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ABSTRACT

This study demonstrates how the sounds of subaqueous gas seeps can be used to measure the volume of volcanic gas being
released into an active crater lake, weeks before an eruptive period. A hydrophone placed in Poas crater lake recorded changes
in the subaqueous soundscape over the course of one month. Using new passive acoustic inversion techniques, we were able
to measure the volume of gas being released from the lakebed at a sample rate of 5 min, far higher than traditional sub aerial
gas sampling techniques. Comparing these findings to local seismic measurements allowed us to observe variations in gas flux
driven by both volcanic and non-volcanic factors. Non-volcanic causes consist of small-scale diurnal variations of ~2 L min"
driven by local atmospheric pressure conditions. We also see a large and abrupt aseismic mass bubbling event releasing 18,000
+ 3000 L of gas in just 15 hours (compared to a daily average of 3600 + 500 L) likely resulting from the collapse of gas pocket(s)
in the sediment underlying the lake. Alongside an even larger mass bubbling event releasing 30,000 + 5000 L of gas in 24
hours correlated with local seismic activity, presumed to be triggered by excess volatiles being released from deeper within
the volcano, which preceded a new eruptive period at Pods volcano. This work paves the way for future studies to quantify

subaqueous volcanic gas emissions via hydroacoustics, a potential new volcano monitoring technique.
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1 INTRODUCTION

Volcanic degassing is a well-known phenomenon, with H,0,
COy, SO, and other gases rising from magma reservoirs in the
crust to the surface through various conduits and cracks [Chio-
dini et al. 2016; Longo et al. 2021]. A correlation between the
level of volcanic activity and degassing has long been noted
but is yet to be empirically quantified [Vandemeulebrouck et
al. 2000; Caliro et al. 2004; Caudron et al. 2012; Chiodini et
al. 2016; Longo et al. 2021; Caudron et al. 2022]. This is be-
cause accurately measuring the volume of gas released from a
volcano is extremely difficult. Subaerial gas vents (fumaroles)
are often easy to locate but can be challenging or impossi-
ble to sample. Though gas monitoring techniques such as
Multi-GAS greatly improve the sample rate of atmospheric gas
measurements and show promise for eruption forecasting [de
Moor et al. 2019], gas data acquisition still does not compare
with the sample rate of seismic data, typically only provid-
ing a couple of measurements a day compared to sampling at
frequencies of ~100 Hz [de Moor et al. 2019]. The issue is fur-
ther complicated when hazardous gases are involved, which
bring additional safety concerns. Subaqueous gas seeps on the
other hand are generally safe and easy to locate, with bubble
plumes being easily identifiable in the water column and often
even at the water’s surface. Nevertheless, they are still diffi-
cult to physically sample [Leifer and Patro 2002; McGinnis et
al. 2006]. Thus, subaqueous volcanic degassing is relatively
underutilized in volcanic monitoring.
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Please note to avoid confusion in this paper we will refer to
subaerial gas vents as “fumaroles” and subaqueous gas vents
as “seeps.” This is keeping in line with bubble acoustic litera-
ture which commonly refers to sea floor vent sites as “seeps”
and “seep fields” [Roche 2023].

While there are a variety of techniques researchers can
use to quantify subaqueous gas emissions, many of these are
severely limited in terms of temporal coverage, sample rate,
and cost [Etiope and Schwietzke 2019]. Physically measuring
the gas flux—i.e. recording how long it takes to displace a
known volume of water—is still commonly used. Such work
can be done with divers or automated landers [Tokoro et
al. 2007; Zhu et al. 2010; Maeck et al. 2014; Mannich et al.
2019} However, such systems are bespoke, are restricted to
lower flux seeps, have a limited sampling rate, and perturb
the natural fluid flow. Optical measuring techniques are far
less intrusive but are limited in the area they can survey, be-
ing dependent on water visibility (which can be near zero
depending on the study area) and the size of the gas bub-
bles [Makarov et al. 2020; Razaz et al. 2020; Li et al. 2021,
Veloso-Alarcon et al. 2022]. Moreover, they are unlikely to
cope well with acidic conditions encountered in active vol-
canic lakes. Active acoustic measurement techniques (both
multi- and single-beam based), while being able to cover a
large area, are expensive and require time-consuming process-
ing to produce accurate quantitative data and hence typically
only provide a snapshot measurement [Veloso et al. 2019; Ur-
ban et al. 2023]. Furthermore, the accuracy of the assumptions
that underpin the conversion of active acoustic data into gas
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fluxes is still evolving [Li et al. 2020b; Urban et al. 2023]. How-
ever, hydroacoustics—studying the sounds produced by a gas
seep within the water column using hydrophones—is a low
energy technique, capable of long-term deployments in any
level of visibility, with a high sampling rate (e.g. 5 minutes
as seen in this study), and minimal perturbation of the seeps
[Leighton and White 2011; Berges et al. 2015; Vazquez et al.
2015; Haris et al. 2023].

Previous attempts at using hydroacoustics to study volcanic
gas emissions have focused either on individual bubble emis-
sions or on recording the intensity of sound at set frequency
bands with increase in acoustic volume/intensity acting as a
proxy for increase in gas flux [Vandemeulebrouck et al. 2000;
Longo et al. 2021; Caudron et al. 2022]. The latter is an in-
credibly useful first order approximation and has proven suc-
cessful in demonstrating a link between subaqueous gas flux
and volcanic activity [Longo et al. 2021]. However, it is un-
derpinned by the rarely correct assumption that all the sound
recorded by the observer is a result of the gas seep [Longo
et al. 2021] whereas subaquatic settings are complex acous-
tic environments with numerous sound sources [Bayrakci and
Klingelhoefer 2023]. Furthermore, this approach does not ac-
count for the fact that the released bubble size population is
not fixed in time and likely varies; such small changes are
easily missed between large frequency bands. Most impor-
tantly, these approaches have failed to quantify the gas flux
itself [Vandemeulebrouck et al. 2000; Longo et al. 2021]. We
propose a solution to this problem with a new passive acoustic
flux inversion technique, analysing a wider frequency band to
estimate the volume of gas released over an extended period
of time.

Passive acoustic flux inversion relies on a physical model of
the sound emitted by a bubble as it is released into the water
column. The moment a bubble is released a volume oscillation
is triggered. The frequency of this oscillation (f3s) is inversely
proportional to the equilibrium radius of the bubble (Rp) as
described by the Minnaert equation below [Leighton 1994];

1 3kpo
2nRy p

fm = (1)

where is p is the density of water, pg is the hydrostatic lig-
uid pressure outside the bubble, and & is the polytropic index
[Roche 2023]. Hence, by observing the frequency of a bubble
one can determine the volume of gas within it [Leighton 1994].
Note that the gas content has no perceivable effect on the fre-
quency of a bubble’s oscillation. Thus, determining the size of
a single bubble oscillating in a quiet environment is computa-
tionally trivial. In higher flux situations characterized by many
bubbles being released at the same time, one cannot differen-
tiate individual bubble signals and must instead consider the
spectral density of the acoustic pressure released from the seep
as perceived by a hydrophone in the far-field [Leighton and
White 2011]. Using a model of the spectrum of the signature
of each bubble formation event, the measured spectrum can
be used to infer the bubble size distribution. By knowing the
distance between the seep and the recording hydrophone, the
number of bubbles of any given size that are released within a
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given time window/sample period (e.g. 300 s) can be inferred.
This can be used to calculate the total volume of gas in said pe-
riod and thus retrieve the gas flux [Leighton and White 2011;
Bayrakci and Klingelhoefer 2023] This technique has been suc-
cessfully demonstrated in a range of environments from test
tanks to Scottish Lochs, German Lakebeds and North Sea
pockmarks at rates ranging from 0.1 to 100 Lmin~! [Berges
etal. 2015; Li et al. 2021; Roche 2021]. In instances when more
than one seep is active, i.e. a seep field, the mean distance be-
tween the receiver and the surrounding seeps must be used,
the assumption being that the rate of over estimation caused
by seeps closer than the receiver is countered by underesti-
mation of those further away. The maximum range across
which inversion can be performed is still being investigated
and is likely principally dependent on the background noise
levels in the site. In shallows coastal waters a detection range
of 25 m has been demonstrated [Haris et al. 2023, meaning an
even greater range is likely in quiet, isolated environments.

This study analyses hydroacoustic data recorded by a sin-
gle hydrophone in the warm hyperacid crater lake atop Poas
Volcano (Costa Rica) in June 2023. We quantify the gas flux
from subaqueous seeps in this highly active volcanic lake
at a sample rate of 5 min, far greater than traditional sub-
aerial sampling techniques, using passive acoustic flux inver-
sion techniques. This allows us to observe both small scale
diurnal variations driven by local atmospheric pressure con-
ditions and large abrupt changes correlated with changes in
local seismic activity and subaerial volcanic gas levels. This
study demonstrates the potential for hydroacoustics as a vol-
canic monitoring technique, potentially providing improved
knowledge of volcanic systems.

1.1 Study area: Pods Crater Lake

Poés volcano is an active stratovolcano located in central Costa
Rica. Located at the summit is an ephemeral acidic hot crater
lake, alongside a number of subaerial fumaroles (Figure 1) [de
Moor et al. 2016]. The dimensions and level of the lake varies
with rainfall and volcanic activity. At the time of our experi-
ment, it was ~2 m deep with a diameter of ~300 m (Figure 1)
[D’Arcy et al. 2022]. The volcano is characterised by cycles
of phreatic and phreatomagmatic activity [D’Arcy et al. 2022].
Notably, an extended period of phreatic activity began in 2006
and culminated in 2014 with series of phreatic blasts, ~300 m
high, centred in the crater lake prompting increased interest
in monitoring the site. This was followed by a short period
of phreatomagmatic activity in 2017 and more phreatic activ-
ity in later 2017 to 2019 [de Moor et al. 2016; Salvage et al.
2018]. After the conclusion of survey described in this study
a new period of phreatic activity was reported between July
21st 2023 and May 28th 2024 (see Figure 1).

Unpredictable frequent phreatic eruptions are of concern
given that the volcano is visited by more than 200,000 tourists
a year. Phreatic eruptions are notoriously difficult to predict
as they often do not involve the movement of magma, mean-
ing there can be no clear warning signals [Rouwet et al. 2014;
de Moor et al. 2016] Atmospheric measurements show an
average SO, flux of ~150 Td~! between 2019 and 2024 [de
Moor et al. 2016; D’Arcy et al. 2022]. Studies have also con-
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cluded volatiles from the fumaroles and above the lake have
a common source [Rouwet et al. 2014; de Moor et al. 2016].
These magmatic volatiles are released directly into the lake
through various seeps, hence increases in the amount of bub-
bling could precede phreatic eruptions. Such changes should
be identifiable and quantifiable with hydroacoustic monitoring
at much higher time resolution than traditional geochemical
monitoring techniques.

2 METHODS AND MATERIALS

2.1

For this study a Snap hydrophone with a sensitivity of
—170 dBV/uPa was used. It was placed at the eastern lake
edge 30 m from a known seep field (Figure 1). It was de-
ployed horizontally on the lakebed at a water depth of 2 m (as
measured at the time of deployment) being secured in place
by ropes tied to nearby rocks. It recorded at a sample rate
of 8000 Hz resulting in a workable frequency range of 10 to
8000 Hz. The hydroacoustic data used in this study was col-
lected continuously between the 3 and 27th of June, totalling
600 hours of audio data.

Seismic data was collected during the same period at a sam-
ple rate of 100 Hz using the local network of broadband sta-
tions. We show data for the vertical component of the closest
station to the crater located ~400 m SE of the hydrophone (Fig-
ure 1), VPCR, which includes a Kinemetrics 120 s broadband
sensor (MBB-2).

Gas concentrations (COq, SO9, H,S) and ratios (SO2/CO,,
H,S/SO,) were monitored during the study period using a
permanent MultiGAS station located on the western rim of
the crater ~500 m SW of the Hydrophone (Figure 1). The
station conducted 3 analysis sessions of 30 min each per day,
collecting concentration data at a rate of 0.33 Hz. Data were
processed to extract gas ratios using linear regression as de-
scribed in de Moor et al. [2019].

Meteorological data (rainfall and windspeed) was gener-
ously supplied by the Costa Rican Instituto Meteorologico Na-
cional (IMN) from the nearby Pods—Alajuela weather station
located ~1 km south of the crater. All times are given in UTC,
which we note is 6 hours ahead of local time.

Data acquisition

2.2 Data analysis
2.21

Hydroacoustic data was processed using the methodology first
laid out by Leighton and White [2011], with further refine-
ments by Roche et al. [2022]. For a complete understanding
of the inversion process we refer the reader to these earlier
works however the inversion process can be summarised as
thus.

Passive acoustic flux inversion

1) The recorded acoustic data is broken into a series of
smaller sections, in this case 5 min long, this ultimately deter-
mines the sample rate of flux measurements.

Then for each acoustic section

2) The acoustic spectrum is split into equally sized fre-
quency bands between a set minimum and maximum fre-
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quency (1600 and 4000 Hz here). Each frequency band corre-
lates to bubble radius via Equation 1;

3) The total energy recorded within each frequency band
is then determined before an average per second value is cal-
culated;

4) The number of bubbles of the corresponding radius that
would need to be released per second to match the observed
energy at a specified distance is then calculated by the model
(using equations laid out in Leighton and White [2011]) for
each frequency band;

5) The result is a list of the number of bubbles of varying
radii released per second in the inverted time section. Extrap-
olating this out gives the total number of bubbles of varying
radii released in the time section. Multiplying the volume of
each of these bubble radii by the total number of bubbles ul-
timately provides the total emission in liters per time section,
most easily presented in Lmin ™.

The acoustic data was first manually interrogated to iden-
tify which frequency range represents bubble emissions (i.e.
a researcher listened to isolated frequency bands throughout
the survey period and judged whether or not they could hear
bubbles). Ultimately this was identified as being between 1600
and 4000 Hz (see Results), corresponding to bubbles with an
equilibrium radius between 2.2 and 0.9 mm. Sub 1600 Hz
signals were avoided as the spectrum was dominated by non-
bubble sounds, most notably the roaring of the subaerial fu-
maroles. While ideally, we would like to be able to record
bubble signals below 1600 Hz this problem is insurmountable.
This is because bubbles with a radius larger than 5.0 mm
(with a frequency of ~700 Hz) are less common in shallow
waters (<3 m deep), as such a gas volume greatly exceeds the
buoyancy force typically needed to escape the upper sediment
[Leighton 1994; Roche 2023]. Furthermore, larger bubbles are
significantly more likely to break apart than smaller ones, with
the resulting daughter bubbles oscillating in the same manner
as the parents, with the volume of the parent bubble match-
ing the total sum of the daughter bubbles [Martinez-Bazén et
al. 1999; Deane and Stokes 2008; Qi et al. 2020]. Hence, while
a number of bubbles with radii between 2.2 and 5.0 mm may
be released, subsequent break-up means that their volume will
ultimately be included in the total emissions [Roche et al. 2022].
Regardless, this study focuses more on the relative changes in
gas flux rather than attempting to measure the exact volume
of gas flux in the whole lake, which is not possible with a
single hydrophone.

Typically, in order to perform acoustic inversion, the dis-
tance between the hydrophone and the gas seep needs to be
known. In Lake Poas the gas release is not restricted to a single
seep but rather a number of seep fields, containing multiple
seeps with the nearest permanent seep located ~30 m from
the hydrophone (Figure 1). The advantage of multiple (near)
homogenous sound sources in a field in shallow water is the
that we can assume the constructive interference of indirect
sound waves from one source, as a result of the Lloyd’s mirror
effect, is counted by the constructive interference of indirect
waves from another [Li et al. 2020a]. It has been demonstrated
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Figure 1: Overview of Area of study and recent seismic activity. [Top] Overview of Pods Crater. Image is an ortho-mosaic from
2019 when the lake was dry. The 2023 lake perimeter during the time of study is shown in white. The location of the hydrophone is
shown in orange, alongside the MultiGAS (blue) and seismic (green) sensors. Note the relative distance to the persistent vents.
[Bottom] graph of seismic amplitude (smoothed using a 12 hour median: see methodology for more details) in the months
surrounding the study period. Note the large increase and explosion in the following month.

in shallow water that the attenuation of bubble signals makes
detection beyond 25 m difficult [Haris et al. 2023]. Thus this
study has elected to use an inversion range of 25 m as it is
a proven inversion range. Note this does not mean we are
insensitive to the flux from seeps at a greater distance, sim-
ply that their relative contribution becomes increasingly un-
derestimated with distance from this point, making the effec-
tive range less than 50 m. Consequently, the resulting values
will represent the minimum rate of emissions from the near-
est seeps and not the lake as a whole. The largest source of
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error in passive acoustic flux inversion process arises from un-
certainties in the ration of the initial radius of excitation of a
bubble to its equilibrium radius. This ultimately results in an
error of +15% [Roche et al. 2022]. A full list of the inversion
settings can be found in Supplementary Material 1 Table S1.

It should be noted that the rate of gas release from subma-
rine seeps can vary for a number of reasons. While this study
is focused on changes driven by magmatic-hydrothermal
sources, natural gas seeps are often regulated by the tidal cy-
cle (high tide resulting in decreased flux rates) and in areas
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with little tidal variation even small changes in atmospheric
pressure can have an effect (increases in atmospheric pressure
resulting in decreased flux rates) [Tokida et al. 2007; Roche
2021]. It is thus important that any study of volcanic gas seeps
attempts to distinguish between fluctuations in flux driven
by magmatic-hydrothermal activity versus other sources (e.g.
tidal change). Furthermore, it is possible for high winds
(>30 km hr~!) and rainfall (>5 mm hr~!) to form bubbles at the
water’s surface [Nystuen 1986; Wang et al. 2016; Roche 2023]
which, if not properly provenanced, could be falsely attributed
to volcanic seeps. Hence it is also important for studies to be
aware of weather conditions throughout their observations.
The final output of the inversion process is a continuous
measurement of the gas flux and bubble population size from
the adjacent seep field in 5-minute increments. Any increment
which showed more than a 25% change from a previous in-
crement was flagged for manual inspection. If upon review
it was found to contain non bubble noise, i.e. the sound of
the cable clanging (see supmat1 Figure S1), the value was not
included in the final results. The results are presented as a 3
hour running mean throughout the period of observation. Val-
ues are quoted to 2 significant figures with an error of + 15%

to a minimum value of +0.1 Lmin~!.

2.2.2 Hydroacoustic intensity data

In order to compare results to previous work this study repli-
cates the approach used by prior researchers, measuring the
intensity of sound at set frequency bands [Vandemeulebrouck
et al. 2000; Longo et al. 2021]. Frequency bands were se-
lected to represent the range of data record and correspond
with subsequent passive acoustic inversion inputs: 100-200,
400-600, 800-1000, 1000-1200, 1600-1800, 2000—2600 and
3000—4000 Hz. Note that these bands have no effect on the
inversion process, they are merely used to give the reader a
broad understanding of the marine soundscape in the lake.

2.2.3 Seismic data

The median seismic amplitude from the vertical compo-
nent of VPCR station is calculated by first pre-processing the
data through detrending, scaling to nanometers per second
(nms‘l), decimating to 50 Hz, and filtering between 1 and
24 Hz. The processed data is then squared, and the median of
these squared values is computed. Subsequently, the square
root of this median is taken. This procedure is applied using
a 120-second moving window with a 50% overlap. Data is
further post-processed by taking the median in longer moving
windows, i.e. 1 h and 12 h.

2.2.4 Meteorological data

Data from the nearby Poas—Alajuela weather station was used
to identify periods where high wind (>30 kmhr~!) and rain-
fall (>5 mmhr~!) may have resulted in non-volcanic bub-
bles forming on the water’s surface (ie. noise) and subse-
quently exclude them from the inversion process. We note
the weather station is located outside of the volcanic crater
and therefore does not represent an exact match for condi-
tions at the lake but should still serve as a useful indication.
All data was received directly from the Costa Rican Instituto
Meteorologico Nacional (IMN) and is displayed raw.
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3  RESULTS

Observations from June 3™ to June 27", 2023, are presented
in Figure 2, showing the acoustic gas flux measurements, the
seismic amplitude, acoustic band data and the subaerial gas
measurements. The observations can be divided into three
sections: the steady-state period, the mass bubbling period
and post mass bubbling period. The steady-state period oc-
curred between June 3rd and 13", the mass bubbling period
occurring between June 13—-19" and the post mass bubbling
period occurring from the 19 onwards. We present each in
order.

3.1 Steady-state period

An example of a 24-hour period during the steady-state pe-
riod is shown in Figure 3 with an example of the acoustic
data available in Supplementary Material 1 Figure S2. Most
intensity bands remain constant but there is a decrease in the
intensity of 1600—1800 Hz band during the mid portion of the
day (Figure 3A). This decrease begins at around 00:00 UTC,
flattening out at around 08:00 UTC before beginning to in-
crease again at 1500 UTC and peaking at 20:00 UTC. Weather
data during this period shows only a small period of rainfall
between 22:00 and 24:00 UTC peaking at 1.2 mmhr~! and
windspeeds never exceed 10 kmhr~!. They thus are unlikely
to have an effect on the subaquatic soundscape.

The flux inversion values for this period vary between
40204 Lmin~! and 1.0+0.1 Lmin~! (Figure 3A), steadily
decreasing from a peak at around 00:00 UTC flatting off at
08:00 UTC before beginning to increase again at 15:00 UTC
and peaking at 20:00 UTC. Seismically no discernible trend
is visible during this period (Figure 3B). It is not possible to
observe a trend in subaerial plume gas compositions due to
the low frequency of MultiGAS measurements on this day.

This pattern is repeated throughout the following days (Fig-
ure 4). The lower frequency bands (<1500 Hz) during this pe-
riod show very little variation, remaining fairly stable, whereas
the higher frequency 1600 to 1800 Hz and 2000 to 2600 Hz
bands continue to show the same diurnal variation. It is no-
table that the difference between the high frequency bands
stays relatively consistent throughout. A series of spikes in
the higher frequency bands is also observed and these do cor-
relate with periods of high rainfall (>5 mmhr~!) which were
excluded from the inversion process (Supplementary Material
1 Figure S2).

This pattern is also reflected in the gas flux estimates. The
flux values range from 6.3+0.9 Lmin~! to 0.9+0.1 Lmin~!.
On average the range between daily highs and lows is
equal to 2 Lmin~!. In total over the 10-day period the re-
lease of 36,000 5,000 L of gas was detected, an average of
2.2+0.3 Lmin~t.

The seismic data shows no diurnal pattern but a gentle in-
crease over the entire period of 27%. The average SO,/CO,
ratio for this period was 0.91+0.22 and SO, concentrations
varied from 0 ppm to 21 ppm. The H,S/SO; ratio was close
to zero.
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Figure 4: Overview of acoustic, seismic, and chemical results for the steady-state period. Observations from June3rd to13th,
the steady-state period. [A] The flux inversion results produced based on hydroacoustic data. Note the daily cycle. [B] The
seismic amplitude recorded at a local station. [C-D] The intensity of different acoustic bands as observed in the lake. Spilt split
between low (<1500 Hz) and high frequency (1500 Hz). Note the spikes in frequency bands correlate with rainfall events and
are discounted from flux estimates. [E] Subaerial gas plume S0,/C0, mixing ratios from MultiGAS. [F] the local rainfall (blue)

and windspeed (black) data.

3.2 Mass Bubbling Period

The mass bubbling period began at approximately 11:00 UTC
on June 13" when there was a sharp increase in high fre-
quency signals (>1500 Hz) lasting ~15 hours with a similar in-
crease, but less sudden, occurring again at midday on the 16
lasting nearly 24 hours (Figure 5). This is most clearly seen in
the 1600-1800 Hz band (Figure 5C). The 1000-1200 Hz signal
during this period initially drops sharply before rising steadily
and peaking midway between these two events and returning
to prior levels after the 2°d event has concluded. For an exam-
ple of the acoustic data from each see Supplementary Material
1 Figure S3 and S$4.

The first event is reflected by the estimated flux rising
from 2.6 +0.4 Lmin~! to 28.0+4.2 Lmin~! over the course
of 3 hours. This increased flux plateaus and continues for
approximately 10 hours before rapidly decreasing (over the
course of ~3 hours) back down to levels seen during the pre-
vious steady state (<5 Lmin~!) and the diurnal variation cy-
cle seems to resume. The second event sees flux rates ris-
ing steadily over 12 hours from 7.7+ 1.2 Lmin~! to peak at
49.0+5.0 Lmin~!. Flux levels then steadily decrease again
over another 12 hours to 10.5+ 1.6 Lmin~! at which point
the diurnal variation cycle returns. The first event saw a to-
tal of 18,000 +3000 L of gas released (18 +3 Lmin~!) while
the second saw 30,000 + 5000 L (21 + 3L/min). We have thus
elected to refer to these events as “mass bubbling events” akin
to a kind of bubble eruption.

No high winds were recorded throughout this period. A
short period of high rainfall (15.6 mmhr~!) occurred dur-
ing the first event between 20:00 and 21:00 UTC and can be
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seen as spikes in the intensity band graphs. No rainfall was
recorded during the second event .

Seismic amplitude does not increase during the first event
but increases during the onset of the second event with the
number of short-tremor events rising above background lev-
els.

MultiGAS data shows that no major changes in the gas
emissions occurred during the mass bubbling period com-
pared to the steady-state period. The SO,/CO, ratio averaged
0.86+0.16 and the Hy,S/SO, remained near zero. The low-
est SO,/CO; ratio (0.47 on the 13 June at ~2:45pm) recorded
during the mass bubbling period corresponds to the first mass
bubbling event and no anomaly was recorded during the sec-
ond.

3.3 Post-mass bubbling period

Following the last mass bubbling event high frequency signals
(>1600 Hz) decrease significantly, though are still more in-
tense than that seen during the steady-state period (Figure 6D).
For an example of the acoustic data see Supplementary Mate-
rial 1 Figure S5. The diurnal variation is still broadly visible
though less prominent than before. A notable decrease in in-
tensity is seen at around 02:00 UTC on the 24" followed by a
sharp increase at around midday. The low frequency signals
(<1200 Hz) remain broadly constant. Gas flux estimates dur-
ing this period reflect the higher frequency pattern, showing a
less consistent diurnal variation, generally ranging between 3
and 11 Lmin~!, with a notable low of 0.2 + 0.1 L min~! occur-
ring in the morning of the 24 and a high of 13.0 + 2.0 L min~!
on the 25 at 17:00 UTC.
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Figure 5: Overview of acoustic, seismic, and chemical results for the mass bubbling period: observations from the mass bubbling
period June 13th to 19th. [A] The flux inversion results produced based on hydroacoustic data. [B] The seismic amplitude
recorded at a local station. Note the correlation between increasing seismic amplitude and gas flux for the 2nd mass bubbling
event. [C-D] The intensity of different acoustic bands as observed in the lake. Spilt split between low (<1500 Hz) and high
frequency (>1500 Hz). Note the spikes correlate with rainfall events and are discounted from flux estimates [E] Subaerial gas

plume S0,/C0, mixing ratios from MultiGAS. [F] the local rainfall (blue) and windspeed (black) data.

The seismic amplitude appears to gradually increase for the
first two days before beginning to gradual decrease. A rapid
decrease in seismic amplitude is seen late on the 229 followed
by another period of gradual increasing then decreasing.

The MultiGAS data for this period again show no major
changes in gas composition compared to the other periods.
The average SO/CO; ratio was 0.97 +0.27 and the H,S/SO,
remained near zero. We note, however a significant gap in
the recorded data between the 20! and 2379

4 DiscussION

4.1 Weather acoustics

Although wind speeds did increase progressively throughout
the period of observation, they never rose sufficiently high
(>30 kmhr™!) to produce breaking waves which would cre-
ate bubbles at the water’s surface and complicate the flux in-
version process [Nystuen 1986, Wang et al. 2016; Roche 2023].
This notion is further strengthened by the fact that the weather
station was on the flank of the volcano not inside the sheltered
crater where speeds can be presumed to be even lower.

A strong correlation can be seen between high rainfall
events and sudden spikes in the intensity of high frequency
signals (>1600 Hz). The weather station recorded high rain-
fall (>5 mmhr~!) for a total of 29 (out of 600) hours. This is
when the rainfall rate is sufficiently high to create bubbles at
the surface of the water with enough intensity to interfere with
the inversion process [Roche 2023]. The flux inversion process
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will falsely attribute these surface rainfall bubbles to the vol-
canic seeps. Fortunately, these rainfall events are short, only
four lasting longer than a single hour, meaning their impact is
severely reduced by the 3-hour running mean and hence ulti-
mately no anomalous gas flux spikes were caused by rainfall.
Future studies would benefit from recording weather condi-
tions directly next to the crater lake.

4.2 Waterfall acoustics

A dozen broad-spectrum acoustic events were observed in the
hydroacoustic data throughout this study (see Supplementary
Material 1 Figure S6), where the intensity of the acoustic sig-
nal suddenly increased across all frequencies for anywhere
between 30 s and 20 minutes before abruptly returning to
earlier levels. These events were automatically flagged due to
the sudden increase in gas flux as measured by the inversion
process. Following an audible examination, they were recog-
nised as the sounds of bubble generation and flowing water.
Crucially they all occurred following a period of rainfall. Ex-
amining webcam videos of the crater during these events we
see rainwater flowing over a ledge and into the lake (See Sup-
plementary Material 1 Figure S7). We thus conclude that these
sounds are the result of temporary waterfalls forming in the
crater, i.e. the sound of water droplets impacting the surface
of the lake which are recorded by our hydrophones. As these
bubbles are non-volcanic in origin, these time periods are ex-
cluded and thus do not affect our gas flux estimates. They do,
however, appear in the frequency intensity band graphs.
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Figure 6: Overview of acoustic, seismic, and chemical results for the post mass bubbling period. Observations from the post
mass bubbling period June 19th to 27th [A] The flux inversion results produced based on hydroacoustic data. [B] Seismic ob-
servations. [C-D] The intensity of different acoustic bands as observed in the lake spilt split between low (<1500 Hz) and high
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[E] subaerial gas sampling results. [F] the local rainfall (blue) and windspeed (black) data.

4.3 Sensitivity to overall gas emissions

Based on hydrophone data, gas flux estimates from seeps
range from 0.2+ 0.1 Lmin~! to 49.0 +5.0 Lmin~!, which can
be compared to gas flux estimates from more traditional gas
monitoring. At atmospheric pressure and 50 °C water temper-
ature, these volumes equate to approximately 2—2000 moles
of gas released per day. If this gas was pure SO,, then these
fluxes would correspond to 0.00013 Td~! to 0.13 Td~! of
SO;. Considering that the SO,/CO, ratio of the gas was ~1
during the observation period, and that at 50 °C water is well
below boiling point, the gas would be dominated by SO, and
COq in roughly equal proportions. Therefore, gas fluxes regis-
tered by the hydrophone are equivalent to <0.07 T d~! of SO,.
In comparison, sulfur dioxide fluxes measured at a DOAS sta-
tion downwind of the volcano were between 55 and 295 T'd ™!
of SO, (see de Moor et al. [2019] for methods) during the
hydrophone deplogyment. Therefore, it is clear that the hy-
drophone data dominantly captures bubbling near the sensor,
whereas the main degassing vents were located outside of the
hydrophone’s range. By this estimation the hydrophone mea-
surement has accounted for the total gas emissions between
28 and 160 m from its mooring (Figure 1). Many potential
applications of the hydrophone technique can be envisioned
to complement traditional gas monitoring methods. For ex-
ample, there are multiple degassing sources at Pods, and it
is impossible to derive fluxes from individual point sources
with DOAS techniques. Hydroacoustics could be the key to
quantifying relative contributions from individual seeps which
could provide fresh insight into the flow of volatiles beneath
the surface. Furthermore, future studies aiming to quantify the
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entirety of the gas flux from a lake should aim to deploy multi-
ple hydrophones, in the centre of each seep field, in some kind
of array around the lake or using distributed acoustic sensors
to ensure all bubble sound sources are detected.

4.4 Fumarole acoustics

Non bubble noise was identified in the lake between 400 and
1300 Hz, with the signal generally being strongest between
800 and 1200 Hz. The intensity of this signal varies over
time, most notably increasing during the mass bubbling pe-
riod (Figure 5C). We suspect, but cannot say definitively, that
this sound is the result of the subaerial fumaroles that are
continuously active in Pods crater, venting volcanic gas di-
rectly into the atmosphere. Prior studies have examined very
low frequency (<20 Hz) acoustic emissions from fumaroles
using infrasound and seismic sensors, demonstrating a decent
correlation between their intensity and flux [Gunawan et al.
2016; McKee et al. 2017; Giudicepietro et al. 2019} There
does not however appear to be any detailed analysis of higher
frequency (>100 Hz) sounds from fumaroles, in particular as
perceived underwater, nor how these correlate to gas emis-
sions. We postulate based on our observations here that it
may be possible to empirically map the relationship between
fumarole gas flux and subaqueous acoustics and use this to
measure future gas emissions. However, one would first need
to prove definitively that the fumarole is being heard.

4.5 Diurnal variation

A clear diurnal variation in the intensity of signals between
1600 and 3000 Hz is seen almost throughout the entirety of

Page 233


https://doi.org/10.30909/vol/bzas2042

Mass bubbling events in Poas Lake

Roche et al. 2025

this study. This translates to an even clearer diurnal variation
in the estimated gas flux, particularly during the initial steady-
state period. There is no correlation between diurnal gas flux
variations and seismic activity (Figure 7). Diurnal variations
in gas flux are not uncommon. It is often seen in the marine
environment as a result of hydrostatic pressure (tidal) changes
or in peat bogs and lakes as a result of changes in atmospheric
pressure [Tokida et al. 2007; Roche 2021]. As there are no
tidal variations in the crater lake, we attribute these diurnal
variations to changes in atmospheric pressure.

Throughout the day, the area around the lake is heated
by the sun. Warm air rises creating a low-pressure system
over the lake; this decrease in pressure allows gas to more
easily escape from the sediment beneath the lake and thus
gas flux increases. The low-pressure system is likely further
strengthened by increasing humidity [Vallero 2024} During
the evening as it becomes darker, the area above the lake
cools, creating a high-pressure system. The increase in pres-
sure makes it harder for gas to escape from the sediment be-
neath the lake and thus gas flux decreases (Figure 8). This
cycle repeats each day [Roche 2021], barring any major mete-
orological changes, and is independent of the underlying vol-
canic activity. Essentially one could imagine the atmospheric
pressure acting as a small-scale regulator on the natural vol-
canic emissions, varying the rate of release. Unfortunately, the
local weather station did not record atmospheric pressure, so
we are currently unable to state with absolute certainty that
this is the cause. However, given that this is a known phe-
nomenon in other nontidal sites [Tokida et al. 2007] and the
fact that there is no corresponding diurnal signal in the seismic
data (both in terms of seismic amplitude and spectral width),
it seems unlikely the variation is driven by volcanic activity.

4.6 Gas flux and seismic activity

As seen in Figure 7, the first mass bubbling event, an or-
der of magnitude increase in gas, does not correlate with any
change in seismic activity. Meanwhile the second mass bub-
bling event correlates strongly with an increase in seismic ac-
tivity but shows no major change in gas ratios. The most
obvious questions that arise from these observations are: 1)
What triggered the excess flow of volatiles in each event? 2)
Why are there two mass bubbling events so different?

4.6.1

Given the lack of correlation with seismic activity it may be
logical to assume the first mass bubbling event is unrelated
to volcanic processes. This is not to say the gas is not in
some way related to volcanic degassing, indeed this has al-
ready been demonstrated [de Moor et al. 2019], but rather that
we are witnessing a release from some secondary storage site.
Gas pockets are commonly found in marine and lacustrine
sediments where gas flow naturally occurs [Boudreau et al.
2005; Algar et al. 2011; Roche et al. 2021; Terzariol et al. 2021].
While there are no direct reports of gas pockets beneath active
crater lakes there is no reason to believe they cannot exist and
indeed their existence is necessary to explain some seismic
observations [Girona et al. 2019; Ardid et al. 2023]. The pres-
ence of gas pockets within the sediment of Pods crater lake
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would serve to further explain the diurnal gas flux variation.
The outflow of volatiles from underground being temporarily
stored within the sediment from which it is released into the
water column is regulated by the overlying pressure condi-
tions (hydrostatic and atmospheric pressure).

While rarely directly observed, gas pockets are known to
sometimes expel their contents in a similar fashion to that seen
here [Marcon et al. 2019; Gupta et al. 2022; Vaknin et al. 2023].
The expulsion occurs when the sediment trap is no longer
capable of containing the gas within it. While there is some
debate as to the causes of these expulsion events, generally ac-
cepted reasons include changes in the overburden (e.g. storm
events altering overlying sediment), exceeding the reservoir
capacity, or some form of seal failure (e.g. a rupture forming
in the overlying less-permeable layer) [Tary et al. 2012; An-
dreassen et al. 2017; Marcon et al. 2019; Gupta et al. 2022;
Vaknin et al. 2023]. As no strong meteorological or seismic
activity is witnessed prior to the start of the event we dismiss
the possibility of overburden changes or seal failure (result-
ing from seismic activity) triggering this event. While it is
possible for seals to fail aseismically a trigger is still required
which in this instance could only be the addition of more gas.
This would suggest the first mass bubbling event is a result of
gas pocket(s) under Pods crater lake reaching maximum ca-
pacity and rapidly expelling their contents (Figure 8). This
would also explain the sudden nature of the first mass bub-
bling event, especially when compared to the second.

The occurrence of aseismic mass bubbling events could be
a useful tool for monitoring volcanic activity. If such events
continue to occur at regular intervals, it would be indicative of
a steady flow of gas from the underlying magmatic body, into
the sediment and then the lake. If the period between aseismic
mass bubbling events decreases dramatically it would indicate
a sudden increase in the rate of volatiles being released and,
potentially, an increase in the volcanic activity. Alternatively,
if an extended period of time goes without an aseismic mass
bubbling event it may indicate that volatiles are being trapped
beneath the surface, increasing the chance of a violent erup-
tion.

Testing this theory would require demonstrating the exis-
tence of gas pockets in sediment and observing some cyclic-
ity in the occurrence of these events. Such features are usu-
ally only visible via high-frequency seismic surveying and re-
searchers may be hesitant to place such expensive equipment
in acidic conditions. Performing such a survey in Poas would
allow the presence of gas pockets to be confirmed. Repeated
surveys either side of an mass bubbling event could detect
any potential change in their size. Until this is achieved such
a physical mechanism remains speculative.

4.6.2 Seismic mass bubbling event

The second mass bubbling event shows a clear correlation
with seismic activity. With a Pearson correlation coefficient
at the time of the event of ~0.5 (Figure 7C). Both gas flux and
seismic amplitude begin increasing at approximately the same
time, around midday on the 15", and begin decreasing at the
same time, around midnight on the 16™. This could be an
indication of increased hydrothermal activity or magmatic ac-
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Figure 7: Comparison of flux and seismic measurements across the study period. Observations from the whole period, June 3™
to 27, [A] The flux inversion results produced based on hydroacoustic data. [B] The seismic amplitude at a local station [C]
The Pearson correlation coefficient between seismic amplitude and gas flux.

tivity beneath the crater lake releasing excess volatiles (Fig-
ure 8). The increase in the number of short-tremor events
appears to precede the gas flux by ~6 hours. It is not possible
at this stage to determine the exact physical mechanisms be-
hind this relationship, i.e. is the mass movement of volatiles
increasing the seismic activity or did the increased seismic ac-
tivity simply allow for a greater flow of gas via ruptured seals.
However, that a positive relationship exists is highly encour-
aging and suggests a strong potential for future insight into
the inner workings of volcanoes through further study of this
topic.

Unfortunately, in this instance no phreatic eruptions were
recorded at the surface, but it is highly likely that a future study
that does observe an eruption will see a noticeable change
in subaquatic gas flux. Here it is important to consider that
the observation period took place during a slow increase in
volcanic activity at Pods, including increasing SO,/CO; and
SO, fluxes from minima in late 2021—early 2022 of <0.5 and
<100 Td~! to maxima in early 2024 of SO,/CO, >2 and SO,
fluxes frequently >300 T d~! that coincided with eruptive ac-
tivity, including explosive eruptions and ash emissions. Thus,
the observed increases in bubbling likely represent a portion
of the reactivation process.

4.6.3 Minimal release period

A notable decrease in seismic activity during the post-mass
bubbling period is followed by a similarly large decrease in
gas flux with a ~24 hour delay, with the lowest gas flux,
0.2+0.1 Lmin~!, occurring roughly one day after the low-
est mean seismic amplitude. This observation serves to
strengthen the notion that gas flux and seismic activity are
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positively correlated. The apparent lag between them poten-
tially provides some insight into flow of volatiles within the
body of the volcano.

5 CONCLUSIONS

This study used hydroacoustic data recorded by a single hy-
drophone in the warm hyperacid crater lake atop Poas Vol-
cano to measure the subaqueous release of volcanic gas over
the course of one month. The use of passive acoustic inversion
techniques allowed us to measure the volume of gas being re-
leased from the lakebed at a sample rate of 5 min, far higher
than traditional sub aerial gas sampling techniques. This al-
lowed us to study the temporal variably of seeps at a level far
beyond that previously seen, and over an extended period of
time.

The large size of the lake combined with restrictions of a
singular hydrophone meant we were unable to quantify the
total lakebed emissions. Indeed, simultaneous subaerial mea-
surements suggest we only accounted for emissions within
28-160 m of the hydrophone. Future studies could address
this limitation with the use of multiple hydrophones in an
array around the lake or perhaps using distributed acoustic
SEensors.

Studying variations in gas emissions from the surveyed por-
tion of the lakebed provided fresh insight into the migration
of volatiles within the subsurface. Firstly, we see small-scale
diurnal variations of ~2 Lmin~! driven by local atmospheric
pressure conditions. While this appears to be the first ob-
servation of day/night gas emission cycles in a volcanic lake,
such systems are commonly seen in peat bogs and shallow
lakes around the world. In essence, the atmospheric pressure

Page 235


https://doi.org/10.30909/vol/bzas2042

Mass bubbling events in Poas Lake Roche et al. 2025

Daily Flux Variation: non volcanic (driven by atmospheric pressure changes) [Steady State]
Early morning) Midday) Late Evening)
Low Temp / Humidity High Temp / Humidity Low Temp/ Humidity
Increased Atmospheric Pressure Decrease Atmospheric Pressure Increased Atmospheric Pressure
Small Decrease in subaqueous Small Increase in subaqueous Small Decrease in subaqueous
gas flux gas flux gas flux

Aseismic Ebullition Event: non volcanic (caused by failure of gas pockets in sediment)

Time
[Steady State]
Non-Volcanic Ebullition Event
Gas Pocket begins to form Gas pocket grows Gas Pocket reaches capacity
‘I and collapses / expels content
|

Seismic Ebullition Event: volcanic (driven by increase in volatiles released at depth)

Time
Volcanic Ebullition Event
Steady State Increased volcanic activity / Steady State
increased flow of volatiles
from depth

Figure 8: lllustrations of the different events driving flux variation in the lake a diagram demonstrating the different factors driving
variations in sub aqueous gas flux in Pods crater lake. Aseismic causes include daily variations due to atmospheric pressure
changes and large mass bubbling events caused by the collapse of gas pockets. Seismic events include large mass bubbling
events caused as excess volatiles are released from depth.
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acts as a small-scale regulator on the natural volcanic emis-
sions into the lake, varying the rate of release. Secondly, we
report a large and abrupt aseismic mass bubbling event re-
leasing 18,000 + 3000 L of gas in just 15 hours (compared
to a daily average of 3600 + 500 L), likely resulting from the
collapse of gas pocket(s) in the sediment underlying the lake.
Given the lack of other likely triggers we suspect this collapse
was triggered by the pocket(s) reaching maximum capacity.

Finally, and most excitingly for volcanic monitoring pur-
poses, we also observe an even larger mass bubbling event re-
leasing 30,000 + 5000 L of gas in 24 hours. This event was cor-
related with an increase in local seismic activity and preceded
a new eruptive period in the following weeks. We presume
this mass bubbling event was the result of excess volatiles
being released from deeper within the volcano. These ob-
servations combine to form good evidence that a relationship
between subaqueous gas flux and volcanic activity exists and
could be used as a monitoring tool. While a phreatic eruption
was not observed during this period it seems highly likely,
based on our observations, that such an event would be tele-
graphed in hydroacoustic recordings ahead of infrasound ob-
servations.
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