 5 shows the temperature evolution in the monitored streams
over 16 days pointing out that temperature variations may last from
several minutes to several hours. During a HW the stream temperature
may increase suddenly from about 35 °C to about 50 °C with peaks
above 65 °C. Temperature variations may change according to the
Fig. 6.Temperature, pressure and CH4 concentration variations on the South streamon the17th
CH4 variations are recorded using a sniffer Figaro (TGS 2611) CH4-meter placed 50 cm above th
flowing in the stream.
monitored locations, with streams further away from the vents record-
ing lower variations. Additionally, arrival times of the eruptedfluids into
the streams depend on their tortuosity inside the hydrothermal pond
(streams start to form fromwithin the hydrothermal pond, Fig. 2C). Vi-
sual inspection of camera recordings suggests that stream level in-
creases recorded at a single stream are associated to major clastic
geysering eruptionswithmud bursts and intense vapour discharge last-
ing approximately 5 min. However, although HWs may begin with
clastic-geysering explosions (i.e. phase 3 described by Karyono et al.
(2017)) they differ from the periodic cycles since are associated to a
ofMay 2016. Panel A, B, C show temperature, pressure and CH4 concentration, respectively.
e stream. The measured values are the ones of the exsolved gaseous phase from the fluids
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much more vigorous eruptive activity, last up to several hours (Fig. 5)
and are recorded simultaneously at multiple streams. HWs seem to
have a broad recurrence of two to three events per day with HWs vary-
ing in magnitude (i.e. temperature changes) and duration (Fig. 5 and
Supplemental Video 1). Short-lived HWs may last up to about 10 min
while periods of long-lasting (i.e. several hours) enhanced hydrother-
mal activity (e.g. refer to May 17th or May 24th in Fig. 5) may reach
up to about 3 h. Fig. 5 also shows that Lusi is marked by an oscillatory
behaviour resulting in a pseudo-sinusoidal evolution of the tempera-
tures recorded in the streams (i.e. proportional to the temperatures
emitted at the active vents).

HWs not only cause rapid temperature (Fig. 6A) and pressure
(Fig. 6B) variations but also sharp variations in gas concentration in
the liquid phase (Figs. 6C, 7). We measured CH4 concentrations using
the Figaro (TGS 2611) CH4-meter designed to detect atmospheric CH4

variations. Fig. 6C shows an example of the CH4 changes linked to a
HW. CH4-concentrations increase sharply during HW arrivals, followed
by a decay that ismore rapid than the one observed for temperature and
pressure (Fig. 6A, B, and C show T, P, and CH4, respectively, for the HW
marked in green in Fig. 5). Short-lived HWs cause less pronounced CH4

variations (e.g. compare the two HWs in Fig. 6). Additionally, wind (di-
rection and intensity) may bias measured CH4 values. The viscosity of
the transported fluids increases significantly during the final phases of
a HW because of the higher content of suspended particles and clasts
entrained in the flow (e.g. compare Fig. 3B and E). We speculate that
this is caused by the more intense erosion exerted by the eruptive mix
on thewalls of the conduit,mixingwith shallow groundwater (and pos-
sibly also by the flow of fluids in the streams). The concentration of CO2

during hydrothermal waves was measured with the accumulation
chamber method (i.e. not in continuous). Data shown in Fig. 7 indicate
that CO2 variations (mimicking CH4 variations) also occur during HWs.

4. Discussion

The simultaneous occurrence of HWs at various streams suggest that
HWs are not surface processes-driven, for instance, by the progressive
fill up and consequent expulsion of fluids from the hydrothermal
Fig. 7. CO2 and CH4 concentration variations on the South stream on the 23rd of May 2016. M
short-lived hydrothermal waves. The data show that hydrothermal waves are also associated t
pond. Instead, observations suggest that HWs are linked to processes
connected to the Lusi venting activity. To investigate whether this is a
plausible hypothesis we deployed three seismic stations (see Fig. 2A, B
for locations) to verify potential links between hydrothermal waves
and venting activity. The associated signal often appears on the three
stations with stronger amplitudes being recorded on the sensors closer
to the vents. HWs do not appear on the seismic records as impulsive
events with sharp wave arrivals, but rather as emergent high-
frequency signals (Fig. 8) merging into an overall high-frequency seis-
mic noise.We recognise that the seismic signals can include surface pro-
cesses such as flashing of fluids and stream flows marked by frequency
ranges similar to the ones of the clastic geysering described by Karyono
et al. (2017). The seismic records of the (only) broadband station de-
ployed inside the embankment of Lusi (Fig. 2) show that at low periods
(i.e. 0.01–0.1 s) the signal may be dominated by surface processes. This
is highlighted by larger amplitudes recorded on the horizontal compo-
nents compared to the amplitudes recorded on the vertical component.
Unfortunately, the short period stations deployed around Lusi do not
allow us to verify observations investigating frequencies lower than
1 Hz. Above 1 Hz the difference of waveform amplitude recorded on
the vertical and on the horizontal components become negligible and
the seismic signals show a broad consistency across the three seismic
stations. Fig. 9 shows how temperature increase at streams may be de-
layed and yet associated to an increase of the amplitude of the seismic
noise. The seismic noise shown in Fig. 9 is the result of several overlap-
ping (and merging) high-frequency signals previously described by
Karyono et al. (2017). We rule out that the seismic records reflect only
turbulent flow of hydrothermal fluids in the streams because HW sig-
nals above 1 Hz are consistent across stations, last several minutes,
and are also recorded on the seismic station deployed about 3 km
from the vents (and far away from any stream, Fig. 2A). The emergent
nature of the seismic signal also rules out any possible dip- or strike-
slip source that might be expected from ongoing deformation at depth
(i.e. faulting processes or subsidence of the Lusi's edifice). It is also un-
likely that the emergent signals are of tectonic origin because this region
is deforming aseismically (Obermann et al., 2018). Most notably, by
inspecting continuous camera recordings we can infer that HWs are
onitoring was done using the accumulation chamber positioned above the stream during
o CO2 concentration changes in the fluids.



Fig. 8. Seismic signal caused by the occurrence of long-lasting hydrothermal waves. We used two short periods LE-3Dlite Lennartz and one 20 s trillium compact seismic sensors located
300 m, 3000m and 600 m away from the vents, respectively, all equippedwith Taurus digitizers (see Fig. 2). All stations sampled at 100 Hz and show velocity (instrument response was
taken into account). The seismometers were deployed far from the streams to avoid surface noise. The signal occurring approximately at 3000 s is consistent at all the stations.
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associated with periods of enhanced activity of the vents where H2O-
CO2-CH4 plumes rise up to 60 m above the ground. Unfortunately, we
could not accurately locate the source of the signal associated to HWs
because of a dearth of stations and the emergent nature of the signal.
However, coupling camera and seismic recordswith previous investiga-
tions allowed Karyono et al. (2017) to estimate that the signal associ-
ated to hydrothermal explosions is located at a depth between 30 m
and 50 m inside the hydrothermal feeder channel. Intriguingly, such
depths correspond to the region where the fluids abruptly accelerate
due to the volumetric expansion of theH2O-CO2-CH4mixture ascending
in the conduit (Collignon et al., 2018). Temperature and geochemical
variations of CH4 (and CO2) recorded during HWs suggest that such
events may be linked to deep processes. Collignon et al. (2018) numer-
ically simulated transport dynamics taking place in the upper part of
Lusi's plumbing system. Theirmodel solves the conservation ofmomen-
tum andmass for compressible viscous fluids considering H2O-CH4 and
H2O-CO2 mixtures. The data presented here seem to indicate that HWs
are associated to more vigorous hydrothermal explosions possibly
driven by enhanced injections at depth of CH4- and CO2-rich mixtures.
Collignon et al. (2018) suggest that small increases of CO2 or CH4 at
depth lead to an increase of the maximal upwelling velocities in the
shallow part of the conduit (Fig. 10). However, this observation cannot
be applied to calculate the subaerial exit velocity of the geyser-like ex-
plosions featured at Lusi. Nevertheless, themodel describes the acceler-
ation experienced by the rising fluids before hydrothermal explosions
nucleate in the final part of the conduit. Karyono et al. (2017) in agree-
ment with Vanderkluysen et al. (2014) suggest that such nucleation
may take place at about 30 m depth. According to Collignon et al.
(2018) tripling the CH4 concentration released from depth (e.g. from
0.5 mol·kg−1 to 1.5 mol·kg−1) leads to larger velocities (i.e. from
0.5m s−1 to 3.5m s−1) in the shallowpart of the conduit. Similar results
are obtained for CO2. This implies that the coupled effect of



Fig. 9. Comparison between temperature variations at streams and seismic signals. Temperature variations are associated to a marked increase of the seismic noise in the high frequency
range. A) Temperature variations from 16th of May to the 17th of May at three streams (no signal was recorded at stream SE). Bandpassed (5–15 Hz) seismic records showing velocity of
the broadband (panel B) and short period (panel C) seismic station. Note that the onset of the larger amplitudes are broadly correlating but the signal is strongly attenuated in the short
period station. The instrument response was taken into account.
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concentration increase of CO2 and CH4 promotes rising speeds in the
conduit (i.e. before hydrothermal explosions nucleate) approximately
6 times larger. The same model also predicts that the injection in the
plumbing system of hotter fluids (e.g. at 150 °C) affects themaximal ris-
ing velocities only to a lesser extent (from 0.5 m s−1 to 1 m s−1) com-
pared to the injection of higher concentration of CO2 and CH4.
Alternative explanations arguing for a shallow origin of the hydrother-
mal waves may be related to conduit instabilities (i.e. caving) or tran-
sient enhanced phase separation of the upwelling mixtures at shallow
depths. Such shallower triggering processes may not be necessarily
decoupled from deep dynamics (e.g. Malvoisin et al., 2018).

Wepropose that HWs result froma rapid ascent of slugs offluidmix-
tures enriched in CH4 and CO2. The consequent H2O-CO2-CH4 phase
separation and expansion may produce parossistic hydrothermal
activity and rapid flashing of fluids in the hydrothermal pond that in
turn leads to strong flows in the streams. That is, increased production
of CH4 and CO2-rich slugs at depth during periods of enhanced hydro-
thermal activity appear as hydrothermal waves recorded in the streams
(Fig. 11). The ascent of slugs of hydrothermal fluids in the feeder chan-
nel may also explain the emerging resonating signal possibly associated
to fluid wagging in the conduit (Jellinek and Bercovici, 2011).

5. Conclusions

We monitored the temperature, pressure and gas content of the
streams draining the Lusi sediment-hosted hydrothermal system. In
parallel, we recorded the seismic activity of this eruptive system with
three seismic stations discovering periods of enhanced fluid discharge



Fig. 10. Numerical simulations of mud-breccia mixture upwelling in the conduit. The values are calculated using the approach of Collignon et al. (2018). By varying the concentration of
(A) CO2, (B) CH4, or (C) the temperature of the fluids entering the Lusi plumbing system the maximal velocity at the emission vents changes due to volumetric expansion of the gas
mixture. The CO2 and CH4 gas concentrations are based on published data (Vanderkluysen et al., 2014) and provide a conservative estimate. Note that based on previous analysis
(Collignon et al., 2018) the diameter of the conduit is assumed to be 4 m wide.
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from the active vents linked to high-frequency seismic radiation. This
causes rapid fluid transports in the streams during which temperature,
pressure, and CO2 and CH4 concentrations abruptly increase.We named
this phenomenon hydrothermal wave. The discovery of such process at
a very young hydrothermal system (Lusi) offers numerous possibilities
for future explorations such as the monitoring of near-critical systems
like Lusi for earthquake forecasting or the transient nature of fluid
flow in high-enthalpy hydrothermal systems. To date, insights into con-
trols on eruptive behaviour have been restricted to observations in ma-
ture hydrothermal environments like e.g. Yellowstone and Iceland. Our
observations from a very young and still unstable system that only re-
cently pierced the surface (i.e. in 2006) provides an opportunity to dis-
cover new dynamics unknown in settled hydrothermal systems. The
study of hydrothermal waves in more detail will reveal important un-
derlying processes of large-scale volcano-linked hydrothermal systems
with implications for volcano dynamics, volcanic hydrothermal sys-
tems, and even geothermal energy exploration.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jvolgeores.2018.09.006.
Fig. 11. Cartoon illustrating the process generating hydrothermal waves in the monitored
hydrothermal pond and slowly drained from the streams. When deeper CO2- and CH4-rich flu
more vigorous causing sudden flooding events that we named hydrothermal waves.
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