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Turbulence-induced bubble nucleation in
hydrothermal fluids beneath Yellowstone Lake
Corentin Caudron1,2✉, Jean Vandemeulebrouck2 & Robert A. Sohn 3

Volcanic systems generate large amounts of gas, and understanding gas fluxes is a funda-

mental aspect of volcanology and hazard mitigation. Volcanic gases can be challenging to

measure, but acoustic methods hold promise in underwater environments because gas

bubbles are powerful sound sources. We deployed an acoustic system to study the nature of

gas discharge at a large (~30MW) thermal field on the floor of Yellowstone Lake, which has

experienced numerous hydrothermal explosions since the last glaciation (~13.4 ka). We find

that small (<10 Pa) turbulent flow instabilities trigger the nucleation of CO2 bubbles in the

saturated fluids. The observation of CO2 bubbles nucleating in hydrothermal fluids due

to small pressure perturbations informs our understanding of hydrothermal explosions in

Yellowstone Lake, and demonstrates that acoustic data in underwater environments can

provide insight into the stability of gas-rich systems, as well as gas fluxes.
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Gas fluxes through volcanic systems constitute an impor-
tant component of the global cycle for elements such as
carbon1 and sulfur2, and they present a significant geo-

logical hazard for communities located near volcanic systems3,4.
Gas species can be difficult to accurately measure in subaerial
environments due to the intrinsic difficulties associated with
sampling, and the relatively high atmospheric concentrations
of dominant species such as CO2

5,6. Most volcanic systems,
however, are located underwater7, and many others host intra-
caldera lakes, which opens the possibility of using acoustic
methods to monitor gas fluxes. Gas bubbles are energetic sound
sources, and recent studies have demonstrated that acoustic
methods can effectively detect gas fluxes in volcanic lakes8,9,
in much the same way they are being used to monitor gas
fluxes during CO2 storage experiments10 and in CH4 seep
environments11.

The Yellowstone Plateau Volcanic Field (YPVF) constitutes
one of the largest volcanic systems on Earth, and although it has
not experienced a volcanic eruption for the past ~70 ky12, it is
presently discharging magmatic CO2 at an estimated rate of
~32 kt day−1 13. This flux estimate, however, is uncertain by a
factor of ~3 due to inaccuracies in gas accumulation chamber
measurements13, and it does not include any fluxes into Yel-
lowstone’s hydrothermally active lakes. Yellowstone Lake, which
straddles the southeast margin of the 640 ka Yellowstone Caldera,
is the largest lake in the YPVF and it hosts a variety of hydro-
thermal fields, including both liquid- and vapor-dominated sys-
tems at depths of up to ~110 m below the lake surface14. The
hydrothermal systems beneath Yellowstone Lake have generated
more than a dozen large explosions over the past ~13,000 years,
including the Mary Bay explosion (13,400 years ago), which
created a ~2.6 km wide by ~115 m deep crater on the lake floor,
and distributed debris over an area of ~30 km2 15. The gas fluxes
from these sublacustrine systems are largely unknown, but a
recent multidisciplinary study16 has shown that the “Deep Hole”
thermal field, located to the southeast of Stevenson Island
(Fig. 1a), is among the most energetic (~30MW) thermal areas
on the YPVF17. Fluids discharging from the Deep Hole are hot
(mean temperature of 49 measured vents= 132 °C, with a range
of 74–174 °C18) and rich in CO2 and H2S dissolved gases19. The
vents are located within a set of superimposed pockmarks that
may have been generated by sediment expulsion associated with
the episodic release of gas20. The role of magmatic gases in these
explosions is unclear, but the release of trapped gas from a sub-
surface reservoir and the exsolution of dissolved gases from

hydrothermal fluids are poorly understood, but potentially
explosive, processes21.

We used acoustic methods to monitor gas fluxes at the Deep
Hole thermal field for 13 h when ambient noise levels in the lake
were low (overnight). We detected a 3-h interval of intense
activity, during which small pressure fluctuations at frequencies
of ~1–40 Hz, interpreted to be turbulent flow instabilities in
discharging fluids, triggered the nucleation of CO2 bubbles near
the lake floor interface. Bubble nucleation at relatively small
amplitudes (~tens of Pa) requires the presence of pre-existing
microbubbles in the hydrothermal fluids, and indicates that the
subsurface fluids could be unstable to larger pressure fluctuations,
such as might be associated with earthquakes, for example.

Results and discussion
We deployed an audio-quality (44.1 kHz, 24 bit) acoustic
hydrophone (Supplementary Fig. 1) in the Deep Hole thermal
field (Fig. 1) at a depth of ~115 m on the floor of Yellowstone
Lake to investigate the effectiveness of acoustic measurements for
monitoring gas fluxes in this environment. The system was
deployed in an area of active, but relatively weak discharge,
~100 m north of the main vent field, where conductive heat flow
through the sediments is roughly half (~25Wm−2) that mea-
sured in the main field. We recorded 13 h of continuous data,
within which we observed a 3-h interval (23:40 16 August to
02:30 17 August, UTC) of intense activity. Sixty-six discrete
events were detected during this interval (see “Methods”),
all exhibiting a characteristic waveform (Fig. 2) consisting of a
brief (~1 ms), high-frequency (several kHz; Fig. 2 and Supple-
mentary Fig. 2), impulsive onset, followed by lower frequency
(~100–200 Hz) oscillations. The event durations scale with
amplitude, with the largest amplitude signals having durations of
up to 50 ms, but typical durations of ~10 ms (Fig. 2). The intense
rate of activity (~0.5 event/min) suddenly stops at ~2.30, and no
additional events were detected until the end of the recording
(13:00 17 August).

The acoustic signals are consistent with bubble nucleation
events (hereafter referred to as “bubble events”), where the
impulsive, high-frequency onset is generated by opening of a void
space in the liquid, and the subsequent, lower-frequency signal is
generated by free oscillations of the newly formed bubble22,23.
The acoustic data do not directly constrain the composition of the
bubbles, which could either be vapor or a non-condensable gas.
Videographic data from remotely operated vehicle (ROV) dives
demonstrate that bubble discharge is ubiquitous from active vents

0 105
km

Mary Bay
Stevenson
Island

Deep
Hole

Yellowstone Caldera

Bo
un

da
ry

A
b

sa
ro

ka
 R

an
g

e

Elephant B
ack

44.60°

44.48°

44.37°

44.25°

N

110.60°W 110.45° 110.30° 110.15°

3100

3000

2900

2800

2600

2500

2400

2300

A
lti

tu
de

, m

2700

hydrophone

vent

110°W 21.43' 21.39' 21.35'

30.73'

30.70'

30.66'

30.63'

44°N 75

80

85

90

95

100

105

110

D
ep

th
, m

Main discharge
zone

Acoustic data

(a) (b)

Fig. 1 Location. a Yellowstone Lake (USA). The northern part of the lake lies inside the 640 ka Yellowstone Caldera (dashed line). b Bathymetry of the
Deep Hole thermal area (black rectangle in left panel). White triangles indicate active venting locations observed during remotely operated vehicle dives,
and the black star corresponds to the hydrophone location. The spatial extent of the main discharge zone is shown with a red ellipse.
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in the Deep Hole, with diameters in the mm-cm range, and that
these bubbles do not condense upon discharge into the lake, but
rather rise significant distances through the water column, with
some rising all the way to the lake surface. Assuming that the
bubbles we detected acoustically have the same composition as
the bubbles observed during ROV dives, the fact that the bubbles
do not condense upon encountering ~4 °C lake water indicates
that they are not dominantly composed of vapor, but rather must
be a non-condensable gas. This conclusion is supported by
temperature measurements in fluid upflow zones near our
observation site, which are well below saturation values19. Che-
mical analyses of Deep Hole fluids acquired with gas-tight sam-
plers indicate CO2 saturation20,24 leading to the conclusion that
the bubbles are dominantly composed of CO2. Applying Min-
naert’s equation for the relationship between oscillation frequency
and the radius of a spherical bubble22 of CO2 (see “Methods”)
yields radii ranging from 1.6–3.6 cm, with a median bubble
volume of 3.34 × 10−5 L (Supplementary Fig. 3). These size esti-
mates are compatible with, though on the large side of, bubbles
observed during ROV dives (Supplementary Video 1).

Visual inspection of the records reveals that most (>70%) of the
bubble events are immediately preceded (<1 s) by short (~400 ms)
pressure pulses at frequencies below ~40 Hz (Fig. 3). These sig-
nals occur more frequently (5/min) than the bubble events

(0.4/min), but a statistical analysis confirms that there is a non-
random association between the event times, with bubble events
preferentially occurring after a low-frequency event (see “Meth-
ods”). A typical pulse begins with a rise to a pressure maximum
(compression), followed by a drop to a pressure minimum
(decompression), and the bubble events preferentially occur when
the decompression rate is maximal (~50 Pa/s for non-normalized
amplitudes) during the initial pressure drop (Fig. 3), consistent
with hydrodynamic cavitation in a flowing fluid25 (i.e., bubble
nucleation when the dynamic pressure reaches a threshold
value26). Of all the potential mechanisms by which hydrothermal
fluid flow may generate noise27, unsteady turbulence or flow
noise28 provide the most likely explanations for the low-
frequency pulses we observed. The Reynolds number of the hot
hydrothermal fluids being discharged at the Deep Hole field is on
the order of ~1 × 105, which is in the turbulent flow regime18, and
turbulent interaction of the fluids with conduits in the sediments
could produce acoustic energy in the 1–40 Hz band.

We thus interpret the acoustic signals we observed as stochastic
triggering of CO2 bubble nucleation in the saturated hydro-
thermal fluids due to turbulent flow instabilities near the lake
floor interface (Fig. 4). For fluids with the CO2 concentrations
measured for the Deep Hole (i.e., supersaturation values <~10),
this process can only occur if there are pre-existing gas cavities in
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Fig. 2 Time-frequency characteristics of bubble events. a, c, e Typical waveform and corresponding time-frequency evolution (wavelet transform) of four
bubbles (e contains two events). b, d, f Filtering to isolate the impulsive and resonant components of the waveforms. Top panel (black) shows the
impulsive onset (high-pass filtered above 600 Hz), and bottom panel (blue) shows the resonance of ~100–200Hz (low-pass filtered below 600Hz).
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the fluid29. These metastable gas cavities could be located on the
rough surfaces of the conduit walls or in the bulk solution, but
without them the energy barrier for nucleation is too large to be
overcome by the relatively small pressure fluctuations we mea-
sured. The constrictions triggering unsteady flow could be gen-
erated by mineral precipitation and alteration associated with
hydrothermal flow24, which can rapidly change the shape of the
flow conduits30, and which could also trap microbubbles.

The gas flux associated with the CO2 bubbles in our records is
~4.98 × 10−6 kg/s, which is very small compared to the dissolved
CO2 flux through the Deep Hole thermal area. The main dis-
charge zone contained at least 20 active vents (Fig. 1b) and had
an estimated total fluid discharge rate of ~56 kg/s at the time of
our measurements18. These fluids have a CO2 concentration of

~7–18 mmol/kg14, yielding a dissolved CO2 flux through the
main discharge zone of ~46–119 kg/s. Vents in the main zone
discharge gas bubbles, but the offset distance is too great to detect
them in our records31, such that we cannot use our data to
constrain bubble fluxes for the Deep Hole thermal field, as a
whole. Nevertheless, it seems clear that the gas flux through
bubbles is likely a small fraction of the dissolved flux.

The nucleation of non-condensable gas bubbles due to
unsteady flow informs our understanding of the stability of the
lake floor hydrothermal systems, and their potential to generate
explosions. Yellowstone Lake has experienced numerous hydro-
thermal explosions since the last glaciation in the area15. Two
distinct categories of explosions have been identified: “large”
explosions likely triggered by vaporization of hot, subsurface
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Fig. 3 Timing of bubble events relative to low-frequency pressure fluctuations. A subset of the low-frequency (filtered between 2 and 40Hz) pressure
signals (a, blue), and the corresponding pressure rate (b, black), aligned by time of bubble nucleation (red lines), showing that bubble nucleation
preferentially occurs at the time of maximum decompression rate. The amplitudes have been normalized by removing the mean and dividing by the
standard deviation.

Fig. 4 Conceptual model. A A flow instability generated by the interaction of the hydrothermal fluid with the sediment matrix (e.g., a flowpath
constriction), momentarily depressurizes the fluid, triggering the nucleation of a CO2 bubble in the saturated fluid with pre-existing microbubbles (B). The
bubble oscillates at its natural frequency before dissolving into the under-saturated lake water or rising to the lake surface (C).
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liquids, and “small” explosions likely triggered by the episodic
release and simple expansion of gas. Our results are relevant to
the triggering of small explosions, which may be responsible for
the pockmarks that cover the lake floor in hydrothermal areas,
including the Deep Hole where our data were acquired. The
bubble events we observed were triggered by instabilities with
typical amplitudes of 10−1–10 Pa (or 100–140 dB ref. 1 μPa) and
maximum decompression rates of ~50 Pa/s measured at the
hydrophone. We do not know the precise location of the bubble
sources relative to the hydrophone, but the offset distance was
likely no more than ~5m considering the transmission loss at 350
Hz32, yielding instability amplitudes of ~10 to 250 Pa in the
source region.

Nucleation of CO2 bubbles due to these small, flow-induced,
pressure fluctuations, suggests that larger pressure drops, such as
might be associated with an earthquake, for example, could
trigger larger-scale nucleation of CO2 bubbles in subsurface fluids
and generate a small hydrothermal explosion. Hydrothermal
fluids sampled from the Deep Hole are saturated in CO2, and the
vents, themselves, discharge quasi-steady streams of non-
condensable gas bubbles. The lid of the gas reservoir feeding
the vents is at a depth of no more than ~15m below the lake
floor18,19. The sediments beneath the Deep Hole are thus a gas-
rich environment, and our results indicate that exsolution of
dissolved gases can be triggered by small, but fast, pressure per-
turbations. This process is only possible at the CO2 concentra-
tions observed for the Deep Hole fluids if there are metastable
microbubbles in the fluids that serve as nuclei for bubble growth.
The microbubbles destabilize the fluid response to pressure drops,
and, more generally, the high CO2 concentrations in the sub-
surface fluids enhances their explosivity33.

Our data from Yellowstone Lake further demonstrate the uti-
lity of acoustic methods for studying gas fluxes in underwater
environments, and provide new insight into the nucleation of
non-condensable gas bubbles in hydrothermal fluids. If hydro-
thermal fluids are saturated with non-condensable gases, they can
be susceptible to expansion in response to pressure fluctuations,
and this may explain the presence of pockmark fields and large
sinkholes that have been observed at other caldera34–36- and
crater-hosted lakes37. Considering that more than 75% of Earth’s
volcanism occurs underwater7, our results support the idea that
acoustic methods have the potential to play an important role in
monitoring and measuring volcanic gas fluxes8 at the global scale,
which is one of the centennial grand challenges highlighted by the
scientific community38.

Methods
The hydrophone sensor was a High Tech HTI-90-U hydrophone (Supplementary
Fig. 1), with a nominal frequency response of 2 Hz to 20 kHz. The instrument
location is shown on Fig. 1b (~30 cm above the lake floor). The acoustic records
were first visually inspected before choosing the short term average/long term
average (STA/LTA) parameters (STA of 0.3 s, LTA of 5 s) for event detection. Each
detection event was verified manually to remove any spurious detections from the
final catalogs. To characterize the signals, we first resampled them to 2000 Hz
because the characteristic signals have dominant frequencies around 200 Hz. For
the low-frequency signals, we low-pass filtered the signals below 50 Hz before
computing the STA/LTA. We then automatically calculated the dominant fre-
quencies for the 66 bubble signals using both wavelet (Morlet39) and Fourier40

transforms (Supplementary Fig. 4). We removed the mean and the linear tend, and
tapered the signal with a Hanning window (10%) before conducting spectral
analyses. The data processing was done using Obspy41.

Based on the dominant frequency, we compute the radius (r) using Minnaert’s22

relation, assuming an adiabatic equation of state for the gas in the bubble:

r ¼ ð3Pγ=ρÞ1=2
2πf

Where P is the hydrostatic pressure (1079 kPa), γ is the ratio of specific heats of the
gas in the bubble (1.3 for CO2), ρ is the density of the liquid (1000 kg/m3) and f is
the dominant frequency (in Hz).

We calculate the volume for each bubble, assuming they are all spherical (V= 4/
3πr3), then compute the cumulative volume. We then multiply by the density of
CO2 at these pressures (13.31 kg/m3) and divide by total time of bubble records
(i.e., 3 h). We estimate the flux to 4.98 × 10−6 kg/s.

Uniformity plots (Supplementary Fig. 5) demonstrate that the bubble events can
be modeled as a Poisson process, where the event times are uniformly distributed
over the observation interval. Assuming a Poisson process, we used a parametric
bootstrap test to assess the association between the bubble events (66) and the low-
frequency events (665), with the test statistic equal to the mean delay time between
each bubble event and the immediately preceding low-frequency event. To
implement the test, we generated 1000 bootstrap replicates of the bubble event
catalog sampled using a uniform distribution, and calculated the mean delay time
for each replicate catalog, keeping the low-frequency event times fixed. Only two of
these replicate catalogs had mean delays times less than the observed value, yielding
a p value of 0.002, with an approximate error of ±0.001. This test demonstrates that
the bubble events are associated with a preceding low-frequency event to a very
high degree of confidence.

Data availability
The datasets generated during and/or analyzed during the current study are available
from the corresponding author. The data that support the findings of this study are
archived and are available from the Marine Geophysical Data Center (https://
www.marine-geo.org/tools/files/30446).

Code availability
We analyzed the data using existing functions/routines from python packages
(Matplotlib42, Obspy41,43 and Librosa44). No function has been developed but any script
is available from the corresponding author.
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