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The passage of greenhouse gases, from both natural and anthropogenic sources, through the
upper sedimentary succession and into overlying aquatic systems is a poorly understood process.
Our understanding of it however conditions our ability to detect potential leaks from Carbon
Capture and Storage sites (CCS) as well as our overall knowledge of the global carbon cycle. In this
thesis repeated high-resolution seismic reflection surveys are used to image carbon dioxide (CO2)
gas released into shallow sub-surface sediments above a potential CCS storage site in the North
Sea. Observations of temporal changes in seismic reflectivity, attenuation, unit thickness and the
bulk permeability of sediment were used to develop a four-stage model of the evolution of gas
migration in shallow marine sediments: Proto-migration, Immature Migration, Mature Migration,
and Pathway Closure. Variations in ebullition rates from natural methane (CH4) seeps in Lake
Constance (central Europe) are observed over a 9-month period using physical and acoustic
measurement techniques, demonstrating a significant negative correlation between gas flux and
in-situ pressure. The water level (hydrostatic pressure) dictates flux rates on monthly timescales,
while atmospheric pressure causes minor fluctuations on daily to weekly periods, the effect of
land-lake breeze cycles are observed for the first time. Exploiting this relationship, we find that
long-term ebullition rates are best estimated by quantifying the relationship between in-situ
pressure and gas flux, and then using this relationship to predict gas flux from more easily
measurable in-situ pressure data. Finally, the use of passive acoustic flux inversion techniques is
refined by measuring the initial amplitude of a bubble’s excitation when released from sediment,
a previously poorly constrained parameter, demonstrating a strong correlation with the bubble
equilibrium radius. We demonstrate the use of this refined acoustic inversion technique by
measuring the flux from a volcanic CO2 seep in offshore Panarea (Italy), seeing a significant
increase in precision with estimates consistent with optical and physical flux measurements.
These findings have enhanced our understanding of gas migration in the near surface and
improved our ability to measure gas emissions.
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Chapter 1
1.1

Introduction

General Introduction
Climate change has been identified as the single greatest threat to mankind, being considered

more likely and more devastating a risk than war or disease (World Economic Forum, 2020). The
increasing emissions of greenhouse gases such as carbon dioxide (CO2) and methane (CH4) since
the industrial revolution have already permanently damaged life on Earth (Friedlingstein et al.,
2019). Global mean surface temperatures have increased 1 °C directly as a result of increasing
levels of greenhouse gases in our atmosphere (IPCC, 2018; Fujimori et al., 2021). This small
increase in temperature has already led to rising sea levels, increasingly unpredictable and
extreme weather events (such as flooding and drought), and rapidly changing ecosystems all
around the globe (Seroussi et al., 2020; Brás et al., 2021; Mamalakis et al., 2021; Moffette et al.,
2021; Nicholls et al., 2021; Ortiz-Bobea et al., 2021). The speed at which our climate is changing is
having a devasting impact on flora and fauna, which struggle to adapt to the changing
environment, leading many to go extinct (Amano et al., 2020; Martin and Mouton, 2020;
Woolway and Maberly, 2020). What is truly concerning is that climate change shows no sign of
slowing down, with the volume of anthropogenic greenhouse gas being released each year
continuing to increase (Crippa et al., 2019; Zhou et al., 2021). In order to combat this, the United
Nations Framework Convention on Climate Change has agreed on a strategic plan, commonly
known as the Paris Agreement, to stop the global mean temperature from rising more than 2 ˚C
above the pre-industrial level (UNFCCC, 2015). This strategy primarily revolves around reducing
anthropogenic emissions into the atmosphere via (among other things) cleaner energy sources
and more energy efficient processes (UNFCCC, 2015; Fujimori et al., 2021; le Quéré et al., 2021).
The large-scale adoption of Carbon dioxide Capture and Storage (CCS) has been identified as a
key factor in reducing anthropogenic greenhouse gas emissions to reach climate goals (IPCC,
2014; Hanssen et al., 2020; Fujimori et al., 2021). During CCS activities, CO2 gas produced during
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industrial processes is captured and stored in appropriate geological reservoirs deep beneath the
surface to mitigate the potential greenhouse effects. Compared to other strategies, such as
enhanced energy efficiency and the use of renewable energy sources, the crucial benefit of CCS
lies in its potential to reduce (in a significant, timely, and cost-effective way) the CO2 emissions, by
utilizing existing infrastructure from oil and gas production (IPCC, 2005; Mikunda et al., 2021).
As a result of CCS facilities currently in operation ~40 Mt of CO2 a year (that would
otherwise be released directly into the atmosphere) is being permanently stored underground
(GCCSI, 2020). While this is an impressive achievement, annual anthropogenic CO2 emissions are
of the order of ~40 Gt. Indeed, the increase in anthropogenic emissions between 2017 and 2018
alone was equal to 38 Mt (Crippa et al., 2019). Hence if any meaningful progress is to be made
offsetting anthropogenic CO2 emissions, there needs to a hundredfold increase in the
number/capacity of CCS sites located around the globe. To date there are 65 commercial CCS
facilities (Fig. 1.1), of which 26 are currently operating, two have suspended operations, three are
under construction, 13 are in advanced development and 21 are in early development. Notably 17
of these early development projects were launched since 2019, indicating the rapidly growing
interest in CCS (GCCSI, 2020).

Figure 1.1: Map of CCS facilities at various stages of development around the world. Adapted from
GCCSI (2020).
2
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The majority of new commercial CCS sites are located in the United States, primarily
motivated by lower regulatory requirements, and enhanced tax credits making them more
financially attractive (GCCSI, 2020; IOGP, 2020; Jenkins, 2020). In comparison Europe has fallen
behind with only two CCS sites currently in operation. While there have been numerous feasibility
and pilot studies performed, a lack of support from government policies has stifled growth (GCCSI,
2020; IOGP, 2020). Norway has been the only prominent proponent of CCS and operates both
active European CCS sites, the Sleipner and Snøhvit facilities (Ringrose, 2018). Europe’s reluctance
to fully embrace CCS can be pinned on the questionable economic value (requiring massive
infrastructure investments) and a persistent fear that such storage facilities may one day leak,
releasing CO2 back into the environment (NAO, 2017). Frustratingly, Europe’s North Sea is a prime
candidate for CCS storage, with the potential to hold 475-570 Mt of CO2 (Strachan et al., 2011).
Hence if European nations are able to reduce the cost of CCS and improve confidence in
their ability to safely inject and store CO2, they have the potential to lead the world in offshore
CCS (Strachan et al., 2011). Indeed, the vast majority of current and future offshore CCS sites are
located in the North Sea (Tbl. 1.1).
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Location

Project Name

Starting
Date

CO2 Captured /
Year

Status

Denmark

Greensand

2025

0.5-1 Mt

Feasibility study

Ireland

ERVIA

2028

2 Mt

Feasibility study

Italy

CCS Ravenna Hub

2025-2028

0.04-5 Mt

Prefeasibility study

Norway

Sleipner CO2
Storage

1997

1 Mt

Norway

Snøhvit CO2 Storage

2008

0.7 Mta

Operational

Norway

Longship (including
Northern Lights)

2023-2024

0.8 Mt

Final Investment
Decision

Sweden

Preem CCS

2025

0.5 Mt

Pilot Phase

Sweden

Stockholm Exergi
Bio-CCS

-

0.8 Mt

The
Netherlands

Porthos

2024

< 5 Mt

The
Netherlands

Althos

2030

< 7.5 Mt

UK

Acorn

2023

0.2 Mt

UK

Caledonia Clean
Energy

2023

3 Mt

Net Zero Teesside

2026

5 Mt

Technical Evaluation
and business model
operation

Belgium

Antwerp@C

Unknown

Unknown

Feasibility Study

France

DMX Demonstration

2025

1 Mt

Pilot Phase

South Korea

Korea-CCS 1 & 2

2021-2030

1 Mt

Early Development

Indonesia

Gundih CCS Pilot

2021-2030

0.01 Mt

Advanced Development

Libya

Mellitah Complex
CO2 Management

2023-2025

3 Mt

Final Investment
Decision

South Africa

Pilot Carbon Storage
Project (PCSP)

2020

0.01-0.05 Mt

UK

Operational

Pilot Phase
Feasibility study

Feasibility study

Feasibility study
Feasibility study

Advanced Development

Table 1.1: Overview of active and planned offshore CCS projects around the world as of December
2020. Source GCCSI (2020) and IOGP (2020).
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In order to encourage the adoption of offshore CCS in Europe and around the world,
considerable effort has been expended in recent years into developing strategies and
technologies for the monitoring and verification of CO2 storage (Jenkins, 2020). Dean & Tucker
(2017) presented a risk-based framework for the Measurement, Monitoring and Verification
(MMV) of the Goldeneye storage complex, a potential offshore CCS site in the North Sea, in order
to ensure the long-term security of injected CO2. While this project ultimately did not go ahead,
due to the uncertain economic case, the project was deemed to conform with regulatory
requirements meaning the MMV plan serves as a useful guideline for future projects in Europe.
Dean & Tucker (2017) identified the five key leak scenarios (Fig. 1.2) as:

•

migration through plugged and abandoned wells

•

migration through injection wells

•

migration through faults and fractures

•

lateral migration away from storage complex

•

a combination of wells/faults and lateral migration.
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Figure 1.2: Diagram outlining potential CO2 leakage scenarios associated with Carbon Capture and
Storage sites. These being gas migration along (1) inadequately secured abandoned wells (2)
migration along the injection well (3) migration along faults and fractures (4) lateral migration
outside of storage site. Modified from Damen et al., (2006) using Dean and Tucker (2017).

Based on these leakage scenarios, Dean & Tucker (2017) determined that any MMV must
plan to monitor: pressure and CO2 plume development inside the storage complex; legacy and
injection well integrity; geological seal integrity, as well as any potential impacts on the marine
biosphere. While numerous technologies would allow for the detailed monitoring of any of the
preceding factors, only some were deemed cost-effective and ultimately included in the final
MMV, (Tbl. 2.2). The selected technologies place a strong emphasis on the use of active acoustics
(primarily seismology) to monitor the migration of CO2 after injection. They also highlighted a
need to understand baseline conditions in the biosphere and natural variations within it, so that
artificial deviations can be more easily detected.
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Table 1.2: Summary of CCS site monitoring technologies and their status in the MMV, from Dean &
Tucker (2017).

The focus on seismic monitoring strategies is understandable given the wealth of
experience the oil and gas sector has in mapping lithological gas reservoirs. However, this
knowledge base is focused on ‘deep earth’ observations, typically ~1 to 100 km below the surface,
and large volumes of gas. The migration of gas through the uppermost sedimentary succession is
still poorly understood (Lumley, 2019; Anyosa et al., 2021). Our understanding of newly selfestablished fluid flow features (gas conduits to the seabed), and their effect on the surrounding
sediment, conditions our ability to detect small-scale CCS leakage and ameliorate any potential
environmental impacts (Robinson et al., 2021). Dean & Tucker (2017) noted the need to use high
frequency seismic reflection data in their contingency plan to examine possible leaks in the
subsurface. There thus exists a need to gain a greater understanding of the fate of injected gas in
the uppermost sedimentary succession.
More broadly, a greater understanding of the fate of injected gas in the subsurface will
enhance our understanding of processes operating in natural CO2 and CH4 seeps that are found
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around the globe as a result of decaying organic sediment, hydrocarbon systems and volcanic
activity (Fig. 1.3) (Dlugokencky et al., 2011; Ruppel and Kessler, 2017; Oppo et al., 2020; Razaz et
al., 2020). Actively quantifying the rate of gas release from natural seep sites, especially over
extended periods of time, is notoriously difficult, particularly in marine settings (Li et al., 2018;
Flohr et al., 2021). Accurately quantifying ebullition rates from natural systems is difficult because
1) techniques for measuring ebullition rates in the field are still relatively limited in terms of
survey area and the length of observation, and 2) we lack a proper understanding of how the
release rates vary over time and space (Boles et al., 2001; Greinert et al., 2010; Klaucke et al.,
2010; Razaz et al., 2020). As a result, the relative contributions of natural and anthropogenic CO2
and CH4 to the global carbon cycle remains uncertain (Houghton, 2014; Bush, 2020; Oppo et al.,
2020). In order to properly offset anthropogenic carbon emissions (via CCS and other emerging
technologies), a more complete understanding of the natural carbon cycle and how it fluctuates
over a variety of timescales is essential (Bush, 2020). Thus, it is important that work is done to
refine methods for quantifying gas flux into the water column and better understand the
variability of natural seeps sites.

Figure 1.3: Diagram outlining common causes of natural gas seeps (1) biodegrading organic
matter in sediment (2) hydrocarbon reservoirs (3) volcanic activity. Regardless of origin, upward
migrating gaseous material often forms a natural gas horizon a few meters below the seabed,
acting as a secondary reservoir.
8
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In order to address these knowledge gaps, this thesis reports and analyses the results of
three experiments, each designed to improve methods of detecting and quantifying gas migration
into the water column. The first uses high frequency seismic reflection data to analyse the
evolution of gas migration pathways in the seabed. The second observes a number of natural
lakebed seeps in order to identify the key driving factors behind varying flux levels and proposes
new (more accurate) techniques for estimating annual greenhouse gas emissions. The third
refines methods for inverting the gas flux from seeps via passive acoustic data, paving the way for
large-scale adoption of the technique.

1.2

Research Questions
The key research questions addressed in this thesis are:
•

How do gas migration pathways evolve in the subsurface, from the initial injection of gas
to formation of an active seep and beyond?

•

How does the ebullition rate from natural seeps vary over time and how may we better
predict this?

•

How can we improve the passive acoustic inversion technique method for quantifying gas
flux?

1.3

STEMM-CCS Project
This PhD was funded by, and run-in collaboration with, the Strategies for Environmental

Monitoring of Marine Carbon Capture and Storage (STEMM-CCS) project. STEMM-CCS was an EU
Horizon 2020 initiative that aimed to enable the widespread adoption of CCS sites in the marine
environment through developing improved techniques for the safe monitoring of CCS sites. The
project involved researchers from 14 different institutions including the University of
9
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Southampton, the National Oceanography Centre and GEOMAR, along with industry partners
such as Shell.
The STEMM-CCS project culminated in the 2019 controlled release experiment (Fig. 1.4) in
the central North Sea (Fig. 1.5), which was designed to simulate a CCS leak. Over a period of 11
days a total of 675 kg of CO2 was injected ~3m beneath the seafloor, naturally migrating though
the sediment and into the water column. The area immediately surrounding the release point was
continuously surveyed with an array of new and traditional techniques in order to test their
potential for CCS monitoring strategies (Flohr et al., 2021). Results from this experiment are
presented in Chapter 3.

Figure 1.4: Schematic overview of the STEMM-CCS CO2 release experiment and a selection of
deployed detection methods. This experiment, and in particular the autonomous underwater
vehicle (AUV) active acoustics, are featured in Chapter 3. From Flohr et al. (2021).
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1.4

Bubbles in the Marine Environment
Throughout this thesis we will discuss the release of “bubbles” into the water column. A

bubble here being a volumes of gas, surrounded by liquid (here, taken to be water), having
surface tension forces (the so-called Laplace pressure) generated by a single wall. This should not
be confused with children’s soapy bubbles, where the volume of gas is surrounded by two
gas/liquid boundaries. In the marine environment bubbles can produced in all manner of ways,
from fish flatulence to volcanic emissions with the entrainment of bubbles from rainfall and
breaking waves having a notable effect on the marine soundscape, as is discussed in Chapter 2.
In this thesis, outside of Chapter 2, we will be focusing on the release of bubbles from
sediment. The continuous passage of gas (from natural or anthropogenic sources) through the
same area leads to the development of open channels (or chimneys) in the sediment which direct
the flow of gas to a single localised point on the seabed, forming a seep. Such features can be
found all around the world, varying in size from less than a centimetre to large pockmarks 100s of
meters across (Judd and Hovland, 2007). The rate of gas release from these seep also various
massively, from millilitres to 100s of litres per minute, being a product of the size and number of
bubbles released per second (Judd and Hovland, 2007). While a strong emphasise has been placed
on measuring the total volume of gas released from seeps, little attention is often applied to the
size of the bubble released. This is unfortunate as such measurements provide useful information
about how gas will be distributed in the water column via dissolution (Liang et al., 2011). Tbl. 1.3
compiles literature measurements of bubble size from natural seep around the world. In both
Chapter 4 and 5 we acquire measurements of both the volume of gas and bubble sizes released
from a number of seeps via optical measurements and passive acoustic inversion.
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Table 1.3: Summary of bubble sizes as measured from various seabed seeps around the world
(Leifer and Tang, 2007; Leifer et al., 2009; Salmi et al., 2011; Vielstädte et al., 2015; Wang and
Socolofsky, 2015; Johansen et al., 2017; Higgs et al., 2019; Jordan et al., 2020; Li et al., 2020a,
2020b, 2021; Makarov et al., 2020).
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1.5

Thesis Structure

Chapter 2 – Ambient Bubble Acoustics – Seep, Rain and Wave Noise
This chapter provides an overview of bubbles as sound sources in the water column, as
summarised in the literature. It discusses the mechanics behind an individual bubbles’ acoustic
signature (in particular the Minnaert equation and other relevant properties), before discussing
the formation of bubbles from subsurface gas migration, rainfall, and wave action, characterizing
the acoustic nature of each process. The primary focus of this chapter is to outline the physical
mechanisms behind the sound resulting from bubble generation from each of these sources. This
chapter has been submitted for publication as part of an upcoming American Geophysical Union
monograph, “Noisy Oceans: Monitoring Seismic and Acoustic Signals in the Marine Environment”.
Chapter 3 – Time-lapse imaging of CO2 migration within near-surface sediment during a
controlled sub-seabed release experiment
The first major data analysis component of this thesis uses repeated high-resolution
seismic reflection data to image the migration of CO2 gas during the STEMM-CCS release
experiment in the central North Sea (Fig. 1.5).
The chapter details observations of temporal changes in seismic reflectivity, attenuation,
unit thickness and the bulk permeability of sediment as well a detailed gravity core analysis. Using
these observations, a four-stage model of the evolution of gas migration in shallow marine
sediments is developed:
•

Proto-migration

•

Immature Migration

•

Mature Migration

•

Pathway Closure

This enhanced understanding of the migration of free gas in near-surface sediments will
help improve methods of detecting and quantifying gas in subsurface marine sediments. This
work has been accepted for publication in the International Journal of Greenhouse Gas Control.
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Chapter 4 – Temporal variability of ebullition in Lake Constance – prediction via lakebed
pressure
The second major data analysis component of this thesis involves long term observation of
ebullition rates in Lake Constance, central Europe (Fig. 1.5). In this case, physical funnels and
acoustic hydrophones were positioned above natural methane seeps for a ~3-month period. This
project was a joint venture between myself and Ramona Ragg, a PhD student at Konstance
University. Ragg oversaw the field campaign and the collection of physical flux data while I
oversaw the collection of acoustic and optical data.
This chapter demonstrates a significant negative correlation between gas flux and in-situ
pressure, control predominantly regulated by lake water level (hydrostatic pressure) on monthly
timescales, while smaller fluctuations on daily to weekly periods are controlled by atmospheric
pressure variations. We also demonstrate that long-term ebullition emissions are best estimated
by quantifying the relationship between in-situ pressure and gas flux, predicting subsequent (or
past) emissions via this empirical relationship. This approach is more accurate than extrapolating
estimates from short-term observations and is easily achievable with commonly available water
level and weather station data. This work has been submitted for publication in the Journal of
Biogeosciences with myself and Ragg as joint lead-authors. I led the writing, while Ramona
created the majority of the figures.
Chapter 5 – Refining methods of acoustic gas flux inversion – investigation into the initial
amplitude of bubble excitation
The third and final major data analysis component of this thesis details an experiment
conducted in the AB Wood Tank, Southampton (Fig. 1.5) into the relationship between the
equilibrium radius of a bubble and the initial amplitude of the oscillation it undergoes when
released into the water column. The initial amplitude of oscillation has until this point been an
unknown parameter central to the passive acoustic inversion technique. Fitting a first order
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polynomial to this data set and substituting it into existing passive acoustic inversion models we
observe a significant reduction in the uncertainty of flux estimates.
When using this technique to invert the flux from a natural CO2 seep in Panarea (Fig. 1.5),
the need to account for the effects of bubble merging and fragmenting was identified. This
refinement of the inversion technique will facilitate its large-scale adoption as a field technique.
This work will be submitted for publication in Geophysical Research Letters.

Chapter 6 – Conclusions
The final portion of this thesis summarises the major findings of the preceding chapters,
discusses the thesis research question presented above, and outlines avenues for future work.

Figure 1.5: Location of each major experiment site discussed in this thesis. From North to South
these are: (Red) STEMM-CCs injection site in the central North Sea featured in Chapter 3, (Blue) the
AB Woods Tank in Southampton (UK) featured in Chapter 5, (Green) Lake Constance on the
German/Austrian/Swiss border featured in Chapter 4, and (Purple) Panarea (Italy) in the southern
Tyrrhenian Sea featured in Chapter 5.
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Chapter 2

Ambient Bubble Acoustics – Seep, Rain, and
Wave Noise

This chapter discusses the sounds emitted by gas bubbles when they are generated
underwater. Here we consider bubbles to be volumes of gas, surrounded by liquid (here, taken to
be water), having surface tension forces (the so-called Laplace pressure) generated by a single
wall, and so are distinguished from the soap bubbles familiar in children’s games, where the
volume of gas is surrounded by two gas/liquid boundaries (Leighton, 1994). In comparison with
other acoustic sources, such as marine mammals, ships and tectonic events, a single bubble may
seem insignificant. Indeed, without ideal conditions it can be difficult to observe the sound of a
single bubble from a distance of more than a few tens of centimetres. However, natural processes
rarely produce single bubbles, and in fact can generate them in their millions at which point the
sound generation is significant. With the formation of bubbles as a result of gas seeps, rainfall and
breaking waves being a major component of ambient noise in the marine environment and can
even alter the propagation of sound waves from other sources. This chapter focuses on the
passive emissions of bubbles as they are formed, released, or injected into water, and here the
volume pulsations are linear.
In this chapter we will discuss the mechanics behind an individual bubbles’ acoustic signature,
in particular the Minnaert equation and other relevant properties, before discussing the
formation of bubbles from subsurface gas migration, rainfall and wave action, characterizing the
acoustic nature of each process. The primary focus will be on the sound resulting from bubble
generation from each of these sources. A number of different units are used to define each
acoustic source, while this may appear confusing and make direct comparison difficult, this is
done to be consistent with the literature. The topics covered here are broad, so the approach
taken is to summarise the key principles and state of the field, while providing substantial linkage
to the literature.
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2.1

Bubbles as Acoustic Sources
While bubbles may be found throughout the water column and produced in all manner of

ways, from fish flatulence to volcanic emissions, it is only the initial formation of the bubble near
the source that is of interest in passive acoustics. Additionally, only a few sources of bubble
production are common and large enough to warrant a full discussion, namely bubbles released
from gas seeps on the seabed and those produced by either rainfall or breaking waves at the
surface. The following section will discuss the initial release of gas bubbles into a body of water
and the resulting acoustic signal. These are the fundamental principles behind bubble acoustics
and are directly applicable to all initial sources of bubble production.

2.1.1

The injection of a gas bubble
A bubble does not instantly appear fully formed in the water column. The gas is

injected into the body of water over a very short period of time. While there are several processes
by which this injection can happen, the core principles remain the same; a small volume of gas
from a larger reservoir encroaches into a body of water with the two volumes of gas being
connected via a thin neck. As the small volume of gas extends further and further into body of
water the neck is stretched thinner and thinner, eventually snapping, and releasing the small
volume of gas into the water as a distinct bubble. It is the snapping of the bubble neck that is of
most interest to us as it results in a jet of water being momentarily propelled into the bubble,
triggering an initial volume oscillation. This volume oscillation is ultimately what results in the
acoustic signal of a bubble release (Longuet-Higgins et al., 1991; Leighton, 1994; Czerski and
Deane, 2010).
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Figure 2.1: A bubble emerging from an underwater nozzle of internal diameter 4.00 mm. As the
bubble grows a neck forms between it and the injection nozzle, the neck eventually snaps releasing
the bubble and propelling a jet of water into the it. This jet decreases the volume of the bubble and
causes it to undergo simple harmonic motion. Times are given in milliseconds relative to the
moment the bubble is detached (i.e., the neck snaps), note these timings will change with nozzle
size and gas flow rate. Adapted from Longuet-Higgins et al., (1991) and Czerski & Deane et al.,
(2010).

The easiest way to understand the process of bubble release is to study gas being injected
into a body of water via a needle, as seen in Fig. 2.1. Theoretical calculations have been used to
deduce the stages of bubble injection via a needle, reinforced by lab observations (LonguetHiggins et al., 1991). These stages are best described in relation to the radius of curvature (the
radius of a circular arc that best approximates the curve) of the meniscus at the top of the bubble,
the scales are dimensionless. The bubble initially grows from the surface of the nozzle as gas flows
through it, the radius of curvature decreasing from 1 to <0.5 with volume increasing steadily (t = 830 ms in Fig. 2.1). The bubble profile changes from near horizontal to semi-circular in shape.
Near the moment the tangent to the meniscus at the point of attachment to the nozzle becomes

19

Chapter 2
vertical (t = -730 ms in Fig. 2.1), the volume increases rapidly while the radius of curvature
remains roughly constant (t = -480 ms in Fig. 2.1). Subsequently the volume and radius of
curvature increase steadily. Here a “neck” begins to form, this is the narrowest part of the bubble
profile, located between the nozzle and the main body of the bubble (t = -80 ms in Fig. 2.1). Once
the radius of curvature equals ~0.655 the tangent to the meniscus at the point of attachment
(now the neck of the bubble) becomes near vertical again and there is a second sharp increase in
volume. The bubble now has a distinct diapir like shape (t = -2 ms in Fig. 2.1). The volume of gas in
the bubble reaches a maximum, beyond this point the bubble in considered unstable. Further air
forced into the bubble causes it to detach, a snapping of the neck releases the bubble allowing it
to rise upwards (t = 0 ms in Fig. 2.1) (Longuet-Higgins et al., 1991). The upper half of the neck
recedes back into the bubble as a jet of water propels itself inwards (t = 2 ms cross section in Fig.
2.1), this decreases the volume of the bubble resulting in a volume oscillation (Longuet-Higgins et
al., 1991; Leighton, 1994; Czerski and Deane, 2010).

2.1.2

Bubbles as simple harmonic oscillators
Immediately after its release into the water column, regardless of the means of

production, a bubble begins to pulsate. The bubble itself might undergo a wide range of
oscillatory changes in shape, but these can be decomposed into a summation of spherical
harmonic pulsations, and only one of these (the zeroth order) changes bubble volume to first
order, and hence changes the gas pressure to first order (at low Mach numbers), and so couples
to acoustic fields (Leighton, 1994). Therefore, despite the fact that the bubble will often depart
from sphericity, with a few notable exceptions that will not be discussed further in this chapter
(Phelps et al., 1997), it is appropriate when discussing the interaction with sound fields at low
Mach numbers to refer to the pulsations of a spherical bubble. This oscillation approximates a
simple harmonic oscillator at low amplitudes, occurring at the natural frequency of the bubble
(Leighton, 1994). It is possible to derive the relationship between the radius of a bubble and the
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frequency of its initial free oscillations by assuming there are no dissipative losses, e.g., through
viscosity or thermal conduction, via consideration of the flow between potential and internal
energy. The natural frequency of bubble oscillation is known the “Minnaert frequency” (Minnaert,
1933).
As a simple harmonic oscillator, the pulsation of a bubble is analogous to the classic bob
on a spring system, of unloaded length 𝑙0 and loaded length 𝑙. The walls of the bubble are the
bob weight and the gas within the bubble is the spring, as demonstrated in Fig. 2.2a. The
displacement 𝜀 from the equilibrium position corresponds to displacement of the bubble wall 𝑅𝜀
between its equilibrium radius 𝑅0 (the bob at 𝑙 − 𝑙0 ) and its present radius 𝑅 at any given
moment (the bob at 𝑙 + 𝜀 − 𝑙0 ), see Fig. 2.2. The gas pressure following compression or
expansion act to restore the bubble to its equilibrium position, so is analogous to the spring
stiffness in the spring-bob example. However, it is important to note that the gas in the bubble is
less dense than the surrounding medium (unlike the bob in air). So, while in the spring-bob
system inertia and momentum are dominated by the bob it is the inertia of the water surrounding
a bubble which dominates in the bubble system, the mass of the gas being negligible.
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Figure 2.2: A) diagram comparing simple harmonic oscillators i. a spring bob system ii. a bubble
wall moving B) diagram of a bubble of radius 𝑅0 the wall of which is undergoing small amplitude
oscillations of amplitude 𝑅𝜖0 . It is surrounded by spherical shells of liquid, one of which has a
radius of r and a thickness of ∆r.

It is this final stage of the bubble formation that triggers the simple harmonic motion of a
bubble (Leighton, 1994; Czerski and Deane, 2010). The snapping of the neck triggers an initial
volume oscillation that acts as an exciting force causing the bubble to emit sound at its natural
frequency. We assume this initial driving impulse is of an infinitesimally small duration meaning
that while the bubble undergoes subsequent oscillation it effectively experiences no driving force.
With this idea of a bubble as a simple harmonic oscillator we can describe the shape of
the bubble over time. Imagine a bubble (Fig. 2.2b) with a mean radius of 𝑅0 that remains spherical
at all times while undergoing a volume oscillation at a frequency of 𝜔0 . The maximum
displacement of the bubble wall is 𝑅𝜀0 so that 𝑅𝑚𝑎𝑥 = 𝑅0 + 𝑅𝜀0 and 𝑅𝑚𝑖𝑛 = 𝑅0 − 𝑅𝜀0 .
Thus, the bubble radius 𝑅 at any time 𝑡 can be express as the real part of

𝑅 = 𝑅0 + 𝑅𝜀 (𝑡) = 𝑅0 + 𝑅𝜀0 𝑒 𝑖𝜔0 𝑡 .
(2.1)

22

Chapter 2
The displacement of the bubble wall 𝑅𝜀 from equilibrium over time describes a motion

𝑅𝜀 = −𝑅𝜀0 𝑒 𝑖𝜔0 𝑡 .
(2.2)

2.1.3

Minnaert frequency
With a description of the motion of the bubble wall over time we can describe the flow

between kinetic and potential energy. From here we can apply the concept to conservation of
energy in order to derive the Minnaert (or natural) frequency of a bubble (Minnaert, 1933;
Leighton, 1994).

𝑓𝑀 =

1
3𝜅𝑝0
√
,
2𝜋𝑅0
𝜌
(2.3)

𝜌 being the density of water, 𝑝0 being the hydrostatic liquid pressure outside the bubble and 𝜅
being the polytropic index (which takes a value equal to unity when the gas behaves isothermally
and equals the ratio of the specific heat of the gas at constant pressure to that at constant
volume, when the gas behaves adiabatically). A full derivation of Minnaert frequency can be
found in the SI of this chapter.
The Minnaert equation demonstrates that the frequency of a bubble’s oscillation is inversely
proportional to its equilibrium radius 𝑅0 . As the other factors are fairly consistent or easily
predictable (polytropic constant, density of water, water pressure outside of the bubble) it is
relatively easy to measure the size of a bubble based on its acoustic signal. As a general rule of
thumb for bubbles near the surface the radius in mm multiplied by the frequency in kHz is equal
to approximately 3 i.e., a 1 mm radius bubble has a 3 kHz frequency, a 1.5 mm radius bubble has a
2 kHz frequency, and a 3 mm radius bubble has a frequency of 1 kHz
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Once a bubble starts oscillating it begins to lose energy in three ways. Firstly (and most
importantly for us) energy is radiated from the bubble through acoustic waves (radiation
damping). Secondly energy is lost through conduction between the gas and the surrounding liquid
(thermal damping). Finally, energy is lost moving the bubble wall itself (viscous damping)
(Leighton, 1994). It is because of these factors that the bubble can be considered lightly damped
(Ainslie and Leighton, 2011). This damping is typically described by the “quality factor” of the
bubble, 𝑄, which is approximately defined as the ratio of the initial energy to the energy lost in
one radian cycle of oscillation (Walton et al., 2005). We will avoid a full discussion on the damping
constant of a bubble, see Ainslie and Leighton (2011) for this, and will note that the oscillation of
millimetre sized bubbles decays exponentially over ~10-30 of milliseconds (Leighton, 1994) and
varies with gas content i.e., for air Bubbles 𝑄 = 34 while for pure methane bubbles and carbon
dioxide bubbles 𝑄 = 24 and 29 respectively (Walton et al., 2005).
The polytropic adaptation of the Minnaert equation was first used in the 1980s to infer the
size distribution and number of bubbles formed in the natural world, in waterfalls and streams
(Leighton and Walton, 1987), and over subsequent years this method was extended to do the
same for bubbles entrained by breaking waves (Medwin and Beaky, 1989) and rainfall (Pumphrey
and Crum, 1990). The method works well when the ’signature’ passive emission from each bubble
is clearly separated in time from others, however this method of counting and sizing bubbles
becomes more difficult as the signatures from each bubble get closer in time and overlaps, and
while signal processing techniques can alleviate the problem (Leighton et al., 1998), eventually
the degree of overlap becomes so great that this technique must be replaced by a spectral
approach (discussed later) (Leighton and White, 2012).
A recording of a bubble signature, as seen in Fig. 2.3, shows a sinusoidal wave which decays
exponentially indicative of a lightly damped oscillator with a frequency consistent with that
predicted by the Minnaert equation (Eq. 2.3). Though it should be noted that as the sound
generated by a bubble is an exponentially decaying sinusoid, the sound will contain a range of
frequencies and the spectral profile of each bubble will be Lorentzian (Leighton, 1988), centred
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around the natural frequency (Leighton, 1994). The bubble seen in Fig. 2.3 was released at a
water depth of 2.5 m has a frequency of 0.38 kHz. Using Eq. 2.3 this corresponds to a radius of 9.6
mm.

Figure 2.3: Sonogram displaying the typical acoustic emission of a bubble as recorded by a
hydrophone. Here the bubble was released from sediment at a water depth of 2.5 m, 25 cm from
the hydrophone. The bubble became detached at around 20 ms, triggering simple harmonic
oscillation resulting in exponentially decaying sinusoidal wave. The bubble oscillates with a
frequency of 0.38 kHz (T = 2.6 ms) which we can inverted via the Minnaert equation (Eq. 2.3) to
indicate a radius of 9.6 mm.

The Minnaert equation was later adapted to include the effects of vapour pressure 𝑝𝑣 ,
surface tension 𝜎, and shear viscosity 𝜂 and so is more correctly presented as (Leighton 1994;
Leighton 2004);

𝑓𝑀 =

1
2𝜋𝑅0 √𝜌0

√3𝜅 (𝑝0 − 𝑝𝑣 +

2𝜎
2𝜎
4𝜂 2
+ 𝑝𝑣 −
.
)−
𝑅0
𝑅0
𝜌0 𝑅02
(2.4)
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Bubbles generated near the ocean surface will actually have a natural frequency 𝑓0 , which
is slightly higher than that specified by the Minnaert equation as a consequence of the reduced
inertia of the fluid near the surface. A similar effect occurs if the water surrounding the bubble
also contains bubbles in close proximity. Strasberg calculated the effect on the frequency showing
that (Strasberg, 1953).

𝑓0 =

𝑓𝑀
4
√1 − (𝑅0⁄ ) − (𝑅0⁄ )
2ℎ
2ℎ

,

(2.5)
where ℎ is the distance from the centre of the bubble to the surface of the water. As ℎ is always
greater than 𝑅0 , the denominator is always less than 1 and so, the oscillation of a bubble in the
near surface is always slightly greater than that predicted by the Minnaert equation. For example,
a bubble at a depth ℎ = 4𝑅0 will have a frequency ~7% higher. Alternatively, one should also be
able to see that when ℎ ≫ 𝑅0 , i.e., the bubble is a few tens of centimetres or more beneath the
water’s surface, the frequency of a bubble is equal to the Minnaert frequency.
𝑓0 = 𝑓𝑀 for ℎ ≫ 𝑅0 .
(2.6)
Another notable deviation from the Minnaert equation occurs when bubbles are
generated (nearly) simultaneously in close proximity, as is the case with wave generated bubbles.
The bubbles are linked by acoustic and hydrodynamic interactions resulting in coupled oscillator
systems that tend to oscillate at much lower frequencies than the natural frequency of any
individual bubble within it. In effect, a cloud of small bubbles can emit an acoustic signature
similar to that of a much larger bubble. A region of bubbly water containing a total of 𝑁𝑏 identical
bubbles (each having a radius 𝑅0 and a natural frequency of 𝑓0 ) composes an air water mixture
with a void fraction 𝑉𝐹. If this bubbly water was submerged in bubble-free water and the
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boundary between the two were assumed to be rigid (a poor assumption but a useful starting
point), then the modal frequency 𝑓𝑛 of a bubble cloud can be given by (Lu et al., 1990)

𝑓𝑛 = 𝑓0

𝑛
⁄
𝑁𝑏1 3

∙ {𝑉𝐹 }1⁄6

,

(2.7)
where 𝑛 is the mode of oscillation. It should be apparent that for any cloud with more than a few
hundred bubbles the lower order modal frequencies will be lower than the natural frequency of
the individual bubbles. For example, a 10 cm cloud of 1000 bubbles will have a 1st order modal
frequency 1/3 that of the bubble oscillations (Leighton, 1994). The greater the number of bubbles
in the same space, the lower the modal frequency. Obviously, bubble clouds do not have rigid
walls, but the general trend holds true with complexities in cloud geometry and bubble size
distribution being a greater source of error. In practice this means that if bubbles exist in clouds,
then the emission, and perhaps more prominently the scattering, of sound by the cloud of
bubbles, will contain elements at this cloud frequency, in addition to the signals of the individual
bubble resonances themselves (Leighton, 1994).
In summary the release of a bubble into the water column causes it to undergo simple
harmonic oscillation. The resulting acoustic signal is an exponentially decaying sinusoidal wave
at the natural (or Minnaert) frequency of the bubble, which is approximately inversely
proportional to its equilibrium radius. Measuring the volume of gas release at slow sources of
bubble production (a few Hz) acoustically is relatively trivial. One simply needs appropriate
recording equipment and an understanding of the basic field/lab conditions (water depth etc.)
to individually count and size each bubbles signal without needing any knowledge of the energy
emission from an individual bubble (Leighton and White, 2012). Indeed this ‘signature’ method
of flux measurement can even be used as an undergraduate lab experiment. However, as we
will discuss later measuring the volume of gas released becomes increasingly difficult as the
rate of bubble production increases.
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2.2

Subsurface Gas Release
Gas can be generated below the seabed from a number of different sources namely

thermogenic, biogenic, and anthropogenic. When this gas reaches the seabed, it will escape
upwards into the water column by the formation of bubbles (Judd, 2003; McGinnis et al., 2006;
Knittel and Boetius, 2009). This can have a major impact on ocean chemistry via dissolution and is
a poorly understood part of the global carbon cycle (Johnson, B. D., Boudreau, B. P., Gardiner, B.
S., and Maass, 2002; Jain and Juanes, 2009; Johnson et al., 2012; Roche et al., 2020). Additionally,
the release of each bubble produces an acoustic signal which can affect soundscape in local areas
(Leighton, 1994; Leighton and White, 2012; Maksimov et al., 2016). The sound is emitted as soon
the bubble detaches from the seafloor and lasts ~20 ms, which given that bubbles tend to rise
upwards of a speed of 20-30 cm/s confines the production to within ~5 mm of the seafloor. We
will first describe the passage and release of a single bubble before discussing localised seeps,
their resultant signal and flux inversion techniques. The following is applicable to bubbles of any
gas type, the Minnaert frequency varying only slightly as described by Eq. 2.4.
In a typical near-surface marine sediment, the pores between grains are saturated with water.
The introduction of gas, for example from an underlying fault, slowly invades the surrounding
pores, displacing the water. This intrusion can occur either by capillary invasion or by fracture
opening (Johnson, B. D., Boudreau, B. P., Gardiner, B. S., and Maass, 2002; Jain and Juanes, 2009;
Johnson et al., 2012). The difference in density between the gas and the surrounding medium,
creates a buoyancy force which typically causes the gas to rise upwards (Boudreau et al., 2005;
Algar et al., 2011; Boudreau, 2012). When gas reaches the seabed, it will continue to rise upwards
due to the buoyancy forces. The sediment pores act like a kind of “nozzle”, akin to a needle in a
test tank, through which the bubble is injected into the water column (Leighton and White, 2012,
Roche et al., 2021). The bubble will escape into the overlying water when the buoyancy forces
acting on it overcome the adhesive like forces attaching it to the sediment.
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The passage of gas through the upper few centimetres of the seabed can cause a weak
oscillatory signal, audible in the water column, possibly as the grains rearrange to create an orifice
for the bubble beneath the surface (Leighton, 1994). Vazquez et al., (2015) were able to observe
this event using synchronous high-speed video and acoustic recordings of gas migrating through
granular sediment. The signal appears unpredictable and is expected to vary with grain size, grain
type, bubble size, water pressure etc. Indeed, there is some experimental evidence indication that
the sound is absent for fine silts and coarse pebbles. As the magnitude of this precursor signal is
smaller than that of subsequent bubble oscillation the phenomenon remains largely unexplored.
Thus, the acoustic signature of a single bubble being released from sediment can be defined as an
exponentially decaying sinusoidal wave resulting from bubble oscillation (Leighton and Walton,
1987) potentially preceded by a weak unpredictable oscillatory signal in certain sediment types
(Vazquez et al., 2015), as seen in Fig. 2.4.

Figure 2.4: A) the release of a bubble from granular sediment and B) the corresponding acoustic
signal. Note (2) the chaotic weak signal resulting from the rearrangement of grains as the gas
reaches the seabed and (4) the stronger distinct acoustic signature of the bubble being released
into the water column. Adapted from Vazquez et al., (2015).
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2.2.1

Gas seep acoustics

The continuous passage of gas through the same area may cause the development of open
channels (or chimneys) in the sediment which direct the flow of gas to a single localised point on
the seabed, forming a seep (Hovland, 2002; Suess, 2014; Coughlan et al., 2021). A subsea gas seep
is broadly defined by the continuous release of gas from the seabed into the water column. There
is no set magnitude for the flux of gas from a seep (Hovland, 2002; Suess, 2014; Coughlan et al.,
2021), meaning the term encompasses seeps that release tens to millions of bubbles per minute.
Similarly, there is no strictly defined time scales for being continuous, some seeps are born and
die within a few hours, some are only active for certain times of the day or year while others have
been active for centuries (Böttner et al., 2019; Li et al., 2020b; Coughlan et al., 2021). It is also
worth noting a seep does not have to be in sediment, it may also come from exposed bedrock or
even manmade features such as leaking pipes. The term pockmark is often synonymous with gas
seeps in sediment, though strictly speaking the term only defines the depressions created in the
seabed by the gas release (Böttner et al., 2019; Coughlan et al., 2021).
The size of a bubble released from the seabed is difficult to predict. In a lab the size of a
bubble released from a needle is generally considered a factor of the size of the nozzle, the gas
injection pressure, and the overlying water pressure, although even these have limited control of
bubble size (Leighton et al., 1991; Longuet-Higgins et al., 1991). Even in a controlled setting it is
difficult to regularly produce identically sized bubbles, making bubble size highly variable in the
field. Assuming the pores between grains act as nozzles then one might anticipate that larger pore
spacing, that are generally associated with the larger and more rounded the grains, would
generate larger the bubbles. However, when open conduits form in sediment, pore size becomes
less important in favour of conduit size which can vary significantly based on numerous factors
including the age of the chimney. Consequently, bubble size distributions are unique for each
seep, indeed the exact bubble size distribution (and thus gas flux) is likely to change over time as
the underlying conduits evolve and the overlying water pressure fluctuates with tidal and
seasonal variations (Boles et al., 2001; Klaucke et al., 2010; Bergès et al., 2015; Leifer, 2015;
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Wiggins et al., 2015; Römer et al., 2016; Scandella et al., 2016; Riedel et al., 2018; Sultan et al.,
2020). Gas flux from underwater seeps can also vary as a result of underlying causes such as
seabed temperature, seismic or volcanic activity (Leifer and Patro, 2002; Esposito et al., 2006;
Ostrovsky et al., 2008; Muyakshin and Sauter, 2010; Leifer, 2015; Li et al., 2020b). In deep marine
settings bubble sizes have commonly been observed between 1 and 6 mm in radius (Bergès et al.,
2015; Li et al., 2020a) while shallower waters (<10 m) have been observed to contain larger
bubbles greater than 10 mm in radius (Leighton, 1994; Leighton and White, 2012; Li et al., 2020b),
though this trend is far from a rule and exceptions are plentiful.
The acoustic signature of a seep is thus defined by its bubble generation rate i.e., the rate at
which bubbles of different sizes are released. Unfortunately, as every seep has a unique bubble
generation rate it is difficult to define a general rule for the passive acoustic emissions. In the
simplest case of a “slow seep” releasing a few bubbles a second, its acoustic emission can be
defined by the continuous release of bubbles, i.e., a continuous repetition of signal seen in Fig. 2.2
(Greene and Wilson, 2012; Leighton and White, 2012). Ultimately these signals are weak and have
little impact on the marine soundscape due to the flux rates being so low meaning they are of
little interest to many researchers.
Larger seeps with higher gas flux rates generate stronger signals which can be observed at
greater distances and may have a noticeable impact on ocean chemistry. However, as the
frequency of bubble release increases with flux rate, eventually the acoustic signals of each
release begin to overlap making it impossible to distinguish individual bubble oscillations (Bergès
et al., 2015; Chen et al., 2016; Roche et al., 2019).
By considering the combined signal of multiple bubble releases Leighton and White (2012)
derived the power spectral density 𝑆(𝜔) of the far field acoustic signature of a gas seep at some
distance 𝑟;
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∞

𝑆(𝜔) = ∫ 𝐵(𝑅0 )|𝑋𝑏 (𝜔, 𝑅0 )|2 𝑑𝑅0 ,
0

(2.8)
where 𝜔 is the angular frequency, 𝐵(𝑅0 ) is the bubble size distribution as a function of 𝑅0
𝑅

defined such that 𝛹 (𝑛) = ∫𝑅 2 𝐵(𝑅0 )𝑑𝑅0 represents the number of bubbles generated per
1

second with a radius between 𝑅1 and 𝑅2 i.e., the bubble generation rate, 𝛿𝑡𝑜𝑡 is the total damping
constant for pulsation at resonance and

2
|𝑋𝑏 (𝜔, 𝑅0 )|2 = 𝑅𝜖0𝑖

𝜔04 𝑅04 𝜌2
4[(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4𝜔2 ]
(
).
[(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4(𝜔0 − 𝜔)2 ][(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4(𝜔0 + 𝜔)2 ]
𝑟2
(2.9)

The important unknown in this equation being the initial amplitude of displacement of the
bubble wall at the start of the emission (𝑅𝜖0𝑖 ) [not to be confused with 𝑅𝜀0 the maximum
displacement of bubble wall from the equilibrium radius]. There is strong evidence to suggest this
is a function of the equilibrium bubble radius (𝑅0 ). However, this exact relationship is yet to be
defined. Consequently, many studies have elected to treat 𝑅𝜖0𝑖 ⁄𝑅0 as a constant existing
somewhere between 1.4 × 10−4 and 5.6 × 10−4 , based on experimental observations(Leighton
and White, 2012). Though it should be stressed this is a pragmatic choice with no theoretical
foundation. It is important to note that the above formulation excludes the signal from the
rearrangement of grains prior to a bubbles release. However, this is reasonable as 1) the signal is
very weak (Vazquez et al., 2015) and 2) seeps with a higher flux contain open conduits that do not
require grains to be rearranged to facilitate the migration of gas (Roche et al., 2020).
This spectral approach allowed Leighton and White to invert the signal from a given gas
seep (at a known distance from a hydrophone) to determine the number of bubbles of various
sizes released within a given period, providing them with an estimate of gas flux (Leighton and
White, 2012). In replacing the signature method for counting and sizing bubbles in circumstances
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where their passive acoustic emissions overlapped, they drew particular attention to the lack of
knowledge about the energy of an individual bubbles’ emission. While the signature method had
managed to bypass this unknown their spectral method could not. Whilst the spectral method
had the power to count and size bubbles when the signatures overlapped, they noted that the
reliance on literature values for the energy released by a bubble was the greatest source of
uncertainty, particularly as the energy associated with the release of a given bubble is likely to
vary with the mode by which it is entrained (injected by a needle, or through sediment, via a gas
pipe leak or entrained in the upper ocean by rainfall or breaking waves), and the depth at which it
is entrained. In simple terms, if the count of bubbles of a certain size is based on the energy
detected in a given frequency band, then if the acoustic energy in that band is divided between
the bubbles contributing to it, the estimation calculates fewer bubbles were entrained the more
acoustic energy is contained in each bubble signature (Leighton and White, 2012). Further
complications were identified, in that a given injection process can cause the bubble to fragment
after release, or merge with other bubbles, and this can lead to the injection of a single bubble
generating multiple signatures (Leighton et al., 1991). Despite all of this, to date the use of the
spectral method in the field has proven effective, providing continuous estimates of gas flux over
extended periods of time validated by intermittent physical measurements. However, a need to
reduce the uncertainty in these measurements is continually noted (Bergès et al., 2015; Roche et
al., 2019; Li et al., 2020b).
Given the highly variable nature of seafloor gas seeps, particularly in regard to the size of
the bubbles and their rate of release, it is difficult to give a general impression of their
contribution to the marine soundscape. In order to do so here we use the above equations to
simulate the sound pressure level (SPL) of a seep venting gas at the rate of 10, 100, 1000 and
10,000 L/min assuming a log normal bubble size distribution between 0.5 and 10 mm radius. The
results are displayed in Fig 2.5 alongside the SPL of various intensities of wind and rain generated
bubble noise. We would emphasise that these graphs are meant to serve only as an approximate
guide to the potential effect natural seeps can have on the marine soundscape. Here we see the
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signal is confined mainly between 1 to 10 kHz (a result of the selected bubble size distribution)
with the magnitude of the signal increasing in line with rate of gas flux. A maximum amplitude of
97 dB re 1µPa2/Hz is seen at 10,000 L/min, well in excess of wind and rain generated bubble
noise.

Figure 2.5: Ambient noise spectral density from 0.1 to 100 kHz for common bubble production
sources in the marine environment including gas seeps, rainfall, and breaking waves. Gas seepage
is simulated at different flux rates in L/min at 100 m water depth assuming a Gaussian bubble size
distribution between 0.5 - 10 mm radius. Rainfall data at different intensity levels in mm/hr is from
Ma and Nystuen (2004), breaking wave data observations at different wind speeds in knots is from
Wenz (1962).

In summary the release of gas from the seabed releases an acoustic signal at the natural
frequency of the resulting bubble. As the flow of gas out of a seep increases the acoustic signals
of each bubble released begins to overlap making the resultant signal a summation of each
individual bubble’s natural frequency. Consequently, it is currently impossible to predict the
sound resulting from a gas seep (or indeed a field of seeps) without an understanding of its’
bubble size distribution. However, by observing the acoustic signature of a known seep, it is
possible to quantify the size of bubbles being released and thus estimate the flux, observing
tidal and seasonal variations.
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2.3

Rainfall Acoustics
When a rain droplet impacts a body of water it forms an impact crater and may entrain a

bubble. Consequently, falling rain produces two sounds in the marine environment, firstly the
initial impact of the droplet on the body of water which generates a compressional wave (Fig.
2.6b). Secondly the simple harmonic motion of a bubble following its release into the water, once
again at the Minnaert frequency (Leighton, 1994). This scenario is directly comparable to a leaky
tap dripping water into a sink, producing a distinct “plinking” noise (Pumphrey and Walton, 1988;
Pumphrey and Elmore, 1990; Leighton, 1994). While some incorrectly assume this sound is a
consequence of the initial collision between drop and water surface, it is in fact the entrainment
of bubbles that produces the majority of the acoustic signature. We will first discuss the sound of
the initial droplet impact before discussing the processes of entrainment, the resulting acoustic
signature of rainfall and methods of rainfall quantification.
The impact of the rain droplet on the water’s surface initially produces a sharp acoustic pulse,
with a duration of 10-40 µs, as a result of the “water hammer” effect (a pressure surge caused
when the motion of a fluid is stopped). The pressure radiated by the impact is given by (Pumphrey
and Crum, 1990),

𝑝𝑖𝑚𝑝𝑎𝑐𝑡 =

𝜌𝑢𝑑3 𝐿𝑑 cos 𝜃
𝒖,
2𝑐
𝑟
(2.10)

where 𝜌 is the water density, 𝑢𝑑 is the impact speed of the droplet, 𝐿𝑑 is the diameter of the
droplet, 𝑐 is the speed of sound in water, 𝜃 is the angle between the observer and sound source
relative to the z axis, and 𝒖 is the impact Mach number. Raindrops typically have a diameter
between 0.5 to 5.0 mm (larger droplets tending to break up) resulting in an impact velocity
between ~2.0 and 9.0 m/s (Nystuen, 2001). This means that while for individual droplets it is easy
to identify the impact signature, this sound is dwarfed by the later oscillation of a bubble, by a
factor as large as 200:1, meaning that during rainfall (where bubbles are continuously oscillating)

35

Chapter 2
the sound of impact has very little effect on the overall acoustic signature, and is responsible only
for a weak broadband signal (Pumphrey and Elmore, 1990).
The entrainment of a bubble by a droplet of water is dynamic process, much more complex
than the injection of gas through sediment pores. The exact mechanism by which this occurs
varies based on a number of factors, mainly impact velocity and droplet diameter. These
processes are (Pumphrey and Elmore, 1990).
1) Irregular Entrainment: in which the complex and unpredictable details of a splash
somehow entrain a bubble(s)
2) Regular Entrainment: in which a retreating impact crater leaves behind a small volume of
gas connect via a narrow neck that is eventually pinched off leaving behind a single
bubble (see Fig. 2.6a)
3) Entrainment of large bubbles: in which most of the volume of the crater is trapped as a
bubble
4) Mesler Entrainment: in which many tiny bubbles are trapped in the early stages of impact
process, possibly between the crest of capillary waves on the droplet and body of water
Bubbles produced by entrainment act identically to examples discussed previously, oscillating
to produce an exponentially decaying sinusoidal wave in the near field (Pumphrey and Elmore,
1990). The only notable difference to seabed gas release is that the bubbles are much closer to a
free surface (the water surface), meaning the mass of water regulating the oscillations is lower
and thus the natural frequency of the bubbles is slightly higher than the Minnaert frequency (see
Eq. 2.5).
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Figure 2.6: A) a diagram of regular entrainment of a bubble following the impact of a water
droplet B) the acoustic signature of a raindrop. Note the weak sharp signal from the impact itself
(2) followed by the larger oscillation of the bubble (5) once it detaches from the crater. Adapted
from Medwin & Nystuen (1990).

Given a large enough area and a large enough number of raindrops (of a consistent size
distribution), one can assume a constant number of raindrops are impacting the water and
therefore a constant number of bubbles are being entrained. Consequently, rainfall results in a
constant “ambient” noise. Using this principle and quantifying the number of bubbles entrained
per second 𝑛(𝑓) in a 1 Hz frequency band over a 1 m2 area of water, Pumphrey & Elmore (1990)
were able to show that the intensity below the surface of the oscillating bubbles at any given
frequency 𝑓 is.

𝐼𝑅𝑎𝑖𝑛 =

𝑛 (𝑓 )𝐷 2 𝑄
,
4𝑓𝜌𝑐
(2.11)

where 𝑄 is the quality factor and 𝐷 is the initial dipole strength of the bubble. From which the
intensity spectrum level is given by.
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𝐼𝑆𝐿𝑅𝑎𝑖𝑛 = 10log

𝐼𝑅𝑎𝑖𝑛 ∙ 𝜌𝑐
𝑛(𝑓)𝐷2 𝑄 ⁄4𝑓
=
10log
.
1 𝜇𝑃𝑎2 ⁄𝐻𝑧
1 𝜇𝑃𝑎2 ⁄𝐻𝑧
(2.12)

From here it is important to note that while 𝐷 increases with increasing 𝑓, 𝑄 decreases. These
two effects cancel each other out meaning the spectrum is dominated by the number of bubbles
entrained per second (Pumphrey and Elmore, 1990). Additionally, it has been observed that,
neglecting refraction and absorption, 90% of the rain signal arrives from a sample area with a
radius equal to 3 times the observer’s depth (Pumphrey and Elmore, 1990). Thus, using Eq. 2.12
and the size and number of bubbles produced per second by entrainment during a given
rainstorm one can calculate the acoustic spectrum of the rainfall or vice versa.
It is difficult to precisely predict the relative occurrence of each entrainment process during a
rainstorm. While regular entrainment is by far the most well understood process, its name is more
a consequence of being the easiest to comprehend and predict. Indeed, when Pumphrey and
Elmore (1990) mapped which processes occurred at which impact velocity (for a range drop
diameter) the plot is dominated by Mesler entrainment. Additionally, if one were to assume all
impacts occurred at terminal velocity then the entrainment of large bubbles would never occur,
and irregular entrainment would occur only during storms with particularly large droplets
(Pumphrey and Elmore, 1990; Black et al., 1997; Nystuen, 2001; Ma and Nystuen, 2005;
Anagnostou et al., 2008; Nystuen et al., 2008, 2015; Ashokan et al., 2015; Pensieri et al., 2015;
Yang et al., 2015; Serra, 2018; Taylor et al., 2020). It is logical to assume that the splashing of
water will produce some droplets that impact at below terminal velocity meaning all entrainment
processes are likely to occur at some point during a rainstorm. However, it is reasonable for now
to assume only regular and Mesler entrainment dominate and justify further consideration.
Mesler entrainment produces multiple very small bubbles ~25 µm in radius regardless of the
size and velocity of the droplet. This results in a natural frequency of approximately 1.3 MHz. The
high frequency / small size of Mesler bubbles ultimately means they produces very little noise
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with high levels of attenuation and consequently have little to no impact on the acoustic signature
of rainfall, especially in the far field, meaning regular entrainment is responsible for the majority
of bubble oscillation sound during rainfall (Nystuen, 1986, 2001; Scrimger et al., 1987; Pumphrey
and Elmore, 1990; Black et al., 1997; Nystuen and Selsor, 1997; Nystuen et al., 2000, 2015; Ma
and Nystuen, 2005; Ashokan et al., 2015; Pensieri et al., 2015; Yang et al., 2015; Serra, 2018;
Taylor et al., 2020).
Regular entrainment produces different bubble sizes for different droplet sizes and impact
velocities. If we consider only the bubbles produced by raindrops traveling at terminal velocity,
regular entrainment is the result of droplets 0.40 to 0.55 mm in radius (with larger and smaller
droplets resulting in Mesler entrainment) (Nystuen et al., 2000; Ma and Nystuen, 2005; Ashokan
et al., 2015). Bubbles produced by regular entrainment of droplets of this size are predicted to be
in the range 0.16 to 0.33 mm in radius, resulting in frequencies between 10 and 20 kHz.
Laboratory and field data has consistently shown that there is a general increase in the number of
bubbles entrained with bubble radius, peaking at ~0.23 mm in radius and dropping off rapidly
above ~0.27 mm (Pumphrey and Elmore, 1990; Ma and Nystuen, 2005; Nystuen et al., 2008;
Ashokan et al., 2015; Pensieri et al., 2015).
Consequently, the spectral content of rainfall on a body of water is expected to gradually
increase in intensity as frequency decreases, leading to a large peak at around 14-15 kHz and
followed by a sharp decline below 10-12 kHz, the exact intensity of the signal depending on the
number of bubbles entrained per second (a consequence of the number of raindrops impacting
per second) (Nystuen, 2001; Ma and Nystuen, 2005; Ashokan et al., 2015). This prediction fits well
with field observation, see Fig. 2.7. Data collected from lakes, land-based water tanks, brackish
ponds and deep marine environments all show a distinctive peak at 14-15 kHz with a sudden drop
off below 10-12 kHz (Nystuen, 2001).
One consistent observation in repeat studies is a decrease in the prominence of the 14-15 kHz
peak with increased rates of rainfall, with the peak being almost indistinguishable above 30
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mm/hr as seen in Fig. 2.5 and 2.7 (Medwin et al., 1990; Ma and Nystuen, 2007). This is because at
higher rainfall rates, more bubbles oscillating between 10 to 20 kHz are generated per second
resulting in an increased intensity of the signal. However as can be seen in Eq. 2.12 this is a
logarithmic increase with diminishing returns meaning while the surrounding frequencies increase
in intensity the 14-15 kHz peak is relatively unmoved, flattening out the spectrum. Additionally, in
the field increased rainfall tends to be accompanied by increased windspeed, which as we will
discuss next also affects the rain spectrum. For this reason, the rain spectrum is best observed
during a drizzle or light rain (Cavaleri and Bertotti, 2018).

Figure 2.7: The average SPL spectrogram of rainfall acoustic at various rates as record by a
number of buoys in lakes and seas around the world over a collective total of 30 months. Note the
distinct peak at 14 kHz caused by the regular entertainment of bubbles from rainfall that becomes
less prominent as rainfall become more intense. Adapted from Ma and Nystuen (2005).

The rain signature above 10 kHz is known to be affected by wind speed (Pumphrey and
Elmore, 1990; Black et al., 1997; Ma and Nystuen, 2005; Anagnostou et al., 2008). Ma and
Nystuen (2004) noted that as wind speed increased from 0.6 to 3.3 m/s, the 15 kHz peak became
less prominent and broader, shifting up by a few kHz. The increased wind speed drives waves on
the surface of the water which has two effects. Firstly, it alters the angle of incidence of raindrops
40

Chapter 2
on the water, this reduces the probability that an individual droplet will produce a bubble from a
100% at normal incidence to 10% at a deviation of 20° (Ma and Nystuen, 2005). Additionally, a
deviation of 20° causes a 30% decrease in the energy emitted by the initial impact (Ma and
Nystuen, 2005). This means that dominance of the bubble noise over the impact noise reduces by
a factor of 10, thus making the peak less prominent. Secondly, as we will discuss later, at high
wind speeds breaking waves / white caps can also produce bubbles of similar magnitude which
will interfere with the sound of rainfall. However, it has been observed that under certain
conditions rainfall can prevent the formation of breaking waves (Wu, 1979; Leighton, 1994;
Holthuijsen, 2007; Cavaleri, 2020).
Some studies have noted a secondary rise in the rain spectrum starting at 2-3 kHz and peaking
around 5 kHz. This is believed to be a consequence of irregular entrainment of bubbles caused by
very large droplets 2.0-3.5 mm in diameter (Anagnostou et al., 2008; Pensieri et al., 2015; Yang et
al., 2015; Serra, 2018; Taylor et al., 2020). We had previously dismissed irregular entrainment and
the entrainment of large bubbles by assuming the majority of droplets impacted at terminal
velocity and that larger droplets were less common than small ones. However, it appears that
when a rainstorm is comprised of particularly large droplets (>2.0 mm) the frequency of irregular
and large entrainment events is significant enough to cause a recognisable spike in the spectrum.
Possibly as a result of accompanying wave action lowering the impact velocity. This secondary 5
kHz peak while less conspicuous than the 14-15 kHz peak may in fact be more useful as it exists in
the part of the spectrum less affected by wind and wave noise (2 - 10 kHz) (Ma and Nystuen,
2005). This means that observations of the intensity of the 5 kHz peak can be used for rainfall
quantification regardless of windspeeds. Using comparative rain gauge data Ma and Nystuen
(2001) proposed the following equation for calculating the rainfall rate 𝑆𝑟𝑎𝑖𝑛 in mm/hr based on
the sound pressure level at 5 kHz (𝑆𝑃𝐿5𝑘𝐻𝑍 ).
10 log10 𝑆𝑟𝑎𝑖𝑛 ⁄10 = (𝑆𝑃𝐿5𝑘𝐻𝑍 − 42.4)⁄15.4.
(2.13)
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While the exact relationship varies from location to location based on local conditions and
ambient noise levels, acoustic inversion of rainfall (with sufficient calibration) is a highly promising
technique for use in meteorological & oceanographic research which is becoming increasingly
common (Nystuen et al., 2000; Deane and Stokes, 2002; Ma and Nystuen, 2005, 2007;
Anagnostou et al., 2008; Pensieri et al., 2015; Yang et al., 2015; Taylor et al., 2020).
In summary the acoustic signature of rainfall in the marine environment is caused by the
entrainment of bubbles, not the impact of the droplets themselves. The rain spectrum is a
distinctive peak at 14-15 kHz with a sudden drop off below 10-12 kHz, caused by regular
entrainment, and occasionally a secondary smaller peak at 5 k Hz, caused by irregular
entrainment when droplet are particularly large. The intensity of these peaks is dictated by the
number of raindrops impacting the water per second. As the intensity of the rainfall increases
the peaks becomes broader and less well defined. Increasing wind speeds also mutes the 14-15
kHz peak due to altering the impact angle of droplets and interference from wave noise,
however the 5 kHz peak is less affected by wind and can be used for rainfall quantification.
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2.4

Breaking Wave Acoustics
In the natural marine environment sufficiently high wind speeds can cause surface gravity

waves to break as whitecaps (or whitehorses) (Leighton, 1994). Unsurprisingly this process
entrains a large number of bubbles which oscillate near the surface, as described by Eq. 2.5
(Farmer and Vagle, 1988; Bass and Hay, 1997; Deane and Stokes, 2002; Manasseh et al., 2006).
Not only do these bubbles have a noticeable effect on the ambient noise of the ocean (via
oscillation) (Deane and Stokes, 2002) but they may also affect the passage of other acoustic
signals by altering the propagation of sound waves near the sea surface (Deane and Stokes, 2002).
First, we will discuss waves as acoustic sources before discussing the effect wave generated
bubbles have on the speed of sound and finally the ambient noise generated by wave action and
how this can be related to wind speed. We will not discuss in detail the hydrodynamic controls
behind breaking waves, other than to note in general, strong winds result in larger breaking
waves, as this in itself would demand a full chapter (Leighton, 1994; Deane and Stokes, 2002).
The entrainment of bubbles from wave action is a highly dynamic process (even more so
than rainfall) with the exact minutia of the bubble generation being poorly understood (Deane
and Stokes, 2002). We know, however, from laboratory and field data that distinct bubbles are
initially generated during one of two phases: Jet Entrainment and Cavity collapse (Deane and
Stokes, 2002).
Jet entrainment begins as soon as the wave starts to break. The crest of the wave overturns
and plunges into the wave face, forming a plunging jet, with a cavity of air trapped between the
two bodies of water. This chaotic collision of the jet generates bubbles generally between 0.1 and
2.0 mm in radius (2 to 30 kHz) (Leighton, 1994). Additionally, the impact of the jet causes the
water to splash and a number of droplets to also entrain bubbles. Towards the end of a breaking
wave’s life cycle the cavity of air trapped between the wave face and the plunging jet will
collapse. This forms a large number of bubbles the majority of which are between 2.0 and 10.0
mm in radius (0.4 to 2 kHz) (Deane and Stokes, 2002). Given the high density of bubbles the
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remnants of the cavity act as a “bubble cloud.” As discussed, earlier bubbles in a cloud tend to act
as coupled oscillators with normal modes of oscillation much lower than that of individual bubbles
(Carey and Bradley, 1985; Deane and Stokes, 2002). The cavity collapse phase is thus responsible
for frequencies between 0.1 and 0.5 kHz due to the bubble cloud, and higher frequencies up to ~2
kHz from individual oscillations (Carey and Bradley, 1985; Deane and Stokes, 2002). It is also at
this time that the plunging jet forms a shear zone along the wave surface which encircles the
cavity remnants. Some bubbles will be pulled through this shear zone which can cause a bubble to
fragment into two or more smaller fragments, which once again oscillate though at a higher
frequency than their parent bubble (Leighton, 1994; Deane and Stokes, 2002, 2010). For example,
a large bubble oscillating at 3.1 kHz may produce two daughters one at 50 kHz and one at 32.3
kHz (Thorpe, 1982; Deane and Stokes, 2002). The intensity of the cavity collapse signature is far
greater than that of the Jet period (or later shearing) thus when waves are continuously breaking
in the marine environment it is the sound of these bubble clouds which dominates. Therefore, the
acoustic signature of a breaking wave near the surface can most easily be recognised by low
frequency signal between approximately 0.2-2 kHz (Carey and Bradley, 1985; Deane and Stokes,
2002) distinct from that of rain and gas seeps (Ma and Nystuen, 2005; Bergès et al., 2015).
Deane & Stokes (2002) presented the average acoustic signature of (17) 10 cm tall
plunging breakers, Fig 2.8. Here one can clearly see the jet period, which is continuous throughout
the breaking of the wave, responsible for the signal above 2 kHz with the majority of the sound
generated below 10 kHz. The cavity collapse period can also be clearly identified as a quick (~0.3
s) low frequency burst centred around 0.3 kHz (Thorpe, 1982; Deane and Stokes, 2002). It should
be intuitive that the acoustic signature (or rather the resulting bubble cloud) of a wave is a
consequence of its size (and the style of breaking), which is typically a function of wind speed.
Thus, by observing the breaking of a wave one could infer the acoustic signal or vice versa.
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Figure 2.8: Spectrogram of wave noise calculated from an average of 17 breaking events. Note the
“Jet” and “cavity” phases. The colour contours represent sound intensity plotted in a decibel scale
(the intensity if referenced to 1 µPa2Hz-1) versus frequency and time. The log scale labelled “a” on
the left-hand side indicates the radius of a bubble resonant at the corresponding frequency of the
frequency scale (F). The wave noise was measured by a hydrophone mounted in the wave flume
beneath the bubble plume. The images plotted below the spectrogram show the sequence of flow
features at different times during the acoustic emissions. From Deane and Stokes (2002).

Given the energetic and variable nature of breaking waves it is difficult to predict exactly
what happens to the resulting bubbles post-production. The exception to this is during Langmuir
circulation, which is the slow shallow counter rotational vortices aligned with wind direction that
develop when wind blows steadily over a body of water, which have been extensively analysed.
After formation Langmuir circulation, can carry wave generated bubbles up to 10 m below the
surface (Monahan and Lu, 1990). In wind speeds >7 m/s this has been known to result in linear
bubble clouds orientated parallel to wind direction (Leighton, 1994). These Langmuir bubble
clouds consist of bubbles produced throughout the lifecycle of a wave (jet and cavity collapse
phase) as well as potentially those entrained by rainfall. Individual bubbles in the cloud will
naturally shrink due to dissolution and eventually disappear (Liang et al., 2011), however a high
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concentration of bubbles may delay this process and a continued supply of freshly generated
bubbles can allow the cloud as a whole to persist as long as circulation is active (Clay and Medwin,
1978; Leighton, 1994; Liang et al., 2011). The clouds generally have void fractions between 10-4
and 10-5 % that is assumed to be uniform in the horizontal plane but falls off exponentially with
depth (Farmer and Vagle, 1988; Vagle et al., 1990; Leighton, 1994; Farmer et al., 2001).
As the speed of sound depends on the inertia and stiffness of the material it is passing
through the speed of sound in a bubble cloud (or “bubbly liquid”) differs from that of pure water.
As gas is less dense than water, sound waves travel more slowly through bubble clouds, becoming
slower the larger and more numerous the bubbles are, i.e., the larger the void fraction (Garrett et
al., 2000; Wang et al., 2016). If there is a distribution of bubble sizes within a cloud, such that
𝑔𝑟

𝑛𝑛 (𝑧, 𝑅)𝑑𝑅0 is the number of bubbles per unit volume at depth 𝑧 having a radii between 𝑅0 and
𝑅0 + 𝑑𝑅0 , the speed of sound in a cloud 𝑐𝑐 is given by (Clay and Medwin, 1978)
∞

𝑐𝑐 (𝑧, 𝜔) = 𝑐 {1 − (2𝜋𝑐

2)

∫
𝑅0 =0

(𝜔0 ⁄𝜔)2 − 1
𝑅0
𝑔𝑟
(
) 𝑛 (𝑧, 𝑅)𝑑𝑅0 },
𝜔 2 {(𝜔0 ⁄𝜔)2 − 1}2 + 𝑑 2 𝑛

(2.14)
where 𝑑 is the dimensionless damping constant for a single bubble, and 𝜔0 being the resonant
circular frequency of the bubble given by 𝜔0 = 2𝜋𝑓0 .
Given the above, and the fact surface generated bubble clouds tend to decrease in
concentration with depth, one can see how the presence of breaking waves can result in an ocean
model where sound speed increases noticeably with depth within the upper ~10 m (Knudsen,
V.O., Alford R.S and Emling, 1948; Wenz, 1962; Farmer and Vagle, 1989; Buckingham, 1991;
Leighton, 1994; Zhao et al., 2014). In such a scenario downward propagating sound waves will
tend to turn, due to refraction, bending upwards back towards the surface. Similarly, upward
propagating waves will also turn, refracting downwards. Repeating this cycle can result in the
horizontal propagation of sound waves, trapping acoustic energy in the near surface (Farmer et
al., 2001; Deane and Stokes, 2010). In terms of wave acoustics, Farmer and Vagle (1989) and
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Buckingham (1991) both suggested that for a given mode the signal becomes evanescent (unable
to propagate further) below certain “extinction” depth. They suggest trapping of sound in such a
waveguide might influence the ambient acoustic spectra of wave noise and that by observing
certain “drop out frequencies” one could infer the bubble size population generated by breaking
waves, though Buckingham argues the loss of signal alone is not sufficient for a full analysis
(Farmer and Vagle, 1989; Buckingham, 1991). Unfortunately, the latter appears to be correct as
despite numerous attempts in the following years little progress has been made inverting bubble
populations from wave acoustics (Garrett et al., 2000; Wang et al., 2016).
Accounting for the bubble cloud effects Deane & Stokes (2010) presented a model for
calculating the underwater noise of a single breaking wave at a distance 𝑟 with good agreement
with experimental observations. Here, assuming wave noise is superposition of oscillations from
generated bubbles, the creation times of bubbles being uniform and randomly distributed
throughout the breaking period, the Power spectrum is given by
𝑎𝑚𝑎𝑥

𝑃(𝜔, 𝑟) = ∫ ∫

𝜆(𝑎, 𝑟)|𝛾(𝜔, 𝑎)𝛼 (𝜔, 𝑎)|2 𝑑𝑎𝑑𝑉,

𝑉 𝑎𝑚𝑖𝑛

(2.15)
where 𝑎𝑚𝑖𝑛 and 𝑎𝑚𝑎𝑥 are the minimum and maximum bubble sizes generated, 𝑉 is the plume
volume, 𝜆(𝑎, 𝑟) is the rate at which bubbles are generated, 𝛾(𝜔, 𝑎) and 𝛼 (𝜔, 𝑎) are the Fourier
transforms of the convolution of free-space bubble pulses and Greens function for the medium of
propagation respectively (Deane and Stokes, 2010).
With an understanding of the individual acoustic signal of a breaking wave and the
manner in which bubble clouds effect the near surface, one might assume calculating the
resulting signal of multiple breaking waves would be straightforward. After all, an observer, at a
given depth, will record a signal that is the superposition of all the waves breaking above it at any
given moment. Given a large enough area and a large enough number of waves, i.e., an ocean,
one can assume a constant number of waves are breaking resulting in a constant “ambient” noise,
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as was the case with rainfall. Indeed, if all the waves were identical and occurring in some
symmetrical pattern around the recorder, we could attempt to estimate the signal via theoretical
calculations. However, this is not realistic and would be of little practical use, a range of breaking
wave size and styles will always exist distributed erratically along the sea surface (Knudsen et al.,
1948; Wenz, 1962; Bass and Hay, 1997; Manasseh et al., 2006). Additionally, a detailed
understanding of the size distribution of bubbles generated in a breaking wave 𝜆(𝑎, 𝑟) in Eq. 2.15
is required, something lacking outside of easily replicable waves (Deane and Stokes, 2010).
For simplicity’s sake the seminal work of Knudsen et al., (1948) and Wenz (1962)
describing the ambient sound pressure level (SPL) in the ocean at different wind speeds using field
observations, seen in Fig. 2.5, is still relevant (Medwin and Beaky, 1989; Vagle et al., 1990; Zhao et
al., 2014). Starting at around 0.20 kHz rising 3-5 dB re 1µPa2/Hz to a peak at approximately 0.5
kHz (consistent with the above discussion) before dropping off slowly, ~25 dB re 1µPa2/Hz by 10
kHz, with peak sound pressure levels of 60 and 73 dB re 1µPa2/Hz respectively for wind speeds of
3.4- 5.5 m/s and 17.2- 20.7 m/s (Farmer and Vagle, 1988; Vagle et al., 1990; Felizardo and
Melville, 1995; Zhao et al., 2014). This does not generally cover strong gales (wind speed > 20.8
m/s), as during higher wind speeds it becomes difficult to identify periods of pure wind noise (i.e.,
non-rain contaminated).
Despite the complexity of the task however, many still wish to be able to calculate the
ambient noise of breaking waves e.g., for storm monitoring (Anagnostou et al., 2008; Zhao et al.,
2014, 2017; Pensieri et al., 2015; Yang et al., 2015) or studying ocean atmospheric mixing (Deane
and Stokes, 2002; Vagle et al., 2010). The most widespread approach is via WOTAN (Wind
Observations Through Ambient Noise) calculations. Here observations of the ambient noise from
breaking waves has been correlated with wind speed through numerous studies to empirically
map their relationship (Vagle et al., 1990; Zhao et al., 2014). Originally this work was done with
the intent of estimating wind speed based on ambient wave noise, but the reverse should also
possible (calculating ambient wave noise based on wind speed).
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Using past studies and their own data Vagle et al., (1990) determined that the source sound
level at a depth of 1 m from breaking waves was given by
𝑆𝑆𝐿0 = 𝑞 log 𝑓 + 𝐺,
(2.16)
where 𝑞 is the slope of the logarithmic spectrum of the wind generated sound which they find to
be equal to -19.0 dB/decade (in good agreement with past estimates (Farmer and Vagle, 1988)). 𝐺
is a variable function of wind speed. Vagle et al., (1990) determined values for 𝐺 between set
wind speeds which we note approximately follows 𝐺 = 1.3𝑈10 +56 (𝑈10 being the wind speed 10
m above water level). Unfortunately, this sound level equation only holds true for low wind
speeds (𝑈10 ≤ 15 m/s) and below a certain critical frequency, log 𝑓𝑐 = 1.9 − 0.07𝑈10 (Vagle et
al., 2010).
Zhao et al. (2014) expanded upon this work and by studying the underwater acoustics of
typhoons using Lagrangian floats. Fig. 2.9 displays the spectral content they observed at a range
of high wind speeds from a number of floats. They noted that low frequency sound (<1 kHz)
monotonically increased with wind speed while intermediate and higher frequencies initially
increase then decrease with wind speed. They presented the following empirical equation to
calculate the sound pressure level of a given frequency in wind speeds up to 50 m/s (Zhao et al.,
2014).
𝑛𝑙𝑓
𝑈10⁄
)
10
𝑆𝑃𝐿 = 𝑆𝑛𝑜𝑖𝑠𝑒 + 𝑆10
𝑛ℎ𝑓 ,
𝑈10
)
1 + ( ⁄𝑓
𝑝𝑒𝑎𝑘

(

(2.17)
where 𝑆𝑛𝑜𝑖𝑠𝑒 is the noise floor, 𝑆10 is the sound level at 10 ms-1 wind, 𝑓𝑝𝑒𝑎𝑘 controls the wind
speed with the sound level maximum and 𝑛𝑙𝑓 / 𝑛ℎ𝑓 are values which control the increasing /
decreasing in lower/higher wind conditions. All of these values are a function of the target
frequency though the exact relationship is not fully understood nor linear, determined instead via
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least square fitting of observations (Zhao et al., 2014). Consequently, real time analysis of wind
speed via acoustics is still an emerging field. While highly promising this approach needs to be
tested in multiple environments many more times, especially if the underlying variables are to be
better understood (Vagle et al., 1990; Zhao et al., 2014; Pensieri et al., 2015; Farrell et al., 2016;
Cazau et al., 2017, 2019; Cauchy et al., 2018).

Figure 2.9: Spectrogram of breaking wave noise at various wind speeds recorded at sea during
tropical cyclones. Each curve averages all spectra in 5 ms-1 wind speed bins from measurements at
depth > 2m of a single float, multiple curves of the same colour denote observations from multiple
floats. The four black lines show representative spectral slopes at low (α) and high (β) frequencies.
Gray box shows the transition frequency (2-4 kHz) between the two slope regions. The dip in sound
level near 3 kHz may be an instrumental effect. Taken from Zhao et al. (2014).
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It should be apparent from the above that accurately predicting the acoustic signal
recorded at a hydrophone as a result of breaking waves, at any given wind speed, is an
exceedingly difficult task especially at gale force winds (>17.6 m/s) (Vagle et al., 1990; Zhao et al.,
2014), and particularly without some prior observations for calibration. Furthermore, many
empirical WOTAN studies themselves are intrinsically flawed for the purpose of noise calculations
at depth as their work primarily focuses on studying a handful of select frequencies rather than
the broadband signal. Additionally, without a better understanding of the affect bubble clouds
have on the downward propagating signals, estimations at depth (>100 m) are highly speculative.

In summary the acoustic signature of a breaking wave is primarily the result of bubble
cloud generation during the final cavity collapse phase of a waves life cycle. While individual
bubble frequencies range from 0.4 to 2.0 kHz the frequency of the bubble cloud itself is typically
lower, at 0.1 to 0.5 kHz. The exact frequency spectrum depends on the properties of the wave
itself, which is usually a consequence of wind speed, so can be highly variable even under
laboratory conditions. Bubbles generated by breaking waves can be pulled down up to 10m by
Langmuir currents where they can create steep sound speed profiles with depth, possibly
trapping select acoustic signals. The highly dynamic and unpredictable nature of breaking waves
make predicting ambient noise from multiple breaking waves difficult, especially in gale force
winds. “Wind Observations Through Ambient Noise” allow for measurements of wind speed via
the ambient noise of wave action based on empirical observations but are insufficient for
calculating ambient noise at depth. Knudsen curves are still the most commonly used prediction
of ambient noise from wave action, with a positively skewed peak at around 0.5 kHz increasing
in intensity with wind speed.
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2.5

Conclusion
Bubbles have subtle yet far reaching effects on marine acoustics. The initial formation of a

bubble triggers simple harmonic motion at a natural frequency, known as the Minnaert
frequency, which is approximately inversely proportional to its radius. Thus, by observing the
acoustic signature of a bubble one can determine its size. While the sound of a single bubble is
low energy, the continuous release of multiple bubbles can have a significant impact on the
ambient marine soundscape. In order to accurately predict the ambient noise produced by either
a gas seep, rainfall, or breaking waves one must have a detailed understanding of the size
distribution of bubbles being generated. Unfortunately, it is all but impossible to predict the size
of bubbles released. However, it is possible to use observations of ambient noise to infer the
characteristics of these sources; the flux from a gas seep, the intensity of rainfall and the wind
speed resulting in breaking waves.
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2.6
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2.7

Supplementary Information

2.7.1

Minnaert Frequency Derivation
The following is a derivation of the Minnaert equation following Leighton (1994).
We can find the Kinetic Energy, K, of the water surrounding a bubble by integrating over

shells of liquid from the bubble wall to infinity. A shell of radius 𝑟 and a thickness 𝑑𝑟 has a mass of
4𝜋𝑟 2 𝜌𝑑𝑟 (𝜌 being the density of water), thus the kinetic energy of the surrounding water is.
∞

𝜑𝐾 = ∫ ( 4𝜋𝑟 2 𝜌 𝑑𝑟)𝑟̇ 2 .
𝑅

(SI 2.1)
The mass of liquid flowing in time 𝑑𝑡 through any spherical surface around the bubble is
4𝜋𝑟 2 𝑟̇ 𝜌𝑑𝑡. Assuming the liquid is incompressible then by conservation of mass this general flow
can be equated to the flow at the bubble surface which can be shown to be 𝑟̇ ⁄𝑅̇ = 𝑅2 ⁄𝑟 2 .
Substituting this into the above gives.

𝜑𝐾 = 2𝜋𝑅3 𝜌𝑅̇2 .
(SI 2.2)
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Kinetic Energy is a maximum at the equilibrium position (as with any harmonic oscillator)
2
when 𝑅 = 𝑅0 and 𝑅̇ = 𝑖𝜔0 𝑅𝜀0 𝑒 𝑖𝜔0 𝑡 implying that |𝑅̇| = (𝜔0 𝑅𝜀0 )2 . Thus, the maximum value of

the kinetic energy is

𝜑𝐾𝑀𝑎𝑥 =

1 𝑟𝑎𝑑
𝑚𝑅𝐹 (𝜔0 𝑅𝜀0 )2 = 2𝜋𝑅0 3 𝜌(𝜔0 𝑅𝜀0 )2 ,
2
(SI 2.3)

𝑟𝑎𝑑
where 𝑚𝑅𝐹
is the radiation mass of the bubble in radius-force frame. This mass is the effective

inertia of the liquid component of the oscillating system which the pulsating bubble represents i.e.,
3

𝑟𝑎𝑑
𝑚𝑅𝐹
= 4𝜋𝑅0 𝜌. It arises from the liquid that is transmitting acoustic waves and is the only inertia

considered by the Minnaert derivation.
Through conservation of energy, maximum kinetic energy 𝜑𝐾𝑀𝑎𝑥 must equal maximum
internal energy 𝜑𝑃𝑀𝑎𝑥 which occurs when 𝑅 = 𝑅0 ± 𝑅𝜀0 and 𝑅̇ = 0. The work done compressing
the bubble from equilibrium volume 𝑉0 (at radius 𝑅0 ) to minimum volume 𝑉𝑚𝑖𝑛 (at radius 𝑅0 −
𝑅𝜀0 ) is the integral of −(𝑝𝑔 − 𝑝0 )𝑑𝑉 where 𝑝𝑔 is the gas pressure and 𝑝0 is the hydrostatic liquid
pressure outside the bubble.
𝑉𝑚𝑖𝑛

𝑅0 −𝑅𝜀0

𝜑𝑃𝑀𝑎𝑥 = − ∫ (𝑝𝑔 − 𝑝0 ) 𝑑𝑉 = − ∫
𝑉𝑚𝑎𝑥

(𝑝𝑔 − 𝑝0 )4𝜋𝑟 2 𝑑𝑟.

𝑅0

(SI 2.4)
Minnaert derived his equation assuming that the gas behaved adiabatically, i.e., that there
was no heat flow across the bubble wall. This was adapted by the introduction of the polytropic
index 𝜅 (which takes a value equal to unity when the gas behaves isothermally and equals the
ratio of the specific heat of the gas at constant pressure to that at constant volume, when the gas
behaves adiabatically) (Leighton and Walton, 1987). Assuming the gas behaves polytropically so
that 𝑝𝑔 𝑉 𝜅 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 then since 𝑅𝜀 = 𝑅 − 𝑅0 by equating the pressure and volume condition at
equilibrium to those when the bubble attains minimum volume gives.
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𝑝𝑔 (𝑅0 + 𝑅𝜀 )3𝑘 = 𝑝0 𝑅0 3𝑘 ,
(SI 2.5)
for small displacements, the binomial expansion of this is.

𝑝0 − 𝑝𝑔 ≈

3𝜅𝑅𝜀 𝑝0
,
𝑅0
(SI 2.6)

substituting this into the maximum internal energy 𝜑𝑃𝑀𝑎𝑥 with the use to first order 𝑅𝜀 = 𝑅 −
𝑅0 coordinates gives.
𝑅𝜀0

𝜑𝑃𝑀𝑎𝑥 = ∫
0

3𝜅𝑅𝜀 𝑝0
4𝜋𝑅0 2 𝑑𝑅𝜀 = 6𝜋𝜅𝑝0 𝑅0 𝑅𝜀0 2 ,
𝑅0

(SI 2.7)
this allows us to equate the maximum kinetic energy and maximum potential energy

𝜑𝐾𝑀𝑎𝑥 = 2𝜋𝑅0 3 𝜌(𝜔0 𝑅𝜀0 )2 = 6𝜋𝜅𝑝0 𝑅0 𝑅𝜀0 2 = 𝜑𝑃𝑀𝑎𝑥 ,
(SI 2.8)
which can be solved for the resonance circular frequency 𝜔0 ;

𝜔0 =

1 3𝜅𝑝0
√
,
𝑅0
𝜌
(SI 2.9)
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and finally using 𝜔0 = 2𝜋𝑓𝑀 gives us the Minnaert frequency equation.

𝑓𝑀 =

1
3𝜅𝑝0
√
.
2𝜋𝑅0
𝜌
(SI 2.10)

2.8

Symbology

SYMBOL
𝒂𝒎𝒊𝒏
𝒂𝒎𝒂𝒙
𝑩(𝑹𝟎 )
𝒄
𝒄𝒄
𝒅
𝑫
𝒇
𝒇𝒑𝒆𝒂𝒌

𝒇𝑴
𝒇𝟎
𝑮
𝒉
𝑰𝑹𝒂𝒊𝒏
𝑰𝑺𝑳𝑹𝒂𝒊𝒏
𝒍
𝒍𝟎
𝑳𝒅
𝒎𝒓𝒂𝒅
𝑹𝑭
𝒏
𝒏(𝒇)
𝒏𝒍𝒇
𝒏𝒉𝒇
𝒈𝒓

𝒏𝒏 (𝒛, 𝑹)𝒅𝑹𝟎
𝑵𝒃
𝒑𝒈
𝒑𝟎
𝒑𝒗
𝑷(𝝎, 𝒓)
𝒒
𝑸𝒘
𝒓
𝑹
𝑹𝟎

DEFINTION
Minimum bubble size generated
Maximum bubble size generated
Bubble size distribution
Speed of sound in water
Speed of sound through a bubble cloud
Dimensionless damping constant for a single bubble = 2𝛽 ⁄𝜔
initial dipole strength of the bubble
Frequency
Peak frequency
Minnaert frequency – oscillation frequency of a bubble as predicted by
Minnaert equation
Natural frequency of a bubble oscillation
A variable function of wind speed
Distance from the centre of the bubble to the surface of the water
Intensity of rainfall beneath the surface at a given frequency
Intensity spectrum level of rainfall beneath the surface at a given
frequency
loaded length of spring
unloaded length of spring
Diameter of water droplet
Radiation mass of bubble in radius force frame
Mode number
Number of bubbles entrained per second by rainfall
A quantity controlling the increasing slope of wave noise in lower wind
conditions
A quantity controlling the decreasing slope of wave noise in higher wind
conditions
Number of bubbles per unit volume at depth 𝑧 having a radii between 𝑅0
and 𝑅0 + 𝑑𝑅0
Number of identical bubbles in a bubble cloud
Gas pressure inside bubble
Hydrostatic liquid pressure outside the bubble
Vapour pressure
Power spectrum of a breaking wave
Quality factor
Slope of the logarithmic spectrum of the wind generated sound
Radial distance
Radius of Bubble wall
Equilibrium radius of bubble
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𝑹𝜺

𝑹𝜺𝟎
𝑹𝝐𝟎𝒊

𝑹𝒎𝒂𝒙
𝑹𝒎𝒊𝒏
𝑺
(
𝑺 𝝎)
𝑺𝟏𝟎
𝑺𝒏𝒐𝒊𝒔𝒆
𝑺𝒓𝒂𝒊𝒏
𝑺𝑷𝑳
𝑺𝑷𝑳𝟓𝒌𝑯𝒁
𝑺𝑺𝑳𝟎
𝒕
𝒖
𝒖𝒅
𝑼𝟏𝟎
𝑽
𝑽𝟎
𝑽𝒎𝒊𝒏
𝑽𝑭
𝒛
𝜶(𝝎, 𝒂)
𝜸(𝝎, 𝒂)
𝜹𝒕𝒐𝒕
𝜺
𝜽

𝝋𝑲
𝝋𝑲𝑴𝒂𝒙
𝝋𝑷𝑴𝒂𝒙
𝜿
𝝈
𝜼
𝝆
𝝎
𝝎𝟎
𝜳(𝒏)
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Displacement of the bubble wall from equilibrium radius
Maximum displacement of bubble wall from equilibrium radius
Initial amplitude of displacement of the bubble wall
Maximum radius of bubble
Minimum radius of bubble
Column vector containing the measured spectrum 𝑆(𝜔𝑘 )
Power spectral density of a marine gas seep
Sound level at 10 ms-1 wind
Noise floor
Rainfall rate
Sound pressure level
Sound pressure level at 5 kHz
Source sound level of breaking waves at a depth of 1m
Time
Impact mach number
Impact speed of water droplet
Wind speed 10 m above water level
Volume of bubble plume
Equilibrium bubble volume
Minimum bubble volume
Void Fraction
Depth below sea surface
Fourier transform of the Greens function for the medium of propagation
respectively
Fourier transform of the convolution of free-space bubble pulses
Total damping constant for bubble pulsation at resonance
Displacement from equilibrium
Polar angle, angle between observer and source relative to the z axis
Kinetic energy
Maximum kinetic energy
Maximum internal energy
Polytropic index
Surface tension
Shear viscosity
Density of water
Angular frequency = 2𝜋𝑓
Angular resonate frequency
Bubble generation rate (for marine gas seep)
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Time-lapse imaging of CO2 migration within
near-surface sediment during a controlled
sub-seabed release experiment

The ability to detect and monitor any escape of carbon dioxide (CO2) from sub-seafloor
CO2 storage reservoirs is essential for public acceptance of carbon capture and storage (CCS) as a
climate change mitigation strategy. Here, we use repeated high-resolution seismic reflection
surveys acquired using a chirp profiler mounted on an autonomous underwater vehicle (AUV), to
image CO2 gas released into shallow sub-surface sediments above a potential CCS storage site at
120 m water depth in the North Sea. Observations of temporal changes in seismic reflectivity,
attenuation, unit thickness and the bulk permeability of sediment were used to develop a fourstage model of the evolution of gas migration in shallow marine sediments: Proto-migration,
Immature Migration, Mature Migration, and Pathway Closure. Bubble flow was initially enabled
through the propagation of stable fractures but, over time, transitioned to dynamic fractures with
an associated step change in permeability. Once the gas injection rate exceeded the rate at which
gas could escape the coarser sediments overlying the injection point, gas began to pool along a
grain size boundary. This enhanced understanding of the migration of free gas in near-surface
sediments will help improve methods of detection and quantification of gas in subsurface marine
sediments.
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3.1

Introduction
Since the industrial revolution, the concentration of CO2 in the atmosphere has risen from 277

parts per million (ppm) to a current level of > 410 ppm (Friedlingstein et al., 2019). This rise has
been directly linked to anthropogenic sources such as the burning of fossil fuels, the manufacture
of cement, and changing land uses (Friedlingstein et al., 2019). The increased level of atmospheric
CO2 has resulted in a rise in the global mean surface temperature of 1 °C (IPCC, 2018). Global
warming has already had a severe negative effect on the environment, leading the United Nations
Framework Convention on Climate Change (UNFCCC 2015) to agree on a strategic plan to stop the
global mean temperature from rising more than 2˚C above the pre-industrial level (IPCC, 2014).
The large-scale adoption of Carbon dioxide Capture and Storage (CCS) has been identified as a
key factor for reducing anthropogenic greenhouse gas emissions to reach climate goals (IPCC
2014). During CCS activities, CO2 gas produced during industrial processes is captured and stored
in appropriate geological reservoirs deep beneath the surface to mitigate the potential
greenhouse effects. Compared to other strategies, such as enhanced energy efficiency and the
use of renewable energy sources, the crucial benefit of CCS lies in its potential to reduce (in a
significant, timely, and cost-effective way) the CO2 emissions, by utilizing existing infrastructure
from oil and gas production (IPCC, 2005). Depleted hydrocarbon fields in the North Sea are prime
candidates for CCS storage with the potential to hold 475-570 Mt of CO2 (Strachan et al., 2011).
Several successful demonstration projects have already provided confidence in the performance
of offshore gas injection and storage; K12-B (North Sea, Netherlands), Sleipner (North Sea,
Norway), and Snøhvit (Barents Sea, Norway) (Vandeweijer, et al. 2011, Hansen et al., 2013, Van
der Meer, 2013, Furre et al.,2017, Ringrose and Meckel, 2019). However, robust strategies for
leak detection and management are still in their infancy despite being a regulatory requirement
to comply with international marine legislation (e.g., EU CCS Directive, London Protocol, OSPAR)
and must be advanced to make CCS a safe and reliable strategy for the long-term mitigation of
atmospheric CO2 increase.
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While CO2 escape from a CCS site is unlikely (IEAGHG, 2013), risks can broadly be categorised
into two types: i) injection facility failure and ii) seal failure. Injection facility failure would occur
close to the seabed and include faulty pipelines, wellheads, or injection wells within the
subsurface, and can be considered part of the standard operating risk of offshore oil and gas
facilities. Seal failure would occur at much greater depth and is most likely caused by either
inadequately secured abandoned wells, or previously undetected/newly formed small-scale
stress-induced fractures increasing permeability across a cap rock. These create fluid pathways for
injected gas to escape back to the surface. While failure at injection facilities would typically be
detected very quickly (if not immediately), failure across a seal could take several days or even
years to have an effect on the seabed e.g., detection of bubble plumes in the water column,
changes in the pH of bottom waters or changes in the distribution of benthic fauna and flora.
Monitoring sub-surface integrity using sub-bottom methods would allow anomalies to be
determined earlier than seabed observation techniques (Jenkins et al., 2012, Dean et al., 2020).
Therefore, to enable the large-scale implementation of CCS, a greater understanding of the
fate of injected CO2 in the subsurface is crucial, particularly regarding its migration in the
uppermost sedimentary succession. Our understanding of newly self-established fluid flow
features (gas conduits to the seabed), and their effect on the surrounding sediment conditions
our ability to detect CCS leakage and ameliorate any potential environmental impacts. More
broadly, such work will enhance our understanding of processes operating in sub-seabed natural
CO2 and CH4 (methane) seeps that are found around the globe (Dlugokencky et al., 2011, Ruppel
and Kessler 2017).
Several international projects such as ECO2 (Sub-seabed CO2 Storage: Impact on Marine
Ecosystems), QICS (Quantifying and Monitoring Potential Ecosystem Impacts of Geological Carbon
Storage), and ETI MMV (Energy Technologies Institute Measurement, Monitoring, and Verification
of CO2 Storage) have contributed to improving our ability to detect potential leaks at the seafloor
and the impact of the CO2 leakage on marine ecosystems (Dean et al., 2020, Blackford et al., 2014,
Blackford et al., 2017, Jones et al. 2015, Taylor et al., 2015). The STEMM-CCS (Strategies for
61

Chapter 3
Environmental Monitoring of Marine Carbon Capture and Storage) project was subsequently
established with the overall aim of converting this information into quantified knowledge that
would enable cost-effective monitoring in the marine environment for realistic CO2 leak scenarios.
Central to the STEMM-CCS project was a controlled CO2 release experiment in the North Sea
(Fig. 3.1) designed to simulate a CO2 leak from a sub-seabed CCS site, to demonstrate and
evaluate new approaches for detecting or quantifying this release (Flohr et al., 2021). We use
AUV-mounted 2D seismic reflection chirp data collected before, during, and after the release,
alongside detailed core analysis, in order to create a time-lapse record of the CO2 migration. This
paper describes in detail the evolution of gas migration pathways, culminating in the formation of
seismic chimneys, with a particular focus on constraining the primary mechanisms (stable and
dynamic fracture propagation) by which gas migrates within the near-surface over time. Using
seismic time lapse imaging, we examine the development of enhanced reflectors, shadowing, as
well as variations in attenuation, RMS amplitude, and unit thickness.
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3.2

Gas Migration in Near-Surface Sediments
The upward migration of gases in the form of bubbles through near-surface, unconsolidated

sediment is a rapid process, which allows the gases to bypass oxidation or absorption processes
(Knittel & Boetius, 2009). While our study is concerned with CO2 gas, most of the principles are
equally applicable to other gases including methane (CH4), another greenhouse gas (Landrø et al.,
2019).
In order to understand the migration of gas through sediment, we first consider the migration
history of a single bubble, from its nucleation to its escape into the water column. A bubble is a
pocket of gas, in our case CO2, surrounded by a liquid host medium. While traditionally this term
is applied to pockets of air in the water column it can also be applied to pockets of gas in water
saturated sediment. In the interests of clarity, we will refer to pockets of CO2 gas in the water
column as simply “bubbles”, and pockets of CO2 gas in the sediment as “bubble fractures” and
“capillary CO2”. In a typical near-surface marine sediment, the pores between grains are saturated
with water. The introduction of gas, for example from an underlying fracture, slowly invades the
surrounding pores, displacing the water. This intrusion can occur either by capillary invasion or by
fracture opening. In capillary invasion, the gas forces its way into a new pore if the capillary
pressure (the difference between gas pressure and water pressure) is larger than the capillary
entry pressure. This is more common in coarser-grained sediment and occurs without movement
of the surrounding grains. The capillary invasion continues in an outward direction from the point
of injection (generally upwards) with gas moving from pore to pore, often replaced by the
surrounding water, thus dispersing the gas without the creation of a bubble fracture (Jain and
Juanes, 2009). Alternatively, intrusion may occur via fracture opening, whereby the gas within a
pore naturally exerts a net pressure on the surrounding grains. As the two fluids do not mix, this
pressure difference does not dissipate and leads to the rearrangement of surrounding grains,
preferentially fracturing the sediment (Boudreau et al., 2005, Jain and Juanes, 2009, Katsman et
al., 2013). This fracture opening is the initial nucleation of a bubble in sediment, as the gas forms
its own “cavity” within the surrounding medium.
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After nucleation, a bubble fracture exists in a heterogeneous pressure field that increases
with depth, resulting in a pressure difference between the top and the bottom of the bubble
fracture. This gradient, combined with the difference in density between the bubble fracture itself
and the surrounding medium, creates a pseudo-buoyancy force (Boudreau et al., 2005, Algar et
al., 2011). If the bubble fracture is large enough, this force allows the fracture to rise upwards
through the sediment, the weaker (less cohesive) the sediment, the smaller the fracture needs to
be. The upwards force exerted by the bubble fracture on the host medium (the surrounding
sediment) depends on the volume of the body, not its shape, and does not depend on its vertical
extent, provided the above assumptions hold true and that the body moves coherently as a single
entity. Real bubble fractures in marine sediment might easily depart from this latter restriction,
through deformation, fragmentation, and coalescence. Furthermore, the properties of the
sediment can greatly change the resistive forces that oppose this rise (such as sediment cohesion,
and the weight of the gas /vapour mixture itself) and affect bubble fragmentation and
coalescence, and how these forces change in time.
The nature of bubble fracture propagation in soft sediment is commonly described via linear
elastic fracture mechanics (LEFM) where the bubble can be imagined as a very thin oblate
spheroid, the long axis orientated vertically, forming what is known as a “penny-shaped” crack in
the sediment (Boudreau et al., 2005, Algar et al., 2011, Boudreau 2012). From here the bubble
fracture may propagate through either stable or dynamic fracture propagation. We will first
describe stable fracture propagation, a fundamental process that is most in need of refinement.
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3.2.1

Stable Propagation

The most prominent application of LEFM to stable fracture propagation was first presented by
Algar et al., (2011). They describe how the interior gas of the bubble fracture exerts an outward
pressure on the crack walls/sediment with the resulting tensile stresses concentrated at the upper
crack tip (Algar et al., 2011) and is characterised by the stress intensity factor 𝐾1 ;

𝐾1 =

2
𝜎√𝑎𝜋,
𝜋
(3.1)

where 𝜎 is the internal bubble pressure in excess of the ambient pressure (i.e., the applied stress),
and 𝑎 is the half major axis of the crack/bubble. If the stress intensity factor 𝐾1 is greater than the
stress the material can take before tensile failure, the fracture toughness of the sediment 𝐾𝑖𝑐 , the
fracture will propagate (Algar et al., 2011).
As the fracture expands upwards, the length of the crack/bubble increases, and the
pressure difference between the tip and the tail of the crack eventually disappears and the
internal bubble pressure equals the compressive stresses of the surrounding medium (𝜎=0) (Algar
et al., 2011). This results in a lower stress intensity factor (𝐾1 <𝐾𝑖𝑐 ) at the top of the crack, halting
propagation. As a result of heterogeneous stress field, the compressive forces at the crack tail
force it to close, morphing the bubble into an inverted teardrop shape. The sealing up of the crack
behind the rising bubble fracture decreases the crack length, raising the internal bubble pressure
and reverting it to its original condition, which restarts the fracture propagation process slightly
higher up. The cycle repeats, leading to the bubble fracture rising upwards through the sediment
in an alternating sequence of elastic expansion and fracturing, which is commonly referred to as
“stable fracture propagation” (Boudreau et al., 2005, Algar et al., 2011, Katsman et al., 2013,
Katsman 2019). The rise speed of a bubble fracture is regulated by the period of this cycle, i.e. the
length of time between a tip opening and the tail closing, which depends upon the elasticity of
the sediment (Boudreau et al., 2005, Boudreau 2012, Algar et al., 2011). The minimum critical size
at which a bubble fracture will begin to rise 𝑎𝑟 is determined by the properties of the surrounding
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sediment, and can be calculated as follows (Barry et al., 2012, Johnson et al., 2012, Johnson et al.,
2002):
2⁄
3

3𝐾𝑖𝑐 √𝜋
𝑎𝑟 = (
)
10𝑔[𝜌𝑠 (1 − 𝜑) + 𝜌𝑤 𝜑]

,
(3.2)

where 𝜌𝑠 is the density of the solid grains, 𝜌𝑤 is the density of water, 𝑔 is the acceleration due to
gravity and 𝜑 is the porosity of the sediment (Boudreau 2012, Algar et al., 2011).
While Algar et al., (2011) model is the most comprehensive theory on the concept of stable
fracture propagation, with good experimental correlation, there are a number of
oversimplifications. Perhaps the most important is that the theory is based on the concept that
the sediment acts as a single entity. Even for the most cohesive sediment this is not true.
Furthermore, to apply a straightforward adaptation of standard analyses (Westergaard 1939,
Irwin 1957) for crack propagation in solids, Algar et al. (2011) restricted their consideration to
cases where they could argue that the solid around the bubble fracture was ‘dry’. Anderson et al.
(1998) characterised bubbles propagating via fracture mechanics (Type 3 bubbles) as a gas pocket
formed by the displacement of both sediment and liquid. If we acknowledge a bubble consists of
both a pocket of gas and its surroundings (Leighton 1994), then the characteristic properties of
the bubble fracture (the way its wall moves in response to external drivers; mass transfer across
its wall etc.) will depend on both the gas and the surrounding medium. If there is a space between
sediment grains that contains an area of gas and an area of liquid water (as opposed to vapour),
the interface between the water and the gas forms part of the bubble wall. This clarification
highlights the need to have precise definitions, for what is meant by ‘dry’ formation of new space
between the grains, the definition of the bubble wall (the interface between a finite, contiguous
but enclosed volume of gas and/or vapour, and the surrounding liquid (and optionally solid)
medium or mixture). The specification that the volume is enclosed means that gas cannot escape
into dry channels between grains if the gas pressure increases marginally.
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Such a concept has a wet interface across the bubble fracture wall, providing a Laplace
pressure. We are thus able to relax the concept of dry fractures according to Algar et al, (2011) by
assuming that the bubble wall will "always" be in contact with water and incorporating the
associated capillary pressure into the definition of the stress intensity factor, amending Eq. 3.1 to
the form:

𝐾1 =

2
𝜏 1 1
2√𝑎
1 1
𝜎 (1 − ( + )) √𝑎𝜋 =
(𝜎 − 𝜏 ( + )),
𝜋
𝜎 𝑎 𝑏
𝑎 𝑏
√𝜋
(3.3)

where 𝜎 is the internal bubble pressure in excess of the ambient pressure, 𝑏 is the half minor axis,
and 𝜏 is the surface tension characterising the interface between the gas and the liquid. We must
assume the fracture has an aspect ratio 𝑏⁄𝑎 ≪ 1 as the concept is only valid for non-spherical
bubbles. Note that the above revision does not affect the critical crack size in equation 2 as this
depends on the fracture toughness of the sediment 𝐾𝑖𝑐 , and not the stress intensity factor of the
crack/bubble tip 𝐾1 .
Although we suggest further work is needed to refine this model, particularly to take into
account sediment properties and (most importantly) the wetness of a bubble fracture wall, the
mechanism proposed by Algar et al. (2011) of stable fracture propagation is still our best working
model, showing good agreement with field data.
In the marine environment gas originating deep below the seabed is subject to a large
overburden pressure. This high-pressure causes bubble fractures to ascend via stable propagation
with minimal absorption into the surrounding water, as previously mentioned. The gas will
continue to rise until the net solute supply through its surface drops to zero, creating a so-called
“gas horizon” (i.e., a surface across which bubble ascension stops) (Sirhan et al. 2019), which can,
in turn, create a secondary gas reservoir. This horizon is commonly related to variations in grain
size, which are typically stratified in marine settings. Thereafter, to reach the water column, the
gas must be mobilized by either i) decreasing hydrostatic pressure (commonly due to tidal
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variations), altering the depth of the gas horizon to some point above the seabed, allowing stable
propagation to resume (Sirhan et al. 2019, Katsman 2019); or ii) the formation of fluid conduits
connecting the gas horizon to the seabed, allowing gas to rise via dynamic propagation. It should
be noted that for the STEMM-CCS release experiment we introduced gas above some naturallyoccurring gas horizons.

3.2.2

Dynamic Propagation

Dynamic bubble fracture propagation occurs either when a crack exceeds a certain critical
length (e.g., due to the crack propagating into some pre-existing cavity) or due to rapid variation
in loading on the surface of the bubble (e.g., due to internal waves in the overlying water column),
which is characterized by a continuously increasing stress intensity factor 𝐾1 at the tip of the
bubble (Sirhan et al., 2019). The crack propagates rapidly forming a long-elongated fracture
towards the seabed. The internal gas quickly rises upwards, potentially into the water column,
reducing the internal pressure and allowing the fracture to close (Katsman 2019).
The passage of a bubble fracture through sediment will momentarily weaken the strength of
the sediment left in its wake as the grains are temporarily displaced from their originally stable
position. As a result, the buoyant forces required for a subsequent bubble fracture to rise do not
need to do as much work to displace the grains. This weakening of sediment facilitates the
propagation route for subsequent bubbles fractures. Initially, these conduits are narrow and
easily blocked off by external pressure changes condensing/strengthening the sediment but as
time goes on the longer-lasting of these channels become more permanent. The continuous
passage of bubble fractures through the same area extends the sediment weakening to a larger
area (centimetre scale), enhancing the fluid (gas) conductivity through the sediment. Eventually,
bubble fractures begin to connect together (i.e., extending crack length beyond the critical length
𝑎𝑟 ) leading to a transition from stable to dynamic propagation (Katsman 2019, Sirhan et al. 2019).
Over time, these dynamic pathways slowly become connected forming open conduits through
which gas can pass virtually unrestricted for as long as the gas flux is sufficient to maintain the
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internal pressure of the fracture, preventing pathway closure. This can be considered the creation
of a small-scale chimney structure.

3.2.3

The Acoustics of Gas Bearing Sediments
The use of ultra-high-frequency (UHF; kHz range) marine seismic reflection to create time

lapse studies of marine sediment is still relatively rare (Vardy et al., 2017), mainly due to the
demanding positional requirements. However, Faggetter et al. (2020) demonstrate that with highaccuracy positioning and careful processing it is possible to image tidally-influenced methane
migration on a decimetre-scale between repeat chirp surveys within shallow marine sediments.
Time-lapse imaging of CO2 migration using chirp profilers was completed as part of the QICS
project during which CO2 was injected 10 m below the seabed of a shallow loch in western
Scotland (Cevatoglu et al., 2015). The QICS experiment was completed at ~10 m water depth, so
its results are of limited use for deeper marine settings that are of greater interest to the CCS
community. Landrø et al., (2019) used time-lapse seismic reflection data in a deep marine (>100
m water depth) setting to study the migration of gas resulting from a hydrocarbon exploration
well blowout in the North Sea, at 4700 m depth. They found that most of the leaked gas became
trapped in shallow sand layers within the first 1000 m of sediment beneath the seabed indicating
a possible tendency for gas flow to become static after an extended period (~20 years). However,
they were unable to focus on the small-scale alterations in the near-surface given the nature of
their survey equipment. The STEMM-CCS study is thus in a unique position to examine the initial
migration of gas through the near-surface and the formation of chimney structures in a deep
(>100 m water depth) marine environment with the use of pseudo-3D time lapse 2D seismic
reflection chirp data.
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3.3

STEMM-CCS Controlled Release Experiment
The STEMM-CCS controlled CO2 release experiment was conducted in the central North Sea

near the Goldeneye platform (Fig. 3.1a), approximately 100 km northeast of Peterhead, Scotland,
at ~120 m water depth (Shell 2018). The area has been identified as a potential CCS site (Dean and
Tucker 2017).

Figure 3.1: Location of the CO2 controlled-release site and survey configuration a) The Goldeneye
complex located 100 km northeast of Peterhead. b) Position of pre-release autonomous
underwater vehicle-mounted chirp profiles (black lines) in relation to the Goldeneye platform and
gravity core position (in purple). c) Positions of the syn- and post-release AUV chirp profiles. The
epicentre of the CO2 release (red dot), chirp profile is shown in Fig. 3.4, and the location of the
control site (green dot) is shown together with bathymetry.
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For the experiment, a curved pipe was pushed into the unconsolidated marine sediments with
the leading end terminating ~3 m below the seabed (Flohr et al., 2021). The surface end of the
pipe was connected to a specially built gas container located 80 m east of the pipe, that contained
3 tonnes of CO2 gas and additional gas tracers (positions shown in Fig. 3.1c). The subsurface end
of the pipe comprised a 460 mm long sintered stainless-steel diffuser, with a pore size of 9 µm,
through which the gas was injected into the sediment. The pipe had an upward curve to ensure
that the sediment directly above the release point was undisturbed by its emplacement and
migration pathways could develop naturally.
During the main phase of the experiment, gas was released into the sediment via the injection
pipe. The injection rate was 6 kg/day on day 0 (D 0; Table 3.1) and almost immediately after
injection began sporadic gas bubbles were visible along the seabed above the release site and
within hours small seeps (the continuous release of gas bubbles from a fixed position) began to
form. The injection rate was progressively stepped up (see Fig. 3.2 and Tbl. 3.1) to a maximum of
143 kg/day (D+8) before gas release was stopped on Day + 11.
A large number of techniques were deployed to detect and monitor the escaping CO2 in the
subsurface sediments and the overlying water column, including geochemical, optical, passive
acoustic, and seismic reflection profiling. This paper will examine the 2D seismic reflection chirp
data collected before (D-13), during (D+3, D+6, D+9), and after (D+16) injection, alongside a
gravity core collected prior to release, in order to assess the spatial and temporal propagation
mechanism of CO2 in the subsurface. Full details on the STEMM-CCS experiment are provided in
Flohr et al. (2021).
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Figure 3.2: Gas injection rate and total volume of CO2 injected during the STEMM-CCS experiment
in the North Sea, and the times at which the AUV chirp seismic reflection profiles were acquired.

Date

Time

Days since release (D)

28/04/19
11/05/19
14/05/19
14/05/19
15/05/19
17/05/19
17/05/19
19/05/19
20/05/19
22/05/19
27/05/19

~13:00
15:27
~07:00
15:27
06:48
~07:30
16:54
15:50
~08:00
11:17
~07:30

-13
0
+3
+3
+4
+6
+6
+8
+9
+11
+16

Event
Pre-Release Survey (0 kg/day)
Gas Injection Start 6 kg/day
Syn-Release Survey 1 (6 kg/day)
Gas Injection Increase 14 kg/day
Gas Injection Increase 29 kg/day
Syn-Release Survey 2 (29 kg/day)
Gas Injection Increase 86 kg/day
Gas Injection Increase 143 kg/day
Syn-Release Survey 3 (143 kg/day)
Gas Injection stopped
Post-Release Survey (0 kg/day)

Table 3.1: Date of acquisition of AUV-mounted chirp seismic reflection surveys with corresponding
gas injection rate.
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3.3.1

Subsurface Structure of Release Site
Pre-release surveys of the release site identified 6 seismic horizons throughout the study

area (Fig. 3.3a). Beneath the high amplitude, continuous, undulating seabed, Unit 1, identified as
the Witch member (Stoker, 1985), is a reflection free unit 2-3 ms Two Way Time (TWT) thick unit
composed of moderately sorted sandy and silty muds, deposited during Marine Isotope Stages
(MIS) 1-2 (Fig. 3.3b; Stoker et al., 2011). It is separated from Unit 2, identified as the Fladen
member, a reflection free zone 3-4 ms TWT thick composed of moderately sorted pebbly, sandy,
and silty muds deposited in a glaciomarine environment (Böttner et al., 2019) by Horizon 2, a
weak continuous subparallel reflector. Horizon 3 indicates the base of the Fladen member and is a
sub parallel high amplitude continuous reflector. The underlying Horizons 4-6 are high amplitude
reflectors with significant topography, varying in depth 1-4 m throughout the release site. The 2D
seismic reflection chirp data were tied with gravity core GC06 (Fig. 3.1b). The majority of the core
is composed of homogenous silty/sandy mud and clay with high-water content, but with sparse
shell fragments and small pebbles at 3 m below the seafloor (mbsf), and a coarsening in grain size
to sand at ~3.4 – 4.4 mbsf. (Fig. 3.3b). This coarsening in grain size is likely to reflect the
gradational contact between the Witch and Fladen members. The changing grain size is reflected
in the variation in the velocity, density, and impedance plots in Fig. 3.3b. Overall Fig. 3.3b
demonstrates evidence for a change from heterogeneous to homogeneous sediment with
increasing depth within the Witch member at 1.5 m and a gradational contact between the Witch
and Fladen members at 3.4 mbsf (Horizon 2).
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Figure 3.3: Sediment stratigraphy at the CO2 release site. a) 2D seismic reflection chirp data
(instantaneous amplitude) collected on syn-release survey D+6 with units and horizons; enlarged
section for comparison with the sediment core data. Data is presented in two-way travel time
(TWT) with the equivalent depth below sea level (BSL) provided. b) Seismo-stratigraphic
correlation of gravity core GCO6 with chirp profiler data 500 m from the release site (position
shown in Fig. 1b). Sediment interpretation with grain size; P wave velocity, density, calculated
impedance with a gaussian-weighted moving average filter of window length 20 samples,
synthetic trace based on core data, and real trace from corresponding chirp data. Superimposed
on the plots are the interpreted positions of two horizons, one at 1.5 mbsf and one at 3.4 mbsf.
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3.4

Subsurface Infrastructure
The injection pipe (Fig. 3.4) was clearly visible in multiple seismic reflection profiles

throughout the release phase of the experiment, which served as our own method to determine
the subsurface position of the pipe. As visible in Fig. 3.4b, the deepest part of the carbon steel
pipe approximately two-thirds along its length is located at 4 ms TWT (~4 m) beneath the seabed
while the release point is at 3 ms TWT (~3 m) beneath the seabed. This is an important
observation as it allows us to pinpoint the exact location of the gas release, within the Fladen
member, just below the Witch member lower boundary (Fig. 3.3).

Figure 3.4: Geometry of sub-seabed gas release pipe a) schematic diagram b) projected onto the
2D seismic reflection chirp data (Instantaneous Amplitude), collected during D+3. The
approximate position of the release point (outflow) is visible just beneath the Witch/Fladen
member boundary (Horizon 2) at 3 ms beneath the seabed (~3 m). The bright spots in the centre
and end of the pipe indicate the accumulation of gas within the pipe and immediately around the
diffuser.
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3.5

Methodology

3.5.1

2D seismic reflection chirp data acquisition

Five high resolution, closely spaced 2D seismic reflection chirp surveys were completed so
that gas migration in the sub-surface could be understood: one pre-release, three syn-release,
and one post-release (Fig. 3.2; Tbl. 3.1). The chirp system was integrated on a GAVIA Autonomous
Underwater Vehicle (AUV) which followed pre-programmed routes at either 7.5 or 2.0 m above
the seabed. The single channel sub-bottom profiler produced a chirp sweep with source
frequencies between 14 and 21 kHz. The source sweep durations for the 7.5 m elevation surveys
was 5 ms at maximum power, while the 2 m elevation survey used a shorter sweep length of 1 ms
with reduced power. Surveys were conducted at 15 pings per second which equates to an average
ping spacing of ~7 cm. The data were recorded in both correlated waveform and uncorrelated raw
SEGY data format.
The correlated data was processed using the following flow: band-pass filter (13.5-14.0-21.022.0 kHz), top mute, time varying gain, static correction using the mean Gavia elevation, trace
mixing (3-point moving average), Stolt constant velocity migration (Stolt 1978) of 1483ms-1 based
on average water column measurements and automatic gain control (1.3 ms length), and finally
enveloped. Enveloping the data allows us to view its instantaneous amplitude improving data
interpretability and enhance imaging of the gas. The Gavia navigation data were corrected using
the ship's Ultra-short baseline acoustic positioning system. Time-lapse chirp data were staticcorrected so that the two-way-time to the seabed was consistent with bathymetry data collected
during the cruise, and lateral drift corrected by using the position of static seabed infrastructure.
The pre-release, pre-installation survey (Fig. 3.1b and Fig. 3.5a) provided a reference data set
against which to benchmark changes in physical properties due to gas injection. As this survey was
also used to identify an experiment site where the near-surface sediment (the Witch member)
was a uniform thickness it needed to cover a much larger area than later surveys resulting in a
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sparse survey grid. The on-site grid of lines covered an area of 500 m x 400 m, with a line spacing
of 40 m in a north-south direction.
The syn- and post-release surveys were designed to observe the migration of the gas through
the sediment while CO2 was injected at varying rates (Tbl. 3.1) to determine the longevity of gas in
the substrate after the experiment had been concluded. The surveys comprised identical dense
grids of lines centred above the epicentre of the release experiment (Fig. 3.5b-e). Lines were
collected at 7.5 m height in a N/S orientation with a 2 m spacing, in a NW/SE and NE/SW with 5 m
spacing and at 2 m height in a E/W orientation with a 5 m spacing (Fig. 3.5b-e).
The data has a vertical resolution of 2 cm, based on a quarter of the dominant chirp wavelength
(Kallweit and Wood, 1982). The horizontal resolution (1st Fresnel zone) at a depth of 3 m (i.e., the
release point) has a width of 70 cm for the 2 m elevation survey while the 7.5 m elevation survey
had an equivalent resolution of 100 cm. Given the close line spacing and interlaced survey pattern,
the syn- and post-release surveys are in effect pseudo 3D, making the dataset as a whole a pseudo
4D seismic time-lapse.
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Figure 5: 2D seismic reflection chirp surveys over the release site collected with an Autonomous
Underwater Vehicle. a) D-13 CO2 pre-release profiles; b) D+3 syn-release profiles, c) D+6 synrelease profiles, d) D+9 syn-release profiles, e) D+16 post-release profiles. The end of the
subsurface pipe is indicated in red.

3.5.2

Gravity core collection and generation of synthetic seismogram

Gravity cores were collected by the RV Poseidon (POS527), sampling the upper 3-5 m of
sediment prior to the CO2 release. The closest core to the release site, GC06, was analysed for this
study (Fig. 3.1b). The sediment interpretation was based on a modified Udden-Wentworth grainsize scale (Blair and McPherson 1999) and observations of colour change, water content, and fossil
content. P-wave velocity, density, and resistivity measurements were made using a Geotek MultiSensor Core Logger. From the velocity and density data, a synthetic seismic trace was calculated by
convolving the gradient of the smoothed impedance (reflectivity) with the chirp sweep (14 – 21
kHz) Klauder wavelet and enveloping the resulting data for later comparison to the acquired chirp
seismic traces.
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3.6
3.6.1

Results and Analysis
Time lapse imaging of CO2 induced acoustic anomalies

Day 3) 6 kg/day Release Survey
The seismic reflection data on D+3 (Fig. 3.6b) appears near identical to the pre-release survey
on D-13 (Fig. 3.6a) with no changes in reflectivity of the sub-surface. The only visual difference
relates to the improved quality of data acquisition following a change in survey pattern. Directly
above the release point bubbles are visible in the water column, though no clear escape pathways
are imaged in the underlying sediment (Fig. 3.6b).
Day 6) 29 kg/day Release Survey
Seismic reflection data on D+6 (Fig. 3.6c) again appears unchanged compared to the prerelease survey on D-13 (Fig. 3.6a) as well as the previous syn-release survey on D+3 (Fig. 3.6b). The
Fladen member appears unchanged. While evidence of bubbles can be seen in the water column in
the form of strong reflectors above the seabed there are no clear escape pathways visible in the
underlying sediment (Fig. 3.6c).
Day 9) 143 kg/day Release Survey
Seismic reflection data on D+9 shows a strong increase in the reflectivity in the bottom 0.5
ms TWT of the Witch member directly above the release point, extending ~4-5 m in an east west
direction and ~7-8 m in a north-south direction, see Fig. 3.6d-f. Additionally, the Witch/Fladen
member boundary horizon underlying this appears to bow upwards to a maximum of 0.4 ms TWT.
Directly below this zone, a distinct shadowing effect is visible, suggesting minimal penetration of
the acoustic signal beyond this point. Below this the Fladen member appears acoustically
unchanged.
Also visible in the seismic reflection data is highly reflective linear features connecting the
underlying enhanced reflector with the seabed, see Fig. 3.6e and f. These chimney features
appear to be only a few 10’s of centimetres in diameter, which is close to our minimum detection
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threshold. Immediately overlying them gas is clearly visible in the water column, escaping from a
shallow depression in the seabed (~5 cm wide by 0.2 ms TWT deep). A 3D interpretation of this
data set is given in Fig. 3.7.
Post Release Survey
By D+16 (5 days after gas injection stopped) the seismic reflection data (Fig. 3.6g) appears to
be similar to the pre-release data collected on D-13 (Fig. 3.6a). The previously visible enhanced
reflectors, bowing horizons, shadowing and chimneys are no longer present, leaving no acoustically
visible evidence of the injection experiment.
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Figure 3.6: Gavia 2D seismic reflection chirp data cross-section of the release site displaying the
instantaneous amplitude. a) D-13 before injection b) D+3 at 6 kg/day injection, gas is visible in the
water column but there is no evidence for gas in the underlying sediment; c) D+6 at 29 kg/day
injection rate there is no evidence of gas within the sediment d-f) D+9 at 143 kg/day injection,
evidence of a gas pocket can be seen by the increased level of reflection from the base of the
Witch member and the distinct shadow underneath. The column-like strong reflectors extending
from the gas pocket to the seabed are likely gas chimneys, large scale fluid escape features. g)
D+16 after injection was stopped all evidence of gas has disappeared and the image appears near
identical to the pre-release profile shown in a). Data is presented in two-way travel time (TWT)
with the equivalent depth below sea level (BSL) provided.
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Figure 3.7: 3D interpretation of seismic horizons directly beneath the release site at 143 kg/day
injection rate with the resulting gas pocket and fluid escape features (chimneys) shown in red. a)
Facing NE; b) facing East, release point indicated in grey, and c) facing north, release point and
injection pipe indicated in grey. Data is presented in two-way travel time (TWT) with the
equivalent depth below sea level (BSL) provided.
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3.6.2

Seismic evidence of CO2 distribution in the subsurface
Seismic signatures related to increasing CO2 saturation in the sediment include reflectivity

enhancement and energy dissipation (Anderson and Hampton 1980). Energy loss is caused by
bubble fractures present in the sediment, which resonate at certain frequencies and scatter the
incident sound. We were able to compare the amplitude spectrum of the release site throughout
the experimental period with that of a control site ~20 m east (see Fig. 8). The dominant
frequency at the control site remained approximately constant (17620 ±100 Hz, at -30 dB)
throughout the experiment. By contrast, at the release site the frequency (at -30 dB) decreased by
~2.5 % from the pre- to the first syn-CO2 release survey, this trend continuing to a total decrease
of 3.7 % (relative to the pre- release survey) by D+6, before becoming constant thereafter up to
the end of the CO2 release. These changes could be related to a residual CO2 fraction in the
sediment or an alteration of the sediment properties or a combination of both.
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Figure 3.8: Temporal and spatial variation of the seismic amplitude spectrum of 2D seismic
reflection chirp data between 1 - 3 ms TWT below the seabed. (a) Amplitude spectrum of the
seismic data at a control site and at the release site throughout the experiment (positions shown
in Fig. 1c). Shown in blue is the pre-release spectrum for comparison. The release site shows a
notable decrease in the presence of high frequency signals as soon as injection begins. (b) Graph of
the dominant frequency at −30 dB at the control site (solid blue line) and the release site (solid red
line). A decrease in dominant frequency is seen in the release site during the syn-release surveys,
followed by an increase in the post-release survey. As we attribute the change in the release rate
to the injection of gas, an interpreted trend (dashed red line) is also shown.

Fig. 3.9 shows the root mean square (RMS) amplitude for a TWT time interval 1-3 ms
beneath the seabed (~0.9-2.6 mbsf). As the presence of free gas greatly affects the impedance of
sediment (Anderson and Hampton 1980) it is often clearly visible in RMS amplitude maps. On D+3
when gas was being injected at 6 kg/day, the RMS amplitude at the release site (12.5 m radius
around the injection point) was 0.033 ±0.002 with no obvious hot spots. By D+6 (at 29 kg/day),
this average RMS value was unchanged across the release site, although a single “high amplitude”
point of 0.040 (>1 m wide) had developed ~3 m north of the injection point. On D+9, at the
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maximum flow rate (143 kg/day), a large high amplitude zone ~8 x 5 m wide of 0.045 had
developed to the east of the central injection point. Meanwhile, the average RMS value across the
release site remained constant. Spatially and geometrically, this zone is consistent with the
enhanced bowing reflector seen in cross-section (Fig. 3.6e). The smaller high amplitude point seen
on D+6 was still visible, although it had migrated several meters north. The post-release survey on
D+16 (5 days after injection was stopped) shows that the high amplitude anomalies completely
disappeared, and the whole site still had an RMS value of 0.033 ±0.002, suggesting this is the
natural undisturbed value for the sediment. It is thus logical to conclude the RMS changes are
associated with the degree of CO2 saturation within the sediments, with large high amplitude
zones corresponding to gas pooling or chimney structures.

Figure 3.9: Chronological maps of RMS amplitude (1 – 3 ms TWT beneath the seabed) over the
experimental site with the release point located in the centre of the white circle. a) D+3 6 kg/day
b) D+6 29 kg/day c) D+9 143 kg/day d) D+16 post release. Note the appearance of a high
amplitude zone at 143 kg/day that then disappears post injection. Linear white zones during D+6
and D+9 are due to errors in data collection resulting in unusable profile lines. Anomalies outside
the release area are deemed to be either noise or the result of reflections from experimental
landers on the seabed.
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Fig. 3.10 shows the deformation of Horizon 2, the upper boundary of the Fladen member
(i.e., top of the sandy layer seen in Fig. 3.3), using its observed depth on D+3 as a baseline. D-13 is
not examined as the profile lines collected during this period were too sparse. Horizon 2 was
selected as it is believed to lie directly above the potential gas pocket. Horizons beneath a gas
pocket are more difficult to accurately position, especially on the decimetre scale, as the presence
of gas alters the sound speed. Given the nature of uncertainty related to AUV positioning systems
an error of ±0.25 ms TWT can be expected here. On D+6 (29 kg/day injection rate) at the release
site the horizon is 0.1 ms TWT closer to the seabed than on D+3, well within positional error.
However, on D+9 Horizon 2 appears 0.40-0.50 ms TWT (0.3 ±0.1 m) closer to the seabed than on
D+3 in a 10 x 7m wide zone centred just east of the release point. This is a variation in depth too
great to be a consequence of positional error. By D+16, 5 days after gas injection was stopped,
Horizon 2 appears 0.20-0.25 ms TWT closer to the seabed within the release site than on D+3,
again within positional error. Given the correlation with gas injection we suggest the apparent
deformation of Horizon 2 is a direct consequence of the presence of gas.

This change could be related to 1) gas pooling in the sandy layer, resulting in sediment
swelling and narrowing of the overlying Witch member; or 2) due to the presence of gas in the
overlying sediment increasing the seismic velocity via resonance. The latter option can be
dismissed because the base of the horizon remains approximately constant (~2.32 ms TWT
beneath the seabed) for the frequency range 15-20 kHz (i.e., frequency close to resonance). We
are thus confident that the deformation of Horizon 2 is a real physical change caused by the
pooling of gas within the upper sandy layer of the Fladen member.
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Figure 3.10: Map of the release site with the release point located in the centre of the white circle
showing a) the depth of Horizon 2 on D+3 in TWT, b) the change in the depth of Horizon 2 relative
to its position on D+3 (i) on D+6 at 29 kg/day injection rate, (ii) on D+9 at 143 kg/day injection rate
and (iii) on D+16, 5 days after injection had stopped.

3.6.3

CO2 volume estimation
To estimate the mass of injected CO2 that can explain the uplift observed in our time-lapse

seismic data for the base of the Witch member (Fig. 3.10), we assume it is caused by CO2 injection
in the pores and steady state conditions of CO2 gas flow. Then, the change in sediment porosity
over time is given by:

𝐷𝜑(𝑉𝜑 ,𝑉𝑠 )
𝐷𝑡

=

𝐷

(

𝑉𝜑

𝐷𝑡 𝑉𝜑 +𝑉𝑠

𝐷

𝑉𝜑 (𝑉𝜑 +𝑉𝑠 )−𝑉𝜑

) = (𝐷𝑡

(𝑉𝜑 +𝑉𝑠 )

2

𝐷
𝑉
𝐷𝑡 𝜑

)=

𝐷𝜀𝑣
𝐷𝑡

(1 − 𝜑 0 ),

(3.4)
where 𝜑0 is the initial porosity before CO2 injection, 𝑉𝜑 and 𝑉𝑠 are the volume of pores and solid
grains, respectively, and 𝜀𝑣 is the volumetric deformation which can be expressed as,
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𝜀𝑣 =

∆𝑉
𝑉0

= 𝜀1 + 𝜀2 + 𝜀3 ,

(3.5)
where ∆𝑉 is the increment in sediment volume, 𝑉0 is the initial sediment volume and 𝜀1 , 𝜀2 , 𝜀3 are
the deformations in the three principal directions of strain. Assuming that the three principal
directions of strain are orientated with the Cartesian coordinate system (𝑥, 𝑦, 𝑧) and that
deformations occur only in the vertical direction we obtain,

𝜀𝑣 = 𝜀𝑧𝑧 =

∆𝐻
𝐻0

,

(3.6)
where ∆𝐻 is the sediment uplift, and 𝐻0 is the initial injection depth (the point at which gas
enters the affected layer). Combining Eqs. 3.4 and 3.6 we can estimate the total change in
porosity (∆𝜑) due to CO2 injection as,

∆𝜑 =

∆𝐻
𝐻0

(1 − 𝜑 0 ).

(3.7)

To facilitate the calculation, we approximate the deformed volume to that of a cylinder
with the height given by the uplift, and no CO2 dissolution. Then, we can estimate the volume and
mass of injected CO2, as:
𝑉𝑔 = ∆𝜑𝑉𝑡 = ∆𝜑(∆𝐻 + 𝐻0 )𝜋𝑟 2 ,
(3.8)
𝑀𝑔 = 𝑉𝑔 𝜌𝑔 .
(3.9)
In Eqs. 8 and 9 𝑉𝑔 , 𝑀𝑔 and 𝜌𝑔 are the volume, mass, and density of CO2 gas, respectively,
𝑉𝑡 is the total volume of sediment, and 𝑟 is the radius of the cylinder. To calculate the density of
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CO2 we use the table for CO2 thermophysical properties from the National Institute of Standards
and Technology (https://webbook.nist.gov/chemistry/fluid/) assuming the pressure and
temperature conditions at half distance between the CO2 injection depth and the seabed. Finally,
the saturation of CO2 gas (𝑆𝑔 ) that explains the observed uplift can be estimated by,

𝑆𝑔 =

𝑉𝑔
𝑉𝜑

= (𝜑

∆𝜑

.

0 +∆𝜑)

(3.10)
The elliptical dome observed in the dataset was 4.5 ±0.5 m east-west, and 7.5 ±0.5 m
north-south, with a maximum height of 0.3 ±0.1 m (Fig. 3.10b). A cylinder with the same sediment
uplift and an equivalent volume has a radius of 2.4 ±0.2 m. We consider an initial injection depth
(the point at which gas enters the sandy layer) of 2.5 m, an initial porosity of 0.51 ±0.05 (from
logging; Fig. 3.3), a seabed temperature of 7°C, a geothermal gradient of 0.03°C/m. Using these
values, we estimate that 91 ±32 kg of CO2 was retained in sediment on D+9 (in gaseous form),
which corresponds to a CO2 saturation of 0.10 ±0.03. The total volume of gas injected between
raising the injection rate to 143 kg/day and the 3rd syn-release survey (when the pocket was
visible) was 242 kg. We, therefore, suggest that 34 ±12% of the injected gas remained within the
sediment in the gaseous form during this period.

3.6.4

Hydrodynamic analysis
It is possible to calculate the permeability of the CO2 pathways beneath the release site on

D+9 based on the observations of the gas pocket developing when the injection rate was at a
maximum. If we assume one-dimensional poro-elastic expansion of the sediment, then the
amount of pore fluid overpressure (𝑢) generating the inferred vertical uplift is given by (Wagen
and Halvorsen, 2019).
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𝑢=

𝜀𝑧𝑧 4
( 𝐺 + 𝐾),
𝛼 3
(3.11)

where 𝐺 is the shear modulus of the sediment and 𝛼 is the Biot’s coefficient.

𝛼 =1−

𝐾
.
𝐾𝑠
(3.12)

In Eq. 3.12, 𝐾 is the bulk modulus of the sediment at drained conditions, and 𝐾𝑠 is the modulus of
the solid grains. For the unconsolidated, soft sediments considered here, 𝛼 can be assumed equal
to 1.

We estimate our pore fluid overpressure for the maximum uplift of 0.3 m is ~0.35 ±0.1
MPa, adopting representative values of the type of sediments within our depth of interest for K
and G (~1 MPa). Our estimate is higher than that measured with a sensor at the end of the CO2
injection pipe (~0.08 MPa). A better match can be found if the uplift was only ~0.1 m, which is not
unrealistic if we imagine the sound speed is depressed by the presence of bubble fractures
(Leighton and Robb 2008) causing us to slightly overestimate thickness. Using this value, we can
also estimate the effective permeability of a CO2 pathway connecting the injection depth with the
seabed using Darcy’s relationship:

𝑘=

𝑄 ∙ 𝜇 ∙ (∆𝐻 + 𝐻0 )
,
𝑘𝑟𝑔 ∙ 𝐴 ∙ (𝑢 − 𝑓 ∙ 𝑢)
(3.13)

where 𝑄 is the volumetric CO2 bubble flow measured at the seabed, 𝜇 is the dynamic viscosity of
CO2, 𝑘𝑟𝑔 is the relative permeability of CO2 gas, 𝐴 is the area of the CO2 pathway (i.e., the area
perpendicular to the measured gas flow), and 𝑓 is a dimensionless parameter between 0 and 1
controlling the fraction of pore fluid overpressure just below the seabed. Here, as observed in gas
migration laboratory experiments in unconsolidated, soft, fine-grained, cohesive sediments (e.g.,
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Algar et al., 2011), we can assume that the pathways are fully saturated in CO2 gas (dry pathways),
and so 𝑘𝑟𝑔 is equal to 1. Based on our discussion above, we note this is a simplification as in
reality the gas bubble fracture walls are wet.
If we consider the values used and calculated above for the estimation of the CO2 mass
within the uplift area, a 𝑄 of 0.05 m3/s, a CO2 pathway area 𝐴 of 20m2, an 𝑓 of 0.5, and a CO2
viscosity with pressure and temperature conditions at half distance between the CO2 injection
depth and the seabed of 1.48x10-5 Pa s (CO2 thermophysical properties from the National Institute
of Standards and Technology; https://webbook.nist.gov/chemistry/fluid/), the effective
permeability of the CO2 pathway is ~2x10-14 m2. Falcon-Suarez et al (this issue) used core analysis
to estimate the effective permeability of water in the Witch Ground (collective term for Witch and
Fladen members), away from the injection site, to be 2x10-17 m2, 1000 times lower than our
estimate, emphasizing the effect chimney structures have on the rate of gas flow through the
near-surface.

3.6.5

Crack size calculations

Using measured physical sediment properties in conjunction with Eq. 3.2, it is possible to
calculate the critical size of bubble fractures/cracks 𝑎𝑟 undergoing stable fracture propagation at
different depths in the near subsurface (Fig. 3.11). There is broad agreement between sediment
type and critical crack size due to the relationship between crack size and solid grain density,
water density, porosity, and the sediment fracture toughness. With reference to the observed
seismic horizons, low values of crack length (2.2 mm) occur from the seabed to Horizon 1, across
which there is an increase to ~ 3.0 mm. These higher values continue down to Horizon 2, where
the increase in sand content causes a decrease in crack length to 2.6 mm.
These variations in crack size have important implications for the propagation of a bubble
fracture moving upwards through the sediment. Given the coarse nature of sediment immediately
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below Horizon 2 gas likely migrates via capillary invasion before transitioning to stable fracture
propagation above the Horizon: the size of the fracture changing with sediment type. If a fracture
exceeds the critical crack length, it will instead begin to migrate via dynamic fracture propagation
(Katsman 2019). The size of a rising bubble fracture does not decrease instantaneously, thus the
large and rapid decrease in critical crack size across Horizon 1 will likely result in a transition into
dynamic propagation which may control gas migration to the seabed. This may cause an increase
in free gas permeability in the sediment above that measured in the pre-release sediment cores.

Figure 3.11. The minimum critical size (crack length) for a bubble fracture to rise through the
sediment of a specific grain size. Left) grain size variations down core GC06; Right) Crack length
calculated using Eq. 3.2. Significant changes in crack length are observed at Horizon 1 and 2.
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3.7

Discussion

3.7.1

Migration of CO2 in sub-seabed sediments at the Release Site

Based on the temporal and spatial development of the acoustic anomalies seen during the
CO2 release experiment along with visual seabed seep observations we propose a four-stage
model for the evolution of gas migration pathways in the sub-surface (Fig. 3.12):
Stage 1 – Proto-migration: the initial migration of gas immediately following the start of
CO2 injection where individual bubbles make their own way to the surface via capillary invasion,
stable and dynamic fracture propagation with no preferred pathways. Many routes will be highly
inefficient, and some gas will fail to reach the seabed.
Stage 2 – Immature migration: the migration of gas occurs along preferred pathways via
capillary invasion, stable and dynamic fracture propagation forming small temporary seeps on the
seabed. Dynamic fracture propagation becomes more dominant as time goes on.
Stage 3 – Mature migration: the migration of gas has been optimised and occurs via open
conduits or chimneys, connecting a gas reservoir to the surface (or a secondary reservoir) forming
moderate to large seeps on the seabed.
Stage 4 – Closure: migration pathways have closed completely following the end of the
gas injection. The system reverts to its pre migration state.

These stages are universally applicable to any near-surface seep site as general
descriptors of the gas migration pathways. However, the exact length of time spent within each
stage and transition between stages will vary with stratigraphy, grainsize and injection rates etc.
Indeed, many seeps likely do not reach the mature stage and simply skip to the final stage from
stage 2 or even stage 1 in the case of sporadic ebullition sites.
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Figure 3.12: Schematic interpretation of gas migration during the release experiment and stages in
the evolution of gas migration pathways. Day 0) the “proto migration” stage that occurs
immediately after the start of CO2 injection, where individual gas bubble fractures make their way
to the surface with no preferred pathways. Day 6) the “immature migration” phase of the
experiment where a number of temporary pathways have developed along which most bubble
fractures travel. The depth below the seabed at which dynamic fracture propagation occurs
increases over time. Day 7) the rate at which gas was being injected into the sediment (86 kg/day)
exceeded the rate at which gas could migrate through the coarse sand layer and pooling of gas
begins. Day 9) during the “mature migration” phase the dynamic fracture propagation zone
extends to the gas reservoir allowing open conduits to form between the reservoir and the
overlying water column. Day 16) the system has experienced the “closure” phase following the end
of the CO2 injection and the sediment has almost reverted to its original state (Day -13).
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The following is a hypothesis for the dynamic gas processes within the sediment during
each stage consistent with observations made in this paper.
3.7.1.1

Stage 1 - Proto Migration

The Proto-migration stage is the initial chaotic migration of gas with no preferential pathways
established immediately following release (within a few hours) and cannot be imaged by acoustic
methods.
While we have no direct imaging of gas migration during this phase, based on existing gas
propagation theory and gravity core data we speculate the following. During the release
experiment CO2 was injected directly into the Fladen member at a depth of ~3 mbsf. The pressure
from the end of the injection pipe likely generated a small fracture network into which the gas
escaped. From here the gas would have migrated upwards into an overlying sand layer, ~0.5 m
thick. Within the sandy layer gas would have begun migrating via capillary invasion as the larger
grain size would have made fracture propagation difficult. After migrating through this layer, the
finer-grained sediments within the Witch member favoured migration via stable fracture
propagation, the steady rise of single bubble fractures. The gas would rise through the sediment
as an upward propagating crack, sealing behind itself in order to maintain a constant pressure.
Eventually, at ~1.4 mbsf depth the bubble fractures cross a grain size boundary (Horizon 1) in
which the sediment is significantly weaker, and a much smaller crack size is required for stable
fracture propagation (Fig. 3.11). As the bubble fractures rising to this depth are much larger than
this critical fracture size, they begin to migrate via dynamic fracture propagation. The bubble
crack grows rapidly upward until reaching the seabed, at which point the gas is released into the
water column and the fracture closes. This interpretation is based on seabed observations and the
application of LEFM to gravity core analysis. The first phase lasted less than a few hours as the
first seeps were visible on the seabed within 12 hours, indicating the appearance of preferred
pathways.
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3.7.1.2

Stage 2 – Immature Migration

The immature migration stage is an early step in the evolution of the system, with the
establishment of preferred fluid-flow routes. The passage of a bubble fractures weakens the
sediment making the subsequent passage of gas more likely, thus creating a positive feedback
loop that slowly builds stable fracture propagation pathways over time. These pathways are small
(perhaps <1 cm in diameter) and easily destroyed by overlying pressure fluctuations i.e., internal
waves in the water column, which compress sediment within the pathway (strengthening it)
causing the bubble fractures to find an alternative route. It is at this stage that seeps are first seen
on the seabed, though they are generally temporary in nature, becoming extinct as underlying
pathways close. This is the stage most subject to change as the system slowly matures overtime,
pathways will become less and less mobile before eventually becoming fixed in place and
expanding. Acoustically this stage transition may be visible in the water column, but it is very hard
to identify in the subsurface, except via comparison with the bulk acoustic properties of the
sediment pre-release.
Day 3 (injection rate 6 kg/day) was our first acoustic observation of the system at this stage
during the release experiment. Seeps are present and are highly mobile, regularly appearing and
disappearing on the seabed as seen by ROV (Remotely Operated Vehicle) observations at the
release site (Flohr et al., 2021). A lack of distinct acoustic anomalies in the subsurface suggests no
gas was retained in the sediment as shown by clear evidence of gas release in the water column.
However, the passage of gas through the sediment caused attenuation of seismic energy,
decreasing the dominant frequency. That a quantifiable change can be detected at such an early
stage of release, at such a low CO2 injection rate, suggests spectral analysis of acoustic data could
be a useful tool for detection. By day 6 of the release experiment (injection rate 29 kg/day) gas is
continuing to flow directly from the release pipe to the surface. Fluid migration pathways are still
mainly in the form of weakened stable propagation channels that are small and mobile, though
the higher flow rate has resulted in a greater number of pathways (and thus seeps). The
continued lack of distinct acoustic anomalies in the subsurface suggests that no gas is retained in
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the sediment. The level of attenuation has increased to a maximum at this point, with the
dominant frequency plateauing. It is impossible to tell whether this maximum was reached due to
the increased flow rate or due to the total volume of gas that had passed through the sediment by
this stage.
By day 7 of the release experiment (injection rate of 86 kg/day), we hypothesise that the flow
rate out of the sandy layer at the top of the Fladen member had been exceeded by the inflow rate
of gas from the injection pipe fracture network, resulting in the pooling of gas within the layer.
This causes the unit to slowly expand in a localised area around the release site. While no seismic
reflection survey was carried out during this period, later surveys do show clear evidence of
pooling and ROV surveys on D+7 showed that no new seeps were formed as a result of increasing
the injection rate and the nature of the existing seeps had not significantly changed (Flohr et al.,
2021), suggesting the amount of gaseous CO2 escaping into the water column had remained
unchanged despite the rate.

3.7.1.3

Stage 3 – Mature Migration

The mature stage of gas migration is the point at which gas flow through the near-surface has
been optimised. Migration is no longer via stable or dynamic fracture propagation but through
stable open conduits, named here chimney structures, which allow the gas to pass unrestricted
from a reservoir (primary or secondary) to the surface. This stage of gas migration is the most
seismically visible as chimney structures leave distinct acoustic anomalies. This stage is also of the
greatest interest to environmental studies as the high flow rate of gas through the sediment
reduces the residence time of gas in the near-surface and thus increases the volume of gas
released into the water column.
We propose that the expansion of the extent of the sub-surface where gas migration
occurs by dynamic fracture propagation (and a corresponding decrease in the zone of stable
fracture propagation) is fundamental to the formation of mature gas migration systems. The
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original position of the stable/dynamic propagation boundary is dictated by local pressure
conditions and sediment properties (i.e., a sudden decrease in grain size over the boundary
causes a decrease in critical crack size triggering dynamic fracture propagation). Within the stable
propagation zone, the continuous passage of gas weakens the sediment allowing for an increased
flow rate of gas and eventually, the gas bubble fractures begin to propagate into each other
causing them to exceed the critical crack length and transition to dynamic fracture propagation.
While such collisions could occur at any point within the stable propagation zone the presence of
(momentarily) lingering dynamic fractures across the boundary makes the chances of such events
significantly more likely just below the boundary. Hence slowly over time the dynamic fracture
propagation zone advances into the stable propagation zone, provided the level of gas flux is
sufficient and continuous. This will occur until the dynamic propagation zone covers the full
length of the near-surface, from some form of gas reservoir to the seabed. Connecting to a gas
reservoir greatly increases the volume of gas supplied to dynamic fractures such that the internal
pressure of the gas flowing through the crack is sufficient to keep the crack open for an extended
period of time. This allows for the formation of open conduits, chimney structures, connecting gas
reservoirs to the seabed. At this point, the gas flow can be thought of as reaching a “mature
state” whereby the gas flow is constant, and the pathways are essentially rooted in place. Across
a greater depth of unconsolidated sediment (100s of meters) it is easy to imagine this process
repeating itself multiple times between a series of small gas pockets until large scale chimney
structures are formed as seen in Landrø et al (2019).
By day 9 of the release experiment (injection rate of 143 kg/day) gas has pooled sufficiently in
the sandy base of the Witch member to form an elliptical dome-shaped gas pocket ~8 x 5 m wide
with a maximum height of ~0.3 m. The gas pocket is evident by the bowing seismic horizon,
enhanced reflectors, shadowing, high-frequency attenuation, and increased RMS amplitude
within this layer. The gas pocket contains 91 ± 32 kg of CO2 (see section 3.6.2) which is equal to
approximately half the total volume of gas injected since upping the flow rate to 86 kg/day. Fluid
pathways are now open channels within the sediment allowing gas/bubble fractures to rise
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unrestricted. These pathways are larger and more permanent gas conduits (the overlying seeps
being far less mobile) visible in the seismic data as chimneys, connecting the gas pocket (now
essentially acting as a secondary reservoir) to the surface. The formation of these open conduits
has significantly increased the effective CO2 permeability of the near-surface to 2x10-14 m2. Given
the nature of this experiment we cannot say confidently whether these larger open conduits
formed as a consequence of the increased injection rate or the length of time the pathways had
been active, most probably both contributed. The dynamic propagation zone most likely slowly
progressed downwards from an original depth of 1.4 mbsf throughout the “immature migration”
stage, the rate of this progression increasing with the injection rate. The dynamic propagation
zone reached the newly formed gas reservoir in the sand layer at some point between D+6 and
D+9 (when chimney structures were first seen).
Fig. 3.13 is our interpretation of the expansion of the dynamic fracture propagation zone
over time during the release experiment. Initially, at lower flux rates the change was minimal, but
as the injection rate increased so too did the rate of expansion.

Figure 3.13: Temporal changes in the dominant form of gas migration during the CO2 release
experiment. The depth of sediments where dynamic fracture propagation dominates expands with
time and eventually connects the gas pocket with the seabed.
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3.7.1.4

Stage 4 – Closure

The closure stage is the final phase of the gas migration lifecycle. Once gas is no longer being
injected into the system the inflow of gas through the open pathways stops. Without the outward
pressure of the flowing gas, the channels close. Any remaining free gas migrates via
stable/dynamic fracture propagation or dissolved into the sediment pore water.
CO2 injection was stopped on day 11 of the experiment and bubble seeps were no longer
observed within an hour. This suggests that the gas pocket had already deflated following the
increased flow rate through the open fluid conduits. By day 16 (5 days after the gas release
stopped) the subsurface was completely devoid of acoustic anomalies and appeared identical to
the pre-release survey. It is likely that the chimney structures closed almost instantly once the
passage of gas stopped, leaving only the surface craters which would be slowly infilled with
sediment.

These stages of the evolution of gas migration pathways can also be applied to the QICS
release experiment. In the QICS experiment, CO2 gas was injected 11 m below the seabed of a
shallow bay in western Scotland, into fine-grained sediment overlaid by coarser sandy sediment
(Cevatoglu et al., 2015, Taylor et al., 2015). Proto-migration occurred with dynamic fracture
propagation within the muddy sediment immediately surrounding the injection point up to the
base of the sandy layer. The weight of the sediment initially prevented fracture propagation,
leading to the pooling of gas, though some individual bubbles were able to escape to the surface
(Cevatoglu et al., 2015). During the immature migration stage gas migration through the upper
sandy layer slowly transitioned from primarily via capillary invasion to primarily via fracture
propagation, with a number of seeps forming on the seabed. Once the mature migration stage
was reached dynamic propagation pathways extended all the way from the injection point
through the overlying sand and to the seabed, forming open conduits over the entire length of
the near-surface (Cevatoglu et al., 2015). We note that in QICS, unlike in STEMM-CCS, the
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dynamic fracture propagation boundary migrated upwards (not downwards) highlighting that
what is important is the extension of the dynamic fracture propagation zone within the subsurface rather than its depth. Finally, in the closure stage following the end of the gas release
experiment the flow of gas into the water column stopped almost instantly and subsequent
seismic surveys found no evidence of lasting alteration to the subsurface (Cevatoglu et al., 2015).

3.8

Conclusions
We have used pseudo-3D time-lapse high-resolution chirp seismic reflection imaging of a

controlled CO2 release experiment to map the evolution of gas migration pathways in near-surface
sediments. The seismic data, alongside gravity core and hydrodynamic analysis as well as volume
estimation modelling, reveals a transition in the primary method of gas migration, from stable
fracture propagation to dynamic fracture propagation, and finally the formation of semipermanent open pathways (chimney structures). These observations have been used to interpret
four distinct stages in the evolution of a gas migration system.
During the first stage lasting only a few hours (CO2 injection rate = 6 kg/day) injected gas
made its way to the surface as individual bubble fractures, escaping as discrete ebullition events
into the water column. Stage 2 (D+~0.5 to D+8, CO2 injection rate = 6 - 29 kg/day) began as small
unstable gas migration pathways were formed that focused the flow of gas to a number of seeps
on the seabed. These gas conduits were easily destroyed (presumably by changing pressure
conditions) and regularly reformed in new positions, leading to the continuous termination and
creations of new seeps. Once the injection rate of the gas began to exceed the flow rate of the gas
through the sediment gas started to pool and an ellipsoid shaped gas pocket became visible in the
subsurface. We estimate that 242 kg of gas were trapped in the gas pocket, which is consistent
with physical estimates that indicated that ~50% of the injected CO2 flowed directly into the water
column (Flohr et al., 2021).
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The major gas migration phase, Stage 3, (D+8 to D+11 CO2 injection rate = 143 kg/day)
began when open conduits, chimneys, formed connecting the gas pocket to the seabed
maximising the flow of gas to the near-surface and sharply increasing the effective permeability of
the sediments by three orders of magnitude to 2x10-14 m2. The seismic chimneys were clear in the
seismic reflection data. The final stage 4 (D+11, CO2 injection rate = 0 kg/day) began when CO2
injection had stopped. The remaining gas in the sediment escaped into the water column along
the chimney features, after which following a loss of internal pressure the conduits closed.
Acoustically the system reverted to its pre-release state (within 5 days), except for the subtly
increased levels of attenuation, which recovers at a much slower rate, suggesting such
observations could be used to detect episodic events.
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Temporal variability of methane ebullition in
Lake Constance – Prediction via lakebed
pressure

There is uncertainty in quantifying the contribution of naturally occurring methane
seepage from aquatic systems to global methane budgets, and there are few constraints on
temporal variability. Ebullition rates of 3 – 18 ml m-2 s-1 (80 - 95% methane) were estimated from
five methane seep sites, at water depths of 4 to 12 m, within Lake Constance (central Europe)
with bubble radii ranging between 0.1 and 1.2 cm, using physical, passive acoustic and optical
techniques. Analysis of 9-months of data from the seep sites demonstrates a significant negative
correlation between gas flux and in-situ pressure. Flux predominantly regulated by lake water
level (hydrostatic pressure) on monthly timescales, while smaller fluctuations on daily to weekly
periods are controlled by atmospheric pressure variations. Diurnal atmospheric pressure
variations generate land-lake breeze cycles and are observed within the ebullition flux data for
the first time. No correlation is observed between gas flux and rainfall intensity or wind speed.
We demonstrate that long-term ebullition flux variability is best estimated by quantifying the
relationship between in-situ pressure and gas flux and then using this relationship to predict gas
flux from easily measurable in-situ pressure data. This approach is more accurate than
extrapolating average flux rates from short periods of observation.
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4.1

Introduction
Carbon dioxide (CO2) and methane (CH4) have been identified as two of the most

important greenhouse gases (Forster et al., 2007; Friedlingstein et al., 2019). For the decade of
2002-2012, the global methane budget was estimated to be 558 Tg/yr, 35-50% of which is natural
in origin (Saunois et al., 2016). Freshwater systems alone, like the one studied here, are estimated
to contribute around 103 Tg of CH4 a year, 53% via gas bubbles (Bastviken et al., 2011). The
increasing concentration of CO2 and CH4 in the atmosphere has been directly linked to a rise in the
global mean surface temperature of 1 °C resulting in climate change across the planet (IPCC et al.,
2018). Thus, efforts to combat this global warming have placed a huge emphasis on better
understanding the global emissions of greenhouse gases such as CO2 and CH4 both anthropogenic
and natural (Friedlingstein et al., 2019).
It is relatively straightforward to estimate the emissions from anthropogenic sources. For
example, by calculating the amount of pollution released producing one of a given product and
extrapolating outward for annual production rates. However, the same is not true for emissions
from natural sources, particularly in the marine and lacustrine settings (Li et al., 2018; Flohr et al.,
2021). Accurately quantifying ebullition rates from natural systems is difficult because 1)
techniques for measuring ebullition rates in the field are still relatively simplistic and 2) we lack a
proper understanding of how the release rates vary over time and space (Boles et al., 2001;
Greinert et al., 2010; Klaucke et al., 2010; Linkhorst et al., 2020; Ostrovsky, 2003). Thus, it is
important that we address the limiting factors preventing the accurate quantification of gas flux
from these natural systems.
Natural systems are known to have fluctuating ebullition emission rates, although the
scale and causes of such variations are often poorly understood (Boles et al., 2001; Greinert,
2008; IEAGHG, 2015; Ridick et al., 2020). In lakes, greenhouse gases are typically released via
ebullition sporadically in the littoral zone. However, in some lacustrine systems, the release of gas
is continuous, usually forming distinct gas flares or seeps and pockmarks (Granin et al., 2012). In
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Lake Constance, for instance, close to the mouth of the river Rhine more than a thousand gas
flares and Pockmarks were discovered (Bussmann et al., 2013; Wessels et al., [In Progress]).
Understanding the variability of these seeps is imperative to understanding greenhouse gas
emissions from the lake.
An obvious and regularly observed driving factor behind gas flux variations is the in-situ
total pressure, a summation of hydrostatic and atmospheric pressure. The rate of gas release
being inversely proportional to the pressure on the lake/seabed (Judd & Hovland, 2007; Katsman,
2019; Varadharajan et al., 2012; Encinas et al., 2020). One explanation, most readily used to
explain sporadic ebullition, is that changing the pressure conditions alters the position of the “gas
horizon”, a surface across which bubble ascent through sediment stops (without the existence of
fluid flow structure). A decrease in pressure causes this surface to retreat deeper into the
sediment, with the previously trapped gas now free to mobilize upwards, resulting in more gas
flowing upwards (Katsman, 2019). Other theories more associated with continuously active seeps
(as studied here) include the decrease in pressure reopening pre-existing fractures, the so-called
“hydraulic pumping” effect, or simply the decrease in pressure allowing pathways to expand
facilitating the more rapid ascent of gas through the sediment (Judd & Hovland, 2007; Hovland et
al., 2010; Algar et al., 2011; Katsman, 2019). Regardless of which theory is correct, flux levels have
been observed varying with daily and monthly tidal cycles (Boles et al., 2001; Pengfei et al., 2015;
Römer et al., 2016; Katsman, 2019) as well as seasonally (Römer et al., 2016) and with artificial
variations in water depth (Maeck et al., 2014; Encinas et al., 2020), and potentially atmospheric
pressure (Casper et al., 2000; Mattson & Likens, 1990; Zhao et al., in review). While most of these
observations have been in the marine environment (Boles et al., 2001; Greinert et al., 2006; Judd
& Hovland, 2007; Römer et al., 2016; Di et al., 2017), similar results have been found in shallow
rivers, lakes, and reservoirs, though many of these studies have been on sporadic ebullition sites
(Encinas et al., 2020; Maeck et al., 2014; Pengfei et al., 2015; Casper et al., 2000; Mattson &
Likens, 1990; Beaulieu et al., 2018; Linkhorst et al., 2020). However, while commonly observed,
this relationship is yet to be formalised in terms of quantification and prediction of the change in
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a specific flux rate for a measured change in in-situ pressure and a particular ebullition site.
Furthermore, the nature of seeps and therefore the volume of gas released is expected to change
with time as the fluid flow plumbing structure changes (Liu et al., 2016; Katsman, 2019).
Most observations of ebullition fluxes represent a snapshot measurement, lasting a few
hours or days in shallow aquatic environments (Bastviken et al., 2004; Linkhorst et al., 2020) and
even less in a deep marine environment (Bayrakci et al., 2014; Greinert et al., 2006; Li et al.,
2020a; Wang et al., 2021). The chance of these single measurements being representative of
annual flux rates is small, particularly if ebullition is sporadic (Maeck et al., 2014; Marcon et al.,
2019). Demonstrating this, Maeck et al. (2014) compared random observations of varying lengths
from natural methane vents to the observed 30 days mean. Finding that an accurate estimate was
only consistently found when the observation length was more than 400 hours long. This inability
to rely on extrapolated results from small sampling periods is the most likely explanation for
errors in the natural greenhouse gas budget (Boles et al., 2001). Obviously the longer a survey is,
the more representative its measurements will be, but it is unrealistic to expect natural CO2 and
CH4 seeps around the globe to be monitored year-round, especially with current techniques, thus
a simpler, but more robust method is needed.
The approach of this study is to monitor natural seep sites, that are continuously releasing
gas, for an extended time period at a high sampling rate, identifying and characterizing the factors
driving flux variations over different temporal periods. The goal is to determine the optimal
method for estimating gas flux from natural seeps.
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4.2
4.2.1

Material and Methods
Study site

Lake Constance (47°37’N, 9°24’E) is a large, deep (maximum depth 251 m), oligotrophic
and monomictic lake, which is located in Western Europe between Germany, Switzerland, and
Austria (Fig. 4.1a-b). The main inflow takes place via the alpine river Rhine, which accounts for 60
- 65% of the water inflow (Wessels et al., 2010; Gilfedder et al., 2011).
Schröder (1992) first reported the presence of pockmark-like concave depressions in
eastern Lake Constance, and associated ebullition of small millimetre sized bubbles rising to the
lake surface. Several hundred pockmarks were found, located mostly atop large sediment waves
or ridges, at depths ranging from 4 to 100 m, with sizes ranging from ~10 cm to 16 m in diameter
and a maximum seafloor depression of 4 m, seeps generally becoming larger with depth (Wessels
et al., 2010). While the majority of pockmarks were found to be inactive over 1000 seeps were
found to be actively venting methane gas (Wessels et al., [In Progress]). The isotopic composition
of the methane indicates it is biogenic in origin (Bussmann et al., 2011; Bussmann et al., 2013).
Here we investigate five small seeps distributed over two sites, A and B (Fig. 4.1c-e), at depths of
~4 and 11 m in the south-east part of the Lake. This part of the lake is mainly exposed to southeasterly and some westerly winds.
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Figure 4.1: Study site projected on a map of a) Europe b) Lake Constance c) Eastern Lake
Constance, also indicating the position of Rohrspitz, Lindau, Zeisertsweiler, Friedrichshafen
stations from which additional datasets were acquired, d) Site B in deep water indicating the
position of deployments D1 and D3 and targeted deployment T2 and e) Site A in shallow water
indicating the position of deployment D2 and targeted deployment T1.
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4.2.2

Sampling

Time series of the ebullition flux were determined at two seep sites, a shallow-water site A
(4 – 5m) and a deeper-water site B (10 - 12 m; Fig. 4.1d-e) for periods of up to three months at
each site during 2019 and 2020 (Deployments D1 – D3; Tbl. 4.1). The experimental geometry
comprised a funnel positioned directly above the seep and a hydrophone placed below the funnel
on the lakebed less than 0.5 m from the seep (Fig. SI 4.1).
In addition to the long-term deployments, two targeted shorter-term deployments (A-T1
and B-T2) were conducted within each site by measuring the ebullition flux with a funnel and
subsequently with a lander equipped with video cameras and a hydrophone to record
simultaneous acoustic and optical data. The targeted deployments were used to determine the
bubble size distribution but also to compare the ebullition flux from the different measurement
techniques (Tbl. 4.1).

Table 4.1: Overview of equipment deployments B-D1, A-D2, B-D3, and target deployments A-T1
and B-T2, including survey period, coordinates of the location (UTM), mean water depth during the
deployment (m) and mean physical flux estimate (ml m-2 s-1 and ml s-1), mean acoustic flux
estimate (ml s-1), and mean bubble radius measured by the optical and acoustic method (cm).
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Throughout each deployment, in-situ pressure and temperature were continuously
measured with a pressure sensor (Aquatec AquaLogger 520, or RBRduet³ T.D.) at the depth of the
funnel. Moreover, at the beginning and the end of the measurement, a gas sample was taken
from the funnel for further analysis of the methane concentration.

4.2.3

Measurements of ebullition rate

In order to gain an accurate understanding of natural variations in the rate of gas release
from the aquatic system, we used three independent techniques to analyse bubble emissions. The
techniques used, physical, optical, and acoustic inversion, are described in detail below. Given
that all measurements occur close to the lakebed and methane has a slow dissolution rate all
measurements are comparable (see SI for full discussion).
4.2.3.1

Physical flux measurements
Gas flux was physically measured by positioning a custom-built funnel directly above the

gas flare. Bubbles released within the footprint of the lander (0.8 x 0.8 m) were trapped within
the inverted squared funnel and accumulated in the cylindrical column on top of the funnel. The
height 𝐻 of the accumulated gas in the cylindrical column is proportional to the differential
pressure (the difference between the pressure in the trapped gas and the pressure in the water at
the same depth) by using a linear calibration (Maeck et al., 2014). Here the differential pressure
was continuously measured by a differential pressure sensor at a frequency of 4 Hz and was
averaged to a 1-minute resolution for further analysis. The ebullition flux 𝑓 (ml m-2 s-1) was
calculated from the ideal gas equation at standard conditions with the standard temperature 𝑇𝑠
(273.15 K), and standard pressure 𝑃𝑠 (1 atm):

𝑓=

𝜋𝑟𝑐 𝑑𝐻 𝑝 𝑇𝑠
×
× × ,
𝐴
𝑑𝑡 𝑇 𝑃𝑠
(4.1)
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where 𝑟𝑐 is the radius of the cylinder (m), 𝑇 the temperature (K), 𝐴 the area of the funnel (0.64
m2), 𝐻 the height (m) of the trapped gas in the cylinder and 𝑝 the in-situ pressure (hPa). As soon
as the cylindrical column was filled with gas, the top of the system was automatically opened by a
solenoid valve, such that the accumulated gas was released, and a new measurement cycle could
begin. The measurement uncertainty, calculated via error propagation, is ± 8%.

4.2.3.2

Acoustic flux inversion
Acoustic data for this study were collected using an SM4M acoustic recorder, composed

of a single calibrated hydrophone and an internal recording unit. The hydrophone was positioned
< 50 cm from the seep directly under the physical gas funnel. Data were recorded every 15 min
for a 5 min period (meaning 4 recordings per hour) and was collected at a sample rate of 24 kHz
with a gain of 15 dB. From these recordings, a 30 s window with the least total energy was
identified for further study to avoid interpreting loud non-seep-related noises (e.g., boats or the
gas funnel emptying) as bubbles. Additionally, a median spectrogram for the 5 min period was
produced and subtracted from the window period in order to remove background noise.
The passive acoustic inversion technique used in this study was first proposed by Leighton
& White (2012) and later validated by Bergès et al. (2015) and Li et al., (2020). It uses the principle
that when a bubble larger than a few micrometres escapes from the sediment into the water
column, it produces a distinct acoustic signature (Leighton & Walton, 1987; Minnaert, 1933). By
considering the magnitude of the energy released within discrete frequency bands we can
estimate the number of bubbles with different radii released in a given period. Simultaneous
comparisons of acoustic, optical, and physical measurements in the field have shown the accuracy
of this technique lies at ± 18 % (Roche et al., 2019).
4.2.3.3

Optical flux measurements
Optical data was acquired by deploying a custom-built lander around the seeps A-T1 and

B-T2. The design incorporates two Sony FDR-X3000 cameras in two stereo arrangements, focusing
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on a single central point with scale boards positioned directly opposite. The data was then
processed using techniques first described in Li et al. (2020b) where the volume of each bubble
was calculated using the volume of the revolution equation. This volume of revolution is then
used to calculate the radius of a spherical bubble with equivalent volume for comparison to
acoustic measurements.

4.2.4

Meteorological data
Wind data and atmospheric pressure were obtained from weather station Rohrspitz (2.3 -

3.0 km from the vent sites). Rain data was acquired from the weather station Lindau (5.6 - 9.0 km
from the vent sites) and Zeisertsweiler (9.6 - 13.0 km from the vent sites) with a daily and hourly
temporal resolution, respectively (Fig. 4.1c). The water level of Lake Constance was measured at
Friedrichshafen (~ 18 km from the vent sites) with a temporal resolution of 15 minutes (Fig. 4.1c).

4.2.5

Analysis
In order to accurately compare the bubble size distributions for each technique, the data

were normalised by binning the data and by dividing by the total number of bubbles per second
and multiplied by the bin width (in cm). Thus, the probability density is in cm -1 and the integral of
the bubble population distribution would equal ~1.
For each time series, the gas flux and coinciding pressure data were interpolated at a 1
min resolution, filtered with a second-order low-pass Butterworth filter with a cut off frequency
of 6 h (Fig. SI 4.2), to remove noise and improve interpretability. It should be noted that we are
assuming the atmospheric pressure above the release site (and Friedrichshafen base station) is
the same as that recorded at Rohrspitz weather station, ~3 km from the seep sites. Additionally,
hydrostatic pressure was not directly measured at the release sites during this study and was
instead calculated by subtracting the atmospheric pressure from the total in-situ pressure
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measurements at the seep sites. Lakebed hydrostatic pressure at Friedrichshafen was calculated
by the water level measured at the Friedrichshafen station and total lakebed pressure at
Friedrichshafen station was calculated by summing the local hydrostatic pressure and the
atmospheric pressure from Rohrspitz weather station (located 20 km SE of Friedrichshafen).
During further analysis, gas flux was plotted against total, hydrostatic and atmospheric
pressure at the release site for each deployment (B-D1, A-D2, and B-D3) in order to better
understand their correlation. We then determined the linear fit between the gas flux (ml m-2 s-1)
and pressure (hPa) and used this relationship to predict the gas flux throughout each deployment
from the measured pressure (via a model fitting approach). To gauge the potential for such a
technique to predict gas flux via more commonly available data, i.e., permanent monitoring
stations, we also determined the relationship between gas flux and the hydrostatic and total
pressure at the base station Friedrichshafen.
An important question in estimating the long-term gas emissions from a seep is how long
an observation period needs to be in order to provide a representative measurement. Different
temporal observation lengths were examined within a three-month period, with average
estimates for subsets from 1 minute to 70 days duration compared to that of the full 70 days
period. The subsets were shifted on a time vector with a temporal resolution of 1 min through the
70 days of data. The median flux, the 10th and 90th percentiles and the maximum and minimum of
the subsets were then compared with the mean ebullition rate for the entire 70-day period.
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4.3
4.3.1

Results
Targeted deployment flux estimates

During the targeted deployments, the seep at A-T1 provided a mean physical flux
estimate of 2.08 ± 0.16 ml s-1 while the hydrophone recording provided an acoustic flux estimate
of 2.24 ± 0.40 ml s-1. Meanwhile, for seep B-T2 the funnel provided a physical flux estimate of
11.68 ± 0.93 ml s-1 compared to an acoustic flux estimate of 12.18 ± 2.19 ml s-1. The consistent
estimates from these two different measurement techniques serve to validate further estimates
from both techniques.

4.3.2

Long-term deployments

The full results from deployments B-D1, A-D2 and B-D3 are shown in Fig 4.2-4.4
respectively. The gas flux measured by the funnel is shown in parts Fig. 4.2a, Fig 4.3b and Fig. 4.4a
with deployment A-D2 also displaying the acoustic flux estimate in part Fig. 4.3a. Each figure also
shows the in-situ total pressure (alongside the in-situ hydrostatic pressure) as well as the
recorded atmospheric pressure, rainfall, and wind data from local weather stations. The negative
correlation between gas flux and total pressure will be discussed in detail below, but at a cursory
glance one can clearly see a negative correlation between gas flux and total pressure. There is
also no apparent correlation between gas flux and rainfall or wind speed, with R2 values below 0.3
for all periods (Tbl. SI 4.1)
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Figure 4.2: Time series of ebullition gas flux and abiotic factors of deployment D1 at site B from
10/04/2019 to 25/06/2019: From top to bottom a) ebullition gas flux (ml m-2 s-1) measured by the
physical technique at B-D1 (black); b) in-situ pressure (hPa) measured at the depth of the funnel at
B-D1 (black) and water level of Lake Constance (cm) measured in Friedrichshafen (dark green); c)
air pressure (hPa) measured at the weather station Rohrspitz (light green); rainfall (mm) measured
at the weather station Lindau (light blue) and Zeisertsweiler (dark blue); d) wind speed (m s-1)
measured at the weather station Rohrspitz at 10 m height (dark red) and e) wind direction (°)
measured at the weather station Rohrspitz (brown). Areas with a blue and red background are
periods with rainfall > 3 mm and wind speeds > 6 m s-1, respectively.
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Figure 4.3: Time series of ebullition gas flux and abiotic factors of deployment D2 at site A from
14/10/2019 to 13/01/2020: From top to bottom a) ebullition gas flux (ml m-2 s-1) measured by the
acoustic technique at A-D2 (black); b) ebullition gas flux (ml m-2 s-1) measured by the physical
technique at A-D2 (black); c) in-situ pressure (hPa) measured at the depth of the funnel at A-D2
(black) and water level of Lake Constance (cm) measured in Friedrichshafen (dark green); d) air
pressure (hPa) measured at the weather station Rohrspitz (light green); rainfall (mm) measured at
the weather station Lindau (light blue) and Zeisertsweiler (dark blue); e) wind speed (m s-1)
measured at the weather station Rohrspitz at 10 m height (dark red) and f) wind direction (°)
measured at the weather station Rohrspitz (brown). Areas with a blue and red background are
periods with rainfall > 3 mm and wind speeds > 6 m s-1, respectively.
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Figure 4.4: Time series of ebullition gas flux and abiotic factors of deployment D3 at site B from
23/01/2020 to 27/04/2020: From top to bottom a) ebullition gas flux (ml m-2 s-1) measured by the
physical technique at B-D3 (black); b) in-situ pressure (hPa) measured at the depth of the funnel at
B-D3 (black) and water level of Lake Constance (cm) measured in Friedrichshafen (dark green); c)
air pressure (hPa) measured at the weather station Rohrspitz (light green); rainfall (mm) measured
at the weather station Lindau (light blue) and Zeisertsweiler (dark blue); d) wind speed (m s-1)
measured at the weather station Rohrspitz at 10 m height (dark red) and e) wind direction (°)
measured at the weather station Rohrspitz (brown). Areas with a blue and red background are
periods with rainfall > 3 mm and wind speeds > 6 m s-1, respectively.
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4.3.3

Diurnal variations

There are no tidal changes in water levels in Lake Constance. However, there are surface
seiches with a magnitude of 3 cm which can be seen in the total pressure data with a period of
~54 min. There is also a noticeable day/night atmospheric cycle. During daylight air temperature
increases, wind flows in a NWW direction (as observed at Rohrspitz) while total and atmospheric
pressure increases a few hPa and gas flux decreases. Whereas during night-time air temperature
decreases below the water temperature, wind flows in a SE direction while total and atmospheric
pressure decreases a few hPa and gas flux increases (Fig. 4.5). These diurnal variations in pressure
(~1 to 5 hPa) and flux are smaller in magnitude than the longer period trends seen above.

Figure 4.5: Time series of ebullition gas flux and abiotic factors for a short 10 day period during
deployment B-D3 from 03/04/2020 to 13/04/2020: From top to bottom a) ebullition gas flux (ml
m-2 s-1) measured by the physical technique (black); b) in-situ total pressure (black) measured at
the depth of the funnel, in-situ hydrostatic pressure (dark green, hPa), and atmospheric pressure
(light green, hPa) measured at the weather station Rohrspitz; c) wind speed (dark red, m s-1) and
wind direction (brown,°) measured at the weather station Rohrspitz at 10 m height and d)
atmospheric temperature (red, °C), water temperature at a depth of 4 m (ceylon, °C), water
temperature 0.6 m above the lakebed (blue, °C). Note that the ticks represent midnight, and the
weather station Rohrspitz was located southeast east of B-D3.
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4.3.4

Bubble characteristics

The acoustic bubble size distribution for target deployment A-T1 shows a bimodal bubble
size population between 0.7 and 1.2 cm with a peak at 1.0 cm (Fig. 4.6a). Comparing simultaneous
optical and acoustic estimates from seep B-T2 they show a good agreement, both with gaussian
distribution ranging between 0.4 and 1.2 cm in radius and peaking at 0.7 cm (Fig. 4.3b).
The acoustic bubble size distribution of A-D2 was split up into 3 selected periods (S1:
20/10/19 – 01/11/19, S2: 15/11/19 – 01/12/19, and S3: 15/12/19-01/01/20; Fig. 4.6c-d). S1 at the
beginning of the deployment shows a bimodal distribution with peaks at 0.4 and 0.6 cm while S2
and S3 show Gaussian distributions with a single peak at 0.5 cm and 0.6 cm, respectively. The
mean bubble size during A-D2 is increasing over time in a step-like manner from early November
onwards, this may be an indication of contamination from other bubble sources (Fig. 4.6d).
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Figure 4.6: Bubble size distribution for a) Targeted deployment A-T1 via acoustic measurements; b)
Targeted deployment B-T2 via acoustic (blue) and optical (green) measurements; c) long term
deployment A-D2 for the periods S1 20/10/19 – 01/11/19 (black), S2 15/11/19 – 01/12/19
(purple), and S3 15/12/19-01/01/20 (yellow); d) long term deployment A-D2 as a function of time,
the mean bubble size is indicated by the grey line and the dashed lines for the periods S1-S3,
shown in c).
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4.3.5

The effect of pressure on gas flux

Increases in in-situ total pressure correlate instantly with a decrease in gas flux and
vice versa, i.e gas flux is negatively correlated with total lakebed pressure (Fig. SI 4.3). The exact
empirical relationship between in-situ pressure measurements and physical gas flux is shown in
Fig. 4.6 and detailed in Tbl. 4.2 (acoustic measurement detailed in Tbl. SI 42). The deployment BD1 is strongly negatively correlated (R2 = 0.84). The deployment A-D2 also shows an inverse
relationship between gas flux and pressure but with a much weaker correlation, R2 = 0.33 for
physical and R2 = 0.55 for acoustic estimates. However, by ignoring the end period of A-D2 (from
08/12/2019 onwards) when emissions increase significantly (most likely due to the formation of
new seeps in the area) this correlation is improved for the physical estimate R2 = 0.42, but not for
the acoustic estimate R2 = 0.47. The deployment B-D3 is of particular interest as the correlation
(R2 = 0.45) improves significantly when splitting the period into 3 distinct sections each correlating
to a different period of time from 28/01/20 - 04/02/20 (R2 = 0.72), 04/02/20 - 09/03/20 (R2 =
0.73), and 09/03/20 - 22/04/20 (R2 = 0.95) with a transition period of just a few hours (Fig. SI 4.4).
The total pressure on a lakebed is a sum of the hydrostatic and atmospheric
pressure. As the total pressure is known to regulate gas flux it is logical to conclude that variations
in these component pressures also regulate the gas flux. Hence, we repeat our prior analysis of insitu total pressure vs. gas flux, this time for in-situ atmospheric and hydrostatic pressure vs. gas
flux (Fig. 4.7d-i) in order to better understand their contribution to total pressure (and thus flux)
changes. We also calculate the percentage contribution of hydrostatic and atmospheric pressure
change to total pressure variation noting that, except for D3.1 and D3.2, hydrostatic pressure
contributes 86 - 97% to the flux fluctuations (Tbl. SI 4.3, Fig. SI 4.5).
We observe strong negative linear correlations between hydrostatic pressure and gas flux
particularly for B-D1 (R2 = 0.84), B-D3.3 (R2 = 0.95; Tbl. 4.2, Fig. 4.7d-f). No correlation was found
between atmospheric pressure and gas flux (R2 < 0.31) except during periods A-D2 (R2 = 0.49) and
B-D3.2 (R2 = 0.75; Tbl. 4.2; Fig. 4.7g-i). While both parameters provide gradients in good
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agreement with those observed for the same periods using total pressure, hydrostatic gradient
values were consistently closer than the atmospheric values. This is unsurprising as the greater
magnitude of hydrostatic variations accounts for the majority of total pressure changes. Indeed,
the only time atmospheric pressure values were closer to the total pressure values than the
hydrostatic pressure values was during B-D3.2 when hydrostatic pressure was comparatively
constant (Tbl. 4.2, Fig. 4.7g-i). Performing a multiple linear regression using hydrostatic and
atmospheric pressure provides a higher degree of correlation than seen for either individual
property directly comparable to total pressure, e.g., R2 = 0.95 for D1, with gradients between both
properties being comparable for D1, D3.1 and D3.3 (Tbl. SI 4.4).
From this, we conclude that: 1) hydrostatic pressure (aka water level) variations control
the variations in ebullition across the entire length of the deployments; 2) atmospheric pressure
variations account for small period (days to weeks) deviations from the longer-term trend (Fig.
4.5a-b).
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Figure 4.7: Correlation between physical flux and pressure. Physical flux measurement vs. in-situ
total lakebed (top), hydrostatic (middle) and atmospheric pressure data (bottom) for the
deployments B-D1 (left), A-D2 (middle), and B-D3 (right). For best fit lines see Tbl. 4.2. Note B-D3
is broken into 3 distinct periods: 1) 8/01/20 - 04/02/20, 2) 04/02/20 - 09/03/20, and 3) 09/03/20 22/04/20.
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Deployment

Gradient m

Intercept c

(x10-2 ml m-2 s-1 hPa-1)

(ml m-2 s-1)

In-situ

In-situ

R2

RMSD
(ml m-2 s-1)

In-situ

TP

HP

AP

TP

HP

AP

TP

HP

AP

TP

HP

AP

B-D1

-0.25

-0.25

-0.76

9.83

7.43

11.93

0.84

0.83

0.10

0.05

0.05

0.16

A-D2

-3.35

-3.90

0.96

47.73

17.58

-7.81

0.33

0.31

0.49

1.76

1.52

2.20

A-D2.1

-2.44

-4.26

-0.07

35.05

19.05

1.99

0.42

0.87

0.31

0.42

0.19

0.69

B-D3

-0.42

-0.48

-0.37

12.95

9.48

8.05

0.45

0.43

0.06

0.08

0.08

0.11

B-D3.1

-0.46

-0.50

-0.35

13.62

9.54

7.87

0.72

0.50

0.20

0.03

0.03

0.03

B-D3.2

-0.45

-0.16

-0.47

13.42

6.07

8.96

0.73

0.01

0.75

0.06

0.06

0.03

B-D3.3

-0.54

-0.61

-0.90

15.34

10.82

13.35

0.95

0.95

0.20

0.02

0.02

0.08

Table 4.2: Correlation between physical gas flux and in-situ total pressure (TP), hydrostatic
pressure (HP) and atmospheric pressure (AP) for each long-term deployment; D1 at site A and D2
and D3 at site B.

4.4
4.4.1

Discussion
Predicting gas flux via pressure
We predict the gas flux throughout each deployment from the measured in-situ total

pressure using the relationship presented in Tbl. 4.2 (Fig. 4.8). To the best of our knowledge, this
is the first time an attempt has been made to predict gas flux from an underwater seep via
pressure conditions, particularly over an extended temporal period. However it has been noted in
review our approach here is more akin to model fitting than prediction, future iterations of this
work will aim to address this. There is a very good agreement between observed physical flux
values and those predicted via in-situ total pressure during periods D1 and D3 with a root mean
square deviation (RMSD) between the measured and predicted flux values of 0.05 and 0.08 ml m-2
s-1, respectively (Tbl. 4.2; Fig. 4.8). This indicates that in-situ total pressure can be used to
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effectively predict gas flux emissions in Lake Constance. The A-D2.1 prediction is less coincident
with the observed physical flux values, with an RMSD of 0.42 ml m-2 s-1. Most of this divergence is
confined to mid-December onwards when we suspect funnel measurements are contaminated by
bubbles from other seeps.
Having demonstrated the potential of predicting gas flux via in-situ total pressure, we
must consider the fact that most researchers will not have a permanent pressure sensor adjacent
to their target seep(s). It is thus intriguing to compare gas flux estimates created using 1) the insitu hydrostatic pressure above the seep 2) the atmospheric pressure from Rohrspitz weather
station (3 km away) 3) the hydrostatic pressure at Friedrichshafen base station (18 km away) and
4) the total lakebed pressure at Friedrichshafen base station (Tbl. SI 4.1 and SI Fig. 4.6).
The base station total pressure predictions are to a first order identical to the predictions
based on in-situ pressure predictions (Fig. 4.8), demonstrating it is possible to accurately predict
gas flux via offsite data. The base station hydrostatic pressure predictions for periods D1, D2.1 and
D3.3 are consistent with measured flux, R2 = 0.83, R2 = 0.87 and R2 = 0.95, respectively.
Atmospheric predictions are less consistent with the measured flux, especially when compared to
hydrostatic predictions, with R2 ranging from 0.10 to 0.75, suggesting they are less reliable. The
notable exception to this being during D3.2 when the hydrostatic pressure varied very little;
consequently, the atmospheric pressure was more closely correlated to the gas flux than the
hydrostatic pressure, R2 = 0.75 vs 0.01.

125

Chapter 4

Figure 4.8: Comparison of the measured and predicted/modelled gas flux. Comparison of the gas
flux measured by gas funnel with the predicted gas flux determined empirically from in-situ total
pressure (pink), total pressure at the base station (blue), in situ hydrostatic pressure (red),
hydrostatic pressure at the base station (green), and atmospheric pressure at Rohrspitz weather
station (turquoise) for the deployments B-D1, A-D2, and B-D3.
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4.4.2

Comparison of acoustic and physical flux estimates

While acoustic and physical measurements from the targeted deployments are consistent
(4-8 % difference) a notable divergence is apparent during D2. One possible explanation for
simultaneous estimates being inconsistent is that the funnel in some way interfered with acoustic
estimates, perhaps via the bubbles colliding with the frame or acoustic reflections from the airwater interface. Further, note at the time of the deployment no other seeps were located in a 4 m
radius of the equipment. However, upon recovery 2 newly formed seeps were visible just outside
of the funnel’s footprint (Fig. SI 4.7). Additionally, several inactive shallow depressions (holes)
were visible on the seafloor under and around the funnel. Furthermore, sudden changes in the
bubble size distribution as recorded by the acoustic inversion coincided with the flux increases
(Fig. 4.6). It is therefore likely that new seeps formed in the vicinity of the funnel, releasing gas
that was not captured by the funnel, thus was not recorded in the physical flux estimate, but was
recorded by the hydrophone.
Large increases in acoustic gas flux measurements can also be seen to regularly occur
alongside periods of high wind and rain (e.g., 16/10/2019 and throughout the mid-December
period). Leighton and White (2012) explicitly warned that acoustic inversion of gas flux was
susceptible to overestimating flux as a result of increased background noise from bubbles
entrained by wind and rain action (Ashokan et al., 2015; Deane & Stokes, 2002; Pumphrey &
Crum, 1990; Ma & Nystuen, 2005).
Thus, after early November acoustic and physical estimates begin to rapidly diverge due
to 1) the formation of new seeps just outside of the funnel's catchment area and 2) the
misattribution of bubbles generated at the surface by rain and breaking waves to the seep.
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4.4.3

Flux pressure relationship
A detailed examination of what determines the empirical relationship between gas flux and

pressure is beyond the scope of the study. Decreasing pressure conditions in sediment are
theorised to allow existing gas pathways to expand and new ones to form, allowing for an
increased flow of gas into the water column (Katsman 2019). Thus, a lower m value could suggest
chimney structures are less likely to form or expand as a result of pressure decreases making the
flow of gas less variable over time. While a larger m value would suggest the opposite. We
postulate rapid pressure increase (and potential strong currents) during D3 at least partially
destroyed existing gas migration pathways, forcing them to reform with a different m value (Fig.
SI 4.4). The influx of gas from deeper sediment ultimately controls the volume of gas released
from the seep, this is most likely represented by the intercept value c. We note that despite the
changing value of the slope m between -0.45 and -0.54 x 10-2 ml m-2 s-1 hPa-1 during D3, the
intercept value c only varied from 13.42 to 15.34 ml m-2 s-1 (Tbl. 4.2).

4.4.4

Atmospheric pressure and gas flux

While the effect of atmospheric pressure on gas release from peat bogs has been
investigated, its effect on lacustrine settings has not been definitively determined (Fechner‐Levy
& Hemond, 1996; Tokida et al., 2007; Kellner et al., 2006). Mattson and Likens (1990) were the
first to report a possible correlation between lacustrine gas flux and atmospheric pressure, noting
sporadic ebullition from Mirror Lake (New Hampshire) and low-pressure systems, but were
unable to discount the effect of possible physical disturbances. Later Casper et al. (2000) were
also able to observe a probable correlation between atmospheric pressure and gas flux in Priest
Pot Lake (U.K). However, their sampling rates were sparse, once per week, meaning the
correlation was tenuous. Similarly, Marcon et al. (2019) noted a correlation between high flux
events and decreasing atmospheric pressure from a water reservoir in southern Brazil but they
were only able to weakly demonstrate this trend with daily averages for selected periods. We
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thus consider this study the first definitive proof of a negative correlation between atmospheric
pressure and lacustrine gas flux (Tbl. 4.2, Fig. 4.8).
The effect of atmospheric pressure variation on gas flux can also be observed on the
diurnal scale (Fig. 4.5, Fig. SI 4.8). Diurnal atmospheric pressure cycles due to land and sea breeze
circulations is a phenomenon that is commonly visible in Lake Constance during good weather
periods with strong solar radiation (Werner & Riffler, 2005), i.e., in our data from 03/04/2020 09/04/2020 (Fig. 4.5). During the night, a low-pressure cell forms above the lake as it radiates
heat, thus the atmospheric (and hence the total) pressure is lower, and the gas flux increases.
While during the day a high-pressure cell is centred on the lake as it is cooler than the surrounding
area, thus the atmospheric (and hence the in-situ) pressure is higher, and the ebullition rate
decreases. This diurnal cycle can also be seen in the autocorrelation of the atmospheric pressure,
total pressure, and flux and in the cross correlation of flux and pressure. However, it is not always
active, and the phenomenon is only occasionally visible and as the magnitude of this daily
atmospheric pressure variation is only a few hPa the effect on flux is small (up to 4 hPa). This
study is the first time a correlation between local land-lake wind circulation and ebullition rates
has been observed.

4.4.5

Temporal flux variability

From the above discussion, it is clear that the release of gas from a lakebed seep
(beyond that controlled by the gas reservoir) is regulated almost entirely by the total pressure at
the point of release. This is consistent with observations from other studies (Maeck et al., 2014;
Römer et al., 2016). The total pressure being a sum of the atmospheric and hydrostatic pressure
means that any variation in meteorological conditions or water level can result in a change in gas
flux. An understanding of how these properties change over an extended period is thus key to
understanding the variability of gas flux from a lakebed.
Hydrostatic pressure, being a measure of the height of water above a point, typically
varies daily, i.e., with tides, surface seiches, or bay oscillations, and annually with the seasonal
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changes. The water level in Lake Constance increases in summer, reaching maximum values in
June/July due to the snowmelt and increasing precipitation, and declines in winter, reaching its
minimum in February (Jöhnk et al., 2004), changing over the season by an average of 1.5 m. It
should be noted that water level changes of this magnitude are uncommon in large lakes, Lake
Constance being one of the few unregulated large lakes (Jöhnk et al., 2004). The seasonal
variation in hydrostatic pressure is clearly visible in our pressure data, peaking in June and
reaching its lowest point in January, the overall trend mirrored in the gas flux measurements (Fig.
4.2-4.4). On the other hand, the tidal cycle in Lake Constance is extremely weak and not visible in
our dataset, meaning lunar cycles have no measurable effect on gas flux here (but would
undoubtedly have one in larger marine settings). Alternatively, though surface seiches, standing
waves, are well documented in the lake with a period of ~54 min and a maximum amplitude of
some cm, highest at the western part of Upper Lake Constance and less than half that in the
eastern part of the lake, east of the River Rhine in Hard (Hamblin & Hollan, 1978; Hollan et al.,
1980). Unfortunately, while the effect of surface seiches, with a maximum of 3 cm in magnitude,
are visible in the in-situ pressure data (Fig. 4.5b), their effect on gas flux is not verifiable because
of the high signal to noise ratio and our subsequent filtering of the data (Fig. 4.5a). It is possible
that such variations may be detectable from larger seeps located deeper in the lake due to an
increased magnitude in flux.
Atmospheric pressure at fixed geographical positions is known to show diurnal or
semidiurnal cycles as a result of global atmospheric tides. However, this effect is only a few hPa in
amplitude at the equator and decreases with latitude so can be dismissed here but may be a
factor at more equatorial lakes (Oberheide et al., 2015). Weather systems are also known to
regularly increase and decrease atmospheric pressure (Spiridonov et al., 2021). The passage of
high- and low-pressure systems over the site across several days can be seen throughout the
study and account for the deviation of in situ pressure from the overlying seasonal water level
changes. Unfortunately, temporally these changes are less predictable, being almost impossible to
predict more than a few weeks in advance (Spiridonov et al., 2021). As discussed previously
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alternating high- and low-pressure cells tend to form over the lake via a day/night cycle which can
be seen to have a minor effect on gas flux. Any apparent correlation between flux and rainfall or
wind speed is likely a result of atmospheric pressure systems, so they are not considered driving
factors.

4.4.6

Period of observation required to accurately determine long-term ebullition rates

As many studies attempt to extrapolate the long-term ebullition rate from a seep from
short-period observations, we calculated the minimum period of observation necessary to
accurately estimate the average gas flux from any of the seeps observed during this study. The
approach taken here is to compare the raw flux estimates from the funnel across different
observation lengths (from 5 min to 70 days) to the average flux calculated for the maximum
period of observation (70 days), for each deployment (Fig. 4.9). A single measurement of a given
observation length taken randomly during the deployment will lie anywhere in the full range.
Repeated observations of the same length spaced out randomly across the period may allow
researchers to exclude anomalous data, and thus be expected to lie between the 10 and 90th
percentile of estimates.

As expected, the chance of accurately forecasting flux emissions increases with the
length of observations. This is best seen during deployment D1 were extrapolating the 3-month
flux from a 5 min observation could result in an estimate 0 - 2 times the real value, this error
decreases logarithmically up to 1 hour observation with estimates between 0.86 and 1.11 times
the real value. A similar trend is seen during deployment D3 with estimates between 0.72 and
1.05 times the real value. However, here while the tendency to overestimate flux flattens off at
~1-hour observations, underestimates are still problematic until ~10-day long observations.
Conversely, subset estimates during D2 are not within 50 % of the real values until observations
are over 10 days long. This is likely due to flux from D2 being more susceptible to pressure
changes than the other seeps as well as potential interference from other bubble sources. This
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makes determining how long an observation needs to be to accurately forecast gas flux difficult,
as researchers will likely have no prior knowledge of how variable a seep will be.

However, having identified the key driving factor behind variations in gas flux as
being variations in in-situ pressure (hydrostatic and atmospheric pressure) we instead speculate
that it is not necessarily the duration of an observation that is important for determining the
accuracy of its flux estimate, but rather the magnitude of the in-situ pressure variation
experienced over its duration. To explore this idea, we determine the empirical relationship
between in-situ total pressure and gas flux for deployment D1, this time only using observations
made during the storm event on the 20th to the 24th of May (Tbl. SI 4.5). Here we see that the flux
relationship produced using an 80 hPa increase in pressure (equivalent to 80 cm of water level
change) in just 3.22 days is nearly exactly equal to the full measurement period. This would
suggest that in order to accurately estimate the gas flux from a seep over an extended period of
time researchers do not need long observation periods but rather observation periods that
coincide with large changes in total pressure (e.g. when meltwater is entering the lake). The
greater the range of data points for gas flux vs. in-situ total pressure the more accurately one can
empirically map their relationship. This gives researchers an insight into how variable a given seep
is and would allow them to more accurately predict methane (or carbon dioxide) ebullition fluxes
via easily acquired hydrostatic pressure (water level) and atmospheric pressure data.

132

Chapter 4

Figure 4.9: Comparison of the mean ebullition flux of subsets of varying length with the mean
ebullition flux of 70 days. Observation length vs. possible flux measurement as a percentage of
the mean ebullition flux of 70 days for the deployments B-D1, A-D2, and B-D3. The light grey area
indicate the total range, the dark grey area the 10th and 90th percentiles and the black line the
median of all subsets.

4.5

Conclusions
The rate of methane gas release from seeps in Lake Constance is inversely proportional to

the total pressure at the point of release, which is the sum of the overlying hydrostatic and
atmospheric pressure. When hydrostatic variation is large, gas flux variation is controlled by water
level change. When hydrostatic variation is minimal, gas flux variation is dominated by
atmospheric pressure change. A 100 hPa decrease in in-situ pressure, equivalent to a water level
decrease of 1 m, results in a 6-12 % increase in gas flux. Wind and rainfall conditions have no
direct impact on the rate of gas release. Thus, the variation of gas flux from a seep corresponds to
the variation of water level and atmospheric pressure systems in the area.
The overall trend in gas flux variation over several months is driven by annual water level
changes. On weekly time scales, weather systems alter the atmospheric pressure conditions
above the lake resulting in minor deviations from the overall hydrostatic change. On a smaller
scale extremely, weak tidal forces allowed flux rates to occasionally alternate on a day/night cycle
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with high/low-pressure cells forming above the lake and decreasing/increasing the flux
accordingly. Surface seiches are also suspected to have an effect on flux though we were not able
to prove this.
Ebullition from a seep can be predicted from measurements of in-situ pressure, either
measured at the site itself or at a base station within the body of water. This approach is more
accurate than the extrapolation of average flux rates determined from short periods of
observation, as it is commonly seen in the literature. Prediction of flux variations requires a time
period of observation coincident with rapid variations in water level, i.e., during a storm event.
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4.7
4.7.1

Supplementary Information
Tables

Table SI 4.1: The correlation between the measured flux during each deployment as compared to
the total pressure (TP) and hydrostatic pressure (HP) at the Friedrichshafen base station as well as
the wind speed (WS) and rainfall (R) as measured at local weather stations.
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Table. SI 4.2: Correlation between gas flux as measured by the acoustic technique, and in-situ total
lakebed, hydrostatic and atmospheric pressure for each long-term deployment.

Table. SI 4.3: Percentage mean fluctuations of the measured and modeled flux during the
deployments D1-D3 and the percentage contribution of hydrostatic and atmospheric pressure to
modeled flux fluctuations. Via physical flux measurements.
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Table SI 4.4: Multiple linear regression between the in-situ hydrostatic & atmospheric pressure and
the physical gas flux measurement.

Table SI 4.5: Correlation between measured physical flux and total in-situ pressure as observed
during successive 10 hPa pressure increases during a storm event between 20/05/19 - 24/05/19 as
compared to the overall correlation seen during D1.
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4.7.2

Figures

a)

b)
Figure SI 4.1: Deployment of the ebullition flux funnel above the seep and hydrophone under the
funnel and close to the seep: a) schematic diagram and b) photo of the deployment, taken during
the long-term deployment D3 at 10/11/2019.

Figure SI 4.2: Cut off frequency used to filter raw data.
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Figure SI 4.3: Auto and cross correlation graphs for a 10-day period during deployment B-D3 from
03/04/2020 to 13/04/2020. f = flux, tp = total pressure, hpbs = hydrostatic pressure at base station,
hp = hydrostatic pressure at seep site, ap = acoustic pressure
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Figure SI 4.4: In-situ pressure vs gas physical gas flux during long term deployment D3 with the
transitional periods between D3.1 (blue), D3.2 (red) and D3.3 (green) highlighted alongside top)
graph of flux, middle) total in-situ pressure, bottom) windspeed.
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Figure SI 4.5: the normalised fluctuation of the physical flux measurement alongside the
contribution from acoustic pressure (red), hydrostatic pressure (blue) and both combined (black).

Figure SI 4.6: displaying the correlation between the measured flux during each deployment as
compared to the total lakebed and hydrostatic pressure at the Friedrichshafen base station.
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Figure SI 4.7: a) D2 10/11/2019: main flare 1, irregular bubble exits also from 2-4, all inside the
funnel. b) 15/01/2020: main bubble stream at 1, additional continuous bubble streams at 2 and 3,
that are positioned outside the funnel.

142

Chapter 4

Figure SI 4.8: Diagram of the diurnal pressure cycles above Lake Constance. During the day the
water absorbs heat from the sun while the land reflects a large portion of the energy, heating the
air above and causing it to rise. The air flows above the lake where it cools and falls, increasing the
air pressure on the lake and decreasing gas flux. Meanwhile, during the night the residual heat
from the lake warms the air above it, causing it to rise. This leads to a decrease in air pressure
above the lake and an increase in gas flux.
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4.7.3

Dissolution of Methane Gas
Optical and physical gas flux measurements were made 50 – 60 cm above the lakebed,

and consideration is needed for the amount of dissolution when determining the lakebed flux.
Methane gas, which is known to be the dominant gas in bubbles in Lake Constance (Bussmann et
al., 2013), has a relatively low dissolution rate (Rehder et al., 2002). We calculate that only 10% of
the gas would dissolve within the bottom 1 m of the lake and given that larger bubbles contribute
the most to the total flux, will rise faster, we determine that the effects of dissolution are
negligible to our measurements of gas flux. Therefore, acoustic flux estimates, recorded at the
lakebed, may be directly compared to the physical and optical measurements made at 50 - 60 cm
above the lakebed.

4.7.4

CH4 Concentration of bubbles

Samples of the trapped gas from the funnel were transferred with a 1 ml syringe into 122
ml capped gas-tight and evacuated serum bottles. The methane concentration of the gas samples
was measured using gas chromatography (GC) with a flame ionization detector (GC-FID;
Shimadzu, Kyoto, Japan). The GC data was calibrated using gas standards of 1,000 ppm, and
10,000 ppm (Air Liquide). For each gas sample, four to eight replicates were taken and after every
five gas samples, the calibration was repeated and used for the subsequent gas samples.
The released bubbles of the seeps B-D1, A-D2, and B-D3 had average CH4 volume
concentrations of 82.1 %, 95.4 %, and 94.2 %.

4.7.5

Methane emissions into the atmosphere

The observation of many bubbles > 0.5 cm being released from seeps in lake Constance
(Fig. 4.3 b-c), has implications on the atmospheric methane budget of the area. Dissolution
typically prevents gas from small bubbles being released directly into the atmosphere as gas is
quickly absorbed into the surrounding water column. However larger bubbles are more likely to
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reach the atmosphere, particularly in shallow water as seen here (Rehder et al 2002; McGinnis et
al., 2006). Thus, the large bubble sizes observed during this study imply that a sizable portion of
the methane is released directly into the atmosphere.
It is difficult to accurately estimate the percentage of methane that is released directly
into the atmosphere from our seeps. Our results show that bubbles rising 7 m through the water
column maintained 76% of their original methane concentration. Unfortunately, most work
studying the dissolution of methane has been focused on deep marine seeps making a direct
comparison to shallow freshwater systems problematic. Regardless, McGinnis et al., (2006)
showed in the black sea bubbles larger than 0.5 cm in radius rising from 90 to 80 m water depth
(10 m) maintained >70 % of their original methane content. From this one could estimate that
~70 % of the methane released from shallow water seeps in Lake Constance reaches the
atmosphere. This implies that a significant portion of the methane from the lakebed is released
into the atmosphere.
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Chapter 5

Improving methods of acoustic gas flux
quantification – investigation into the initial
amplitude of bubble excitation

Passive acoustic inversion techniques for measuring gas flux into the water column have
the potential to be a powerful tool for the long-term monitoring and quantification of natural
marine seeps and anthropogenic emissions. Prior inversion techniques have had limited precision
due to lack of constraints on the initial amplitude of a bubble’s excitation following its release into
the water column (𝑅𝜀0𝑖 ). We determine 𝑅𝜀0𝑖 by observing the acoustic signal of bubbles released
from sediment in a controlled experiment. Strong evidence is found that 𝑅𝜀0𝑖 is positively
correlated with the equilibrium bubble radius, inclusion of this observation within the flux
inversion technique improves the precision of the technique by 78%. We demonstrate the refined
acoustic inversion technique by quantifying the flux from a volcanic CO2 seep offshore Panarea
(Italy), and finding that the measured flux of 3.2 ± 0.6 L/min is consistent with optical flux
measurements, but overestimates physical measurements of 2.3 L/min. We discuss the role of
bubbles fragmentation in the water column as a possible cause of this discrepancy as well as the
need to compare calibration and field sites.
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5.1

Introduction
In recent years there has been a growing need to refine methods of quantifying the volume

of gas released into the water column via marine sediments. This demand is fuelled by both a
need to better understand the natural carbon cycle and an industry need to monitor offshore
industrial activity e.g., Carbon Capture and Storage (CCS) sites (Blackford et al., 2014, 2017; Dean
et al., 2020; Oppo et al., 2020; Razaz et al., 2020). While directly capturing the gas may have been
sufficient for such investigations in the past, such physical measurements are severely limited in
regard to spatial and temporal coverage. Optical techniques are generally accurate for a limited
bubble size range (i.e., bubbles large enough to be accurately resolved, but small enough to
ensure the closeness to sphericity that many single-camera inversions assume). However, unless
multiple cameras are used to reduce parallax errors and discern the volume of aspherical bubbles,
they are prone to systematic errors. Furthermore, they are limited in the area they can survey and
are dependent on water visibility (Jordt et al., 2015; Wang and Socolofsky, 2015; Li et al., 2021b).
Active acoustic techniques, while being able to cover a large area, require time-consuming
processing in order to provide accurate quantification data and provide only a snapshot
measurement (Greinert et al., 2006; Greinert, 2008; Leighton et al., 2012; Baik et al., 2014;
Schneider von Deimling et al., 2015; Li et al., 2020a). Furthermore, the accuracy of the
assumptions that underpin the conversion of active acoustic data into gas fluxes is still evolving (Li
et al., 2020a). Passive acoustic inversion techniques, on the other hand, are low energy and
capable of long-term deployments in any level of visibility and also provide information about the
size distribution of bubbles released from the seep (Leighton et al., 1991; Leighton and White,
2012; Bergès et al., 2015; Vazquez et al., 2015; Chen et al., 2016; Li et al., 2021a, 2021b).
Passive acoustic inversion relies on a mathematical model of the sounds emitted by a
bubble as it is formed. Originally this principle was restricted to measuring the size of individual
bubbles in low flux environments via the so-called “signature method”, to ensure the acoustic
signature of bubbles did not overlap (Leighton and Walton, 1987; Pumphrey and Ffowcs Williams,
1990; Longuet-Higgins et al., 1991; Czerski and Deane, 2010). This approach relies on knowing the
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frequency emitted by a bubble immediately after release, which is inversely proportional to its
equilibrium radius, as defined by the Minnaert equation (Minnaert, 1933; Leighton and Walton,
1987; Leighton, 1994; Bergès et al., 2015).
Signal processing methods were developed to allow this technique to extend to
intermediate flux rates, when bubble signatures begin to overlap (Leighton et al., 1998). For high
flux rates, when bubble signatures do overlap to a significant degree, an approach based on the
spectral density of the acoustic pressure measured in the far field at a known distance from a gas
seep is appropriate (Loewen and Melville, 1994; Leighton and White, 2012). Using a model based
on the spectrum of bubble release signals, the measured spectrum can be used to infer the
bubble size distribution. However, the energy released by individual bubbles remains poorly
characterised (Leighton and White, 2012), in particularly how it varies with depth and mode of
injection. If, for example, the model assumes the bubble is a stronger sound source that it is, then
the inversion will underestimate the gas flux (Leighton and White, 2012). Conversely, if a single
bubble emits more energy that predicted by the model, then the passive acoustic inversion will
overestimate the gas flux. To date, the use of the spectral method in the field has proven
effective, providing continuous estimates of gas flux over extended periods of time validated by
intermittent physical and optical measurements. This success is, however, in part because
estimates contained large uncertainties (Bergès et al., 2015; Li et al., 2020b, 2021b).
This study examines the acoustic signature of bubbles released from coarse-grained
sediment in order to improve the spectral inversion approach by examining the energy released
by an individual bubble and the relationship between the initial radius of excitation of a bubble
and the equilibrium radius of a bubble. We then use this refined acoustic inversion technique to
quantify ebullition from a natural CO2 seep formed from coarse-grained sediment and compare
the estimate to physical and simultaneous optical measurements.
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5.2

The Spectral Method – model of acoustic emissions from a bubble
The following is a condensed summary of the mathematical model for the sound from a

plume, which forms the basis of the inversion approach, as originally published by Leighton and
White (2012). The theory assumes that the acoustic pressure signature from a single bubble is an
exponentially decaying sinusoid.
For a spherical bubble, immediately after being entrained into the water column a bubble
will undergo damped simple harmonic motion. The radius of a bubble 𝑅 over time 𝑡 can be
described by
𝑅 (𝑡) = 𝑅𝑒 (𝑅0 − 𝑅𝜀0𝑖 𝑒 𝑗𝜔0 (𝑡−𝑡𝜗 ) 𝑒 −𝜔0 𝛿𝑡𝑜𝑡 (𝑡−𝑡𝜗 −𝑡𝑖 )⁄2 𝐻(𝑡 − 𝑡0 − 𝑡𝑖 )),
(5.1)
where 𝛿𝑡𝑜𝑡 is the total damping coefficient, 𝐻 is the Heaviside step function, 𝑡𝑖 is the moment
when the acoustic signal is first detected, 𝑡0 accounts for the propagation time between
perturbations of the bubble and the corresponding pressure signal at the receiver, 𝑡𝑖 − 𝑡0 is the
moment when the bubble begins to oscillate, 𝑅0 is the equilibrium radius of the bubble and 𝑅𝜀0𝑖
is the initial amplitude of displacement of the bubble wall (Leighton and White, 2012).
The natural angular frequency 𝜔0 of the bubble is given by an extended form of
Minnaert’s equation (Leighton, 1994; Bergès et al., 2015)

𝜔0 =

1
𝑅0 √𝜌0

√3𝜅 (𝑝0 − 𝑝𝑣 +

2𝜎
2𝜎
4𝜂2
)−
+ 𝑝𝑣 −
,
𝑅0
𝑅0
𝜌 𝑅20
0

(5.2)
where 𝜅 is the polytropic index of the gas in the bubble, 𝑝0 is the ambient pressure outside of the
bubble, 𝑝𝑣 is the gas’ vapour pressure, 𝜌0 is the density of surrounding liquid and 𝜂 is the liquid’s
shear viscosity.
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The oscillating bubble wall creates an acoustic pressure in the far field at a distance 𝑟 given
by:

𝑃(𝑡) ≈ 𝑅𝑒 {𝜌0

(𝜔0 𝑅0 )2

(𝜔0 𝑅0 )2

𝑟
𝜌0
𝑟

𝑅𝜀0𝑖 𝑒 𝑗𝜔0 (𝑡−𝑡𝜗 ) 𝑒 −𝜔0 𝛿𝑡𝑜𝑡 (𝑡−𝑡0 −𝑡𝑖 )⁄2 𝐻(𝑡 − 𝑡𝑖 )} =

𝑅𝜀0𝑖 𝑒 𝑗𝜔0 (𝑡−𝑡𝜗 ) 𝑒 −𝜔0 𝛿𝑡𝑜𝑡 (𝑡−𝑡0 −𝑡𝑖 )⁄2 𝐻(𝑡 − 𝑡𝑖 ).
(5.3)

The squared magnitude of the Fourier transform of the pressure radiated from a single bubble at
a distance r is:

|𝑋(𝜔, 𝑅0 )|2 = [𝜔0 2 𝑅0 3

𝜌0 𝑅𝜀0𝑖 2
𝑟 𝑅0

] ([(𝜔

4[(𝜔0 𝛿𝑡𝑜𝑡 )2 +4𝜔2 ]
0 𝛿𝑡𝑜𝑡 )

2 +4(𝜔

2
2
2
0 −𝜔) ][(𝜔0 𝛿𝑡𝑜𝑡 ) +4(𝜔0 +𝜔) ]

).

(5.4)
The spectrum, 𝑆(𝜔) of the measured acoustic pressure from a population of bubbles with size
𝑅

distribution D(R0), which is defined such that ∫𝑅 2 𝐷(𝑅0 )𝑑𝑅0 represents the number of bubbles
1

generated per second with a radius in the range (𝑅1 , 𝑅2 ) can be expressed as
∞

𝑆(𝜔) ≈ ∫0 𝐷(𝑅0 )|𝑋(𝜔, 𝑅0 )|2 𝑑𝑅0 ,
(5.5)
To estimate the number of bubbles via the far field acoustic signal one needs to determine what
value of D(R0) generates the measured power spectrum, 𝑆(𝜔), This can be achieved by
discretising Eq. 5.5 into 𝑁𝑏 finite radii bins, such that the nth radius bin is centred on the radius 𝑅𝑛𝑐 .
Assuming the bins are contiguous the power spectrum can be given as:
𝑁

𝑆(𝜔) ≈ ∑ 𝛹 (𝑛)|𝑋(𝜔, 𝑅0 )|2 ,
𝑛=1

(5.6)
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where 𝛹(𝑛) is the bubble generation rate within a radius bin (i.e., the number of bubbles formed
per second within the nth radius bin). This can be expressed in matrix form:
𝑆 = 𝑀𝛹,
(5.7)
𝛹 being a column vector of the values defining the average number of bubbles in a radius bin per
second, 𝑆 is a vector containing the estimated spectrum at the frequencies 𝜔𝑚 and M is a matrix
with elements {𝑀}𝑚,𝑛 = |𝑋(𝜔, 𝑅0 )|2 .
The matrix equation (Eq. 5.7) can be solved for the number of bubbles generated per
second 𝛹 in a radius bin provided 𝑆 and 𝑀 are known, to yield an estimate of the gas flux.
However, while 𝑆 can easily be determined accurately with the use of a calibrated hydrophone, 𝑀
remains difficult to accurately determine. This is because (4) contains one important unknown
value, the initial amplitude of the displacement of the bubble wall when it begins to oscillate,
𝑅𝜀0𝑖 . The earliest estimate 𝑅𝜀0𝑖 = 10−5 ∙ 𝑅0 for 𝑅0 ≈ 1 mm, (Leighton and Walton, 1987) was
refined to 𝑅𝜀0𝑖 = 10−4 ∙ 𝑅0 by Leighton (1994) when he applied a more sophisticated model to
the same data. Medwin and Beaky (1989) estimated 𝑅𝜀0𝑖 = 1.5 × 10−2 ∙ 𝑅0 for 𝑅0 ≈ 0.312 mm.
Deane and Stokes (2008) increased by an order of magnitude the number of bubbles for which
𝑅𝜀0𝑖 was estimated, by fragmenting over 1000 bubbles in horizontal streams. Analysing bubbles
from 𝑅0 = 0.1 to 1 mm they found the initial amplitude of the displacement of a bubble as
fraction of its equilibrium radius increased with decreasing bubble size;
bubble size. However, for a given bubble size

𝑅𝜀0𝑖
⁄𝑅 decreased with
0

𝑅𝜀0𝑖
⁄𝑅 was seen to vary by up to two orders of
0

magnitude, making accurately defining 𝑅𝜀0𝑖 for a particular ebullition site impossible. None of
these estimates for the initial amplitude are based on bubbles emerging from sediments. Berges
et al. (2015) retroactively calculated the

𝑅𝜀0𝑖
⁄𝑅 value needed to correctly invert the flux of
0

bubbles released from needles in a test tank with values generally ranging between 1 and 5
× 10−4 .
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Drawing attention to the need for further data to provide better estimates of the acoustic
source strength of the bubble (for which 𝑅𝜀0𝑖 stood as proxy), Leighton and White (2012)
simplified the analysis by assuming that, over the range of bubble sizes and environmental
conditions (e.g. hydrostatic pressure) present in the acoustic dataset that was to be inverted, they
would use a first approximation that the ratio of the initial displacement of the bubble wall to the
equilibrium radius of the bubble,

𝑅𝜀0𝑖
⁄𝑅 was constant. Bergès et al., (2015) placed the constant
0

between 1.4 × 10−4 and 5.6 × 10−4 based on the 25th and 75th percentile of results from Deane
& Stokes (2008), which permitted the successful inversion of gas flux in the laboratory and field,
although, the uncertainty in the ratio introduced wide error bars in the final flux measurements
(Bergès et al., 2015). Consequently, there is a need for calibrated 𝑅𝜀0𝑖 values, particularly in
conditions replicating those found in the field. This paper undertakes such an exercise.

We note if we consider 𝑅𝜀0𝑖 to be a function of 𝑅0 in the form, 𝑅𝜀0𝑖 = 𝑓(𝑅0 ) we can
rewrite (4) without 𝑅𝜀0𝑖⁄𝑅 as
0

2

2

𝑅𝜀0𝑖 𝜔0 2 𝑅0 𝜌0
4[(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4𝜔2 ]
|𝑋(𝜔, 𝑅0 )|2 = [
] (
)
[(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4(𝜔0 − 𝜔)2 ][(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4(𝜔0 + 𝜔)2 ]
𝑟
2

2

2

𝑓(𝑅0 )𝜔0 𝑅0 𝜌0
4[(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4𝜔2 ]
= [
] (
).
[(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4(𝜔0 − 𝜔)2 ][(𝜔0 𝛿𝑡𝑜𝑡 )2 + 4(𝜔0 + 𝜔)2 ]
𝑟
(5.8)
In this study we analyse the acoustic emissions from 368 bubbles released from sediment
into the water column, to determine the 𝑅𝜀0𝑖 , measuring the frequency of each bubble oscillation
alongside the maximum radius of excitation and the total energy released.
Methodology
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5.2.1

Experimental Design
In order to measure and analyse the acoustic signature of bubbles released from

sediment, air was injected into the base of ~30 cm of artificial sediment, with resulting emissions
into the water column recorded with a calibrated hydrophone (Reson TC 4032; 30 cm above the
sediment surface) (Fig. 5.1a-b). Synthetic sediment (Ballotini, 9mm diameter, pebbly gravel on the
Wentworth scale) was used to ensure uniformity between the grains, and to simplify porosity and
permeability calculations (Fig. 5.1c). The experiment was designed so that ebullition was in the
centre of a large 8 m x 8 m (by 5 m deep) freshwater tank (Fig. 5.1a) to minimise the interference
of wall reflections, allowing accurate characterisation of the acoustic signatures (Fig. 5.1d). The
gas injection rate at the base of the sediment was adjusted until gas migration through the
sediment caused bubbles to enter the water column at less than 1 bubble per second. Bubble
radii were determined directly from optical measurements (Sony FDR3000 camera, 50 cm from
ebullition site).

154

Chapter 5

Figure 5.1: Experimental Design. a) schematic showing gas injection at base of sediments and the
position of optical and acoustic sensors within the water tank; b) detailed schematic; c) image of
the Ballotini sediment used for the experiment; d) sonogram displaying the typical acoustic
emission of a bubble as recorded by the hydrophone.
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5.2.2

Analysis
The optical footage was used to identify periods where single, discrete bubbles

entered the water column, to ensure that the acoustic signal of an individual bubble release was
analysed. The acoustic and optical data for each bubble were jointly analysed to determine the
start and end time of the bubble oscillation as well as the maximum pressure of the bubble signal
(𝑃𝑚𝑎𝑥 ). The initial excitation radius of the bubble (𝑅𝜀0𝑖 ) is then calculated using the pressure
signals via the following equation (Leighton, 1994; Deane & Stokes, 2009):

𝑅𝜀0𝑖 =

𝑟
3𝜅𝑝0

𝑃𝑚𝑎𝑥 ,

(5.9)
where 𝑟 is the distance between the release point and the hydrophone and 𝑃𝑚𝑎𝑥 is the maximum
pressure signal recorded at the hydrophone as a result of the bubble oscillation.
The centre frequency of each bubble signature was determined by iteratively fitting an
exponentially decaying sinusoid to the signal in the least squares sense. The frequency of this
wave was used to calculate the equilibrium bubble radius 𝑅0 calculated (see Eq. 5.2). The total
energy of each bubble oscillation was determined by summing the acoustic pressure as recorded
at the hydrophone between the start and end of the event (𝑡2 − 𝑡1 ) assuming spherical spreading:

𝐸=

𝑡2
1 4𝜋𝑟 2
∑ |𝑃(𝑡)2 |,
𝑓𝑠 2𝜌0 𝑐
𝑡1

(5.10)
where 𝑐 is the speed of sound in water (1500 ms-1). In order to account for background noise, the
ambient energy within the tank was calculated using Eq. 5.10, with the average energy released
over 1s being equal to 6.2 × 10−9 J. Subsequently 6.2 × 10−9 (𝑡1 − 𝑡2 ) J were subtracted from
each event so that only the energy of the bubble oscillation was observed.
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We validate our observations by using them to measure the gas flux from a natural seep in
offshore Panarea (Italy) and compare them to optical and physical measurements. Analysis
focusses on 10 minutes of simultaneous optical and acoustic data acquired using an open frame
lander incorporating a calibrated hydrophone (Geospectrum M36, GTI), and two inward facing
cameras (Sony FDR-X3000), focusing on a single central point with scale boards positioned directly
opposite. Optical data was processed using techniques described in Li et al. (2021b) where the
radius of each bubble was calculated from the assumed volume of revolution. Acoustic data were
analysed in 30 s samples while the optical data were analysed in 15 s samples.
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5.3

Results
In total 368 single bubble releases were analysed, with the results discussed below.

Natural frequencies were observed between 300 and 1000 Hz, corresponding to bubble radii
between ~0.003 and 0.012 m (Fig 5.2).
It is useful to examine the energy released by a bubble oscillation as the degree of
variation gives us an insight into how consistent the process is. The energy emitted during a
bubble’s oscillation varies across nearly two orders of magnitude, 10−5 to 10−3 J, with a mean
value of 2.6 × 10−4 J. Plotting the energy released against the equilibrium bubble radius (Fig 5.2a)
we see a large degree of scatter for 𝑅0 < 0.6 cm while for 𝑅0 > 0.6 cm a curved trend line appears
to be present, peaking at ~0.9 cm, possibly mirrored by a second smaller curve. Statistically the
total correlation between 𝐸 and 𝑅0 seen here has a Pearson’s coefficient of -0.29, a p-value of
<0.001 and a coefficient of determination value of 0.99 when applying a total least squares
regression line (least absolute residuals).
The initial amplitude of excitation of a bubble ranged mainly between 10−7 to 10−6
m, with a mean value of 6.0 × 10−7 m. Plotting 𝑅𝜀0𝑖 against the equilibrium bubble radius (Fig
5.2b) we see a strong clustering of the data for larger bubbles (𝑅0 > 0.6 cm) but once again a
larger degree of scatter for smaller bubbles (𝑅0 < 0.6 cm). Statistically the total correlation
between 𝑅0 and 𝑅𝜀0𝑖 seen here has a Pearson’s coefficient of 0.26, a p-value of <0.001 with a
trend line, determined using total least squares regression (least absolute residual), of
𝑅𝜀0𝑖 = 𝑓(𝑅0 ) = [9.608 ∙ 𝑅0 + 0.447] × 10−6 ,
(5.11)
having a coefficient of determination value of 0.99. While this relationship is highly effective for
bubbles 𝑅0 > 0.6 cm with the 10th and 90th percentiles of estimates being with -10 and +15 % of
observed values. The trend line is however less effective below 𝑅0 < 0.6 cm with a root mean
square error of 2.6x10−7 m compared to an average value of 6x10−7 m.
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Figure 2: Experimental results from analysis of single bubbles a) energy released by a bubbles
oscillation vs its equilibrium radius 𝑅0 , b) the initial amplitude of excitation 𝑅𝜀0𝑖 vs the equilibrium
radius. Lines of best fit are shown in red alongside the assumed 𝑅𝜀0𝑖 values in Bergès et al., (2015)
in green, c) the initial amplitude of excitation of bubbles normalised by the equilibrium radius
𝑅
( 𝜀0𝑖⁄𝑅 ) vs the equilibrium radius from this study (black) alongside results from Deane & Stokes
0
(2008) (in blue) and other prior studies (black diamonds), note Leighton (1994)* represents
revised data from Leighton & Walton 1987. Also shown is the range of bubble sizes used in Berges
et al., (2015) and this study during passive acoustic flux inversion.
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5.4

Discussion
We see a weak but definite positive correlation between 𝑅𝜀0𝑖 and 𝑅0 in our results,

particularly at larger bubble sizes, contrasting prior assumptions that

𝑅𝜀0𝑖
⁄𝑅 was constant. In
0

order to see if this trend holds true for bubbles smaller than the ones seen here, we plot our
results alongside observations from Deane & Stokes (2008) (Fig 5.2c), who observed bubbles
ranging in size from ~0.0001 to 0.001 m. Note this is not a like for like comparison as their
experiment sheared bubbles in a hydrodynamic current at 2m water depth (as opposed to as
releasing them for sediment here). Despite this we note that our trend line passes through the
centre of their data cloud and is in generally good agreement up to smallest bubble sizes,
suggesting this trend is applicable for the full range of bubble sizes.
Previous assumption about 𝑅𝜀0𝑖 were made by Bergès et al., (2015) who used the 25th
and 75th percentile of Deane & Stokes (2008) 𝑅𝜀0𝑖 observations to invert gas flux from needles
and porous stones in a test tank. Comparing our estimates of 𝑅𝜀0𝑖 to those used by Bergès et al.,
(2015) when inverting gas flux in Fig. 5.2b, we note their assumption is only consistent with our
𝑅𝜀0𝑖 observation between 𝑅0 = ~0.0001 and 0.003 m, this being below the range of most bubble
sizes observed here. This is no way implies their inversion results were incorrect (though their
uncertainty estimates may have been overly conservative) however as: (1) bubbles were released
via a different mechanism meaning 𝑅𝜀0𝑖 can be expected to vary slightly; and (2) their bubble
sizes ranged between 0.001 and 0.004 m radius, meaning the majority of 𝑅𝜀0𝑖 calculation were
consistent with this study (Fig 5.2c).
This highlights the need for researchers using acoustic flux inversion techniques in the
field to compare their natural site to that used to calibrate. How similar the range of bubble sizes,
flux rates, release mechanisms (needles, sediment type etc.), depths or even free field conditions
are between the two will determine how accurate the 𝑅𝜀0𝑖 estimates will be. The 𝑅𝜀0𝑖 =
6 × 10−7 m value established here is not the definitive value, it simply represents the relationship
for bubbles released from course sediment in fresh water at 2.5 m depth at a rate of several Hz.
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It also worth discussing the dangers that may arise from increasing the precision of the
acoustic inversion technique, identifying certain phenomena that are for now hidden in the large
uncertainty of the technique. We may expect to overestimate the flux due to 1) the role of seabed
and sea surface reflections and 2) secondary bubbles oscillations after release (Leighton and
Walton, 1987; Leighton et al., 1991). To address the first possibility, we modelled a bubble signal
traveling both directly to the hydrophone and reflecting off the seafloor to a hydrophone 0.75 m
away (comparable to the Panarea case study below) and found that the energy of the reflected
signal is 4% of the direct path, meaning it can likely be dismissed in many settings. The effect of
secondary oscillation (bubbles splitting and merging higher in the water column) is more difficult
to quantify . In order to do so researchers will need some gauge of how frequently bubbles from
the seep are fragmenting or merging, as compared to the rate of release. This almost certainly
varies from seep to seep based on a number of factors such as the bubble size distribution (larger
bubbles being more likely to fragment; Tsuchiya et al, (1996)), and the rate of release itself (with
bubbles released in rapid succession being more likely to merge together; Leighton et al. (1991)).
Further research should attempt to measure the fragmentation and merging rates of bubbles
from natural seeps to avoid potential problems in the future.
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5.5

Case Study – Panarea
In order to test the effectiveness of the passive acoustic inversion technique, with our

newly defined relationship between 𝑅𝜀0𝑖 and 𝑅0 , we use it to estimate the flux from a natural CO2
seep offshore Panarea (Bottaro Crater) and compare it to physical diver bottle measurements and
simultaneous optical measurements. Panarea is a small Aeolian Island in the southern Tyrrhenian
Sea, ~20 km SW of the active volcano Stromboli (Fig. 5.3a). As a result of the underlying magma
chamber the waters surrounding the island are host to numerous natural CO2 seeps (Caliro et al.,
2004; Monecke et al., 2012; Bagnato et al., 2017; Inguaggiato et al., 2018). The calm clear shallow
waters surrounding Panarea make it an ideal natural laboratory for testing ebullition detection
and quantification techniques (Caramanna et al., 2011; Quale and Rohling, 2016; Molari et al.,
2019). Bubbles from the target seep were released from coarse grained sediment at a rate ~5 Hz,
directly comparable to our tank experiment. Similarly, bubbles released from the seep ranged
from in size from 0.001 to 0.008 mm comparable to the 0.003 to 0.012 m seen in the tank (Fig
5.2c). The seep was however located at a depth of 12 m compared to the experiments 2.5m.
Preliminary analysis of the acoustic data revealed a strong continuous signal below ~550
Hz (Fig 5.3e). As optical footage suggested no bubbles larger than 0.8 cm in radius, 𝑓0 = 600 Hz,
were released we consider this low frequency noise to likely be the result of moving sediment
grains and/or distant seeps (Vazquez et al., 2015). Hence the acoustic inversion is performed
between 600 and 2500 Hz (0.0019 to 0.0080 m), to avoid interference from non-bubble related
signals. The upper and lower estimates of our refined acoustic inversion were created assuming a
15% error in 𝑅𝜀0𝑖 based on the 95% confidence interval.
The refined acoustic inversion technique produces a bubbles size distribution (modal
bubble radius 0.47 cm) similar to that produced used by Bergès et al. (2015) (modal radius of 0.44
cm), with slightly more small bubbles reported by the old inversion technique (Fig. 5.3c). Optical
inversion measured a single a single peak bubble radius at 0.34 ± 0.06 cm.
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The flux results of our refined inversion technique, using 𝑅𝜀0𝑖 = [9.608 ∙ 𝑅0 + 0.447] ×
10−6 , are presented in figure 5.3d alongside prior inversion results assuming

𝑅𝜀0𝑖
⁄𝑅 =
0

1.4 to 5.6 × 10−4 . Our refined inversion technique estimate is 3.2 ± 0.6 L/min, significantly
greater than that predicted by the old acoustic inversion technique (0.8 ± 0.7 L/min), but
consistent with the mean flux value derived via optical inversion (3.0 ± 0.8 L/min). Note the
reduced uncertainty between the old and refined acoustic inversion from 88 to 19 %, a reduction
of 78%. However, the refined acoustic inversion is slightly higher, 5-8 %, than the physical diver
measurement taken prior to deploying the lander (2.3 L/min). The failure of the prior inversion
technique to match other flux estimates here is due to the larger bubble sizes seen in Panarea, it
only strictly being valid up to 𝑅0 = 0.002 m (Fig 5.2d).
The overestimate in the acoustic inversion estimates of flux performed using more
accurate values of 𝑅𝜀0𝑖 could be explained by two possible factors: (1) the role of seabed and sea
surface reflections and (2) secondary bubbles oscillations after release (Leighton and Walton,
1987; Leighton et al., 1991). To address the first possibility, we modelled a bubble signal traveling
both directly to the hydrophone and reflecting off the seafloor to the hydrophone and found that
the energy of the reflected signal is 4% of the direct path, meaning its contribution to
overestimating flux is too small to explain the discrepancy. This would suggest the most likely
explanation for our overestimate is additional bubble oscillation occurring within the water
column as bubbles merge or fragment. Wide-area video footage at Panarea shows multiple
bubbles fragmenting in the water column, and this evidence is reinforced when consideration is
given to the comparison of the bubble size distribution determined by optical and acoustic
techniques. Large bubbles are released at the seafloor and are recorded by the hydrophone but
not the optics as they are out of view of the camera on the lander. The bubbles then rise ~0.75 m
into the view of the camera during which time some fragment into smaller bubbles, these smaller
bubbles being measured by the optics for the first time and the acoustics for a second time,
resulting in the secondary acoustic peak alongside the optical peak at ~0.35 cm. In summary,
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further developments are needed in the acoustic flux inversion code to account for this complex
bubble behaviour.
As the precision of acoustic inversion techniques improve it will become increasingly
important to quantify the effect of secondary oscillation. In order to do so researchers will need
some gauge of how frequently bubbles from the seep are fragmenting or merging, as compared
to the rate of release. This almost certainly varies from seep to seep based on number of factors
such as the bubble size distribution, larger bubbles being more likely to fragment (Tsuchiya et al.,
1996), and the rate of release itself, with bubbles released in rapid succession being more likely to
merge together (Leighton et al., 1991). One could attempt to adapt breakup frequency equations
for some indication of the rate of secondary oscillation however these typically assume turbulent
flows, unlike those seen at the seep here, and does not account for bubbles merging (MARTÍNEZBAZÁN et al., 1999). Assuming that secondary oscillation is solely responsible for our overestimate
of flux then the resulting scale factor would be between 0.6 and 0.9.
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Figure 5.3; Comparison of acoustic inversion schemes and optical and direct physical
measurement at a natural CO2 seep. a) Experimental geometry at the seep site (Bottaro Crater,
offshore Panarea, Italy); b) the acoustic optical lander deployed in over the target seep in Bottaro
crater; c) the equilibrium bubble radius distribution as estimated by each technique; d) Gas flux
estimate via each technique across the 10 min period, the refined acoustic inversion technique
developed in this study (red), the previous acoustic inversion technique based assuming
𝑅𝜀0𝑖 ⁄𝑅0 = constant (green), optical inversion (blue) alongside the physical diver measurement
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taken prior to deployment (dashed black line); e) the acoustic spectrogram as recorded during the
observation period with the radius of a bubble that would be responsible for a given frequency
displayed on the right axis.

5.6

Conclusion
In order to improve quantification of gas flux from natural seeps and anthropogenic

sources by passive acoustic techniques, we have investigated the initial amplitude of excitation of
bubbles, 𝑅𝜀0𝑖 , released from coarse sediment at 2.5 m water depth, a previously unknown
parameter in the inversion process.

1. We have empirically defined the relationship between 𝑅𝜀0𝑖 and the equilibrium radius of
a bubble, 𝑅0 , which prior studies had incorrectly assumed to be a constant. 𝑅𝜀0𝑖 =
[9.608 ∙ 𝑅0 + 0.447] × 10−6

Our data shows a weak positive correlation, especially at larger bubble sizes, and appears
generally consistent with prior investigations of smaller (<1 mm) bubbles.

2. We demonstrate the potential of our refined inversion technique by inverting the flux
from a natural CO2 seep in Panarea (Italy) and comparing the results to simultaneous
optical measurements. Here we find that after filtering out low frequency, non-bubble
related, noise our acoustic flux estimate is highly consistent with optical measurements
and only 5-8 % larger than prior physical measurements. We identify the post release
fragmentation of bubbles as a likely explanation of minor overestimation of flux.
The 78% improvement in the precision of the acoustic inversion technique demonstrated here
will allow for the more widespread adoption of passive acoustic techniques for the long-term
observations of natural seeps and the measuring, monitoring and verification (MMV) of secure
Carbon Capture and Storage sites (Dean and Tucker, 2017).
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Chapter 6

Thesis Conclusion

In this chapter I will explore the extent to which this thesis has addressed the questions
outlined in Chapter 1, discuss the migration of gas through the upper sedimentary succession, and
discuss methods of quantifying gas flow into the water column. Finally, I propose future avenues
of research leading on from the findings of this thesis.

6.1

Summary
The initial release of a gas bubble into the water column causes them to undergo simple

harmonic motion at a natural frequency, known as the Minnaert frequency, which is
approximately inversely proportional to its radius (Fig. 6.1). Gas bubbles can be entrained into the
water column in a large variety of ways, however only the following methods produce enough
bubbles to have a notable impact on the marine soundscape (Fig. 6.2): 1) rainfall impact; 2)
breaking waves, and 3) seabed seeps (Nystuen, 1986; Deane and Stokes, 2002). In Chapter 2 I
discussed the formation of bubbles from each of these processes and their resulting effect on the
marine soundscape.

Figure 6.1: The radius of a bubble and its natural frequency as predicted by the Minnaert equation
at specific water depths. Note that larger bubbles produce lower frequency signals.
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Rain-generated bubbles result in a distinct acoustic spectrum that has a peak at 14-15 kHz
with a sudden drop off below 10-12 kHz (Fig. 2.7), caused by regular entrainment, and
occasionally a smaller secondary peak at 5 kHz, caused by irregular entrainment when droplets
are particularly large (Ma and Nystuen, 2005). The intensity of these peaks is dictated by the
number of raindrops impacting the water per second. As the intensity of the rainfall increases, the
peaks becomes broader and less well defined.
Breaking wave acoustics is dominated by bubble clouds generated as the wavetop collapses.
These cloud properties vary unpredictably with individual wave properties, usually somewhat
correlated with wind speed. The complex nature of wave bubble generation has made attempts
to model ambient noise ineffective. Wind Observations Through Ambient Noise (WOTAN) have
allowed research to relate the ambient noise levels to wind speeds, but such relationships are site
specific (Vagle et al., 1990; Zhao et al. 2014). Consequently, Knudsen curves (Knudsen et al., 1948;
Wenz, 1962) are still the most commonly used prediction of ambient noise from wave action, with
a positively skewed peak at around 0.5 kHz, increasing in intensity with wind speed (Fig. 6.2) (NRC,
2003).
The acoustic spectrum resulting from seabed gas seeps is a summation of the acoustic signal
of each bubble being released. Consequently, it varies from seep to seep, with differing bubble
size distributions and generation rates. As a result, it is impossible to predict the acoustic
spectrum of a seep without first observing its bubble generation properties. However, it is
possible to quantify the size of bubbles being released in a given period by observing the acoustic
spectrum of the seep. Such an approach is used in Chapter 4 and refined in Chapter 5.

168

Chapter 6

Figure 6.2: The typical sound levels of ocean background noises at different frequencies, as
measured by Wenz (1962). Modified from Wenz (1962) and NCR (2003) to indicate the portion of
the spectrum occupied by bubble acoustics using Ma and Nystuen (2005), with more detail shown
in Fig. 2.5.
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The migration of gas through sediment occurs via either open conduits, capillary invasion, the
stable upward propagation of bubble fractures or the dynamic fracturing of sediment above the
bubble fracture (Katsman, 2019). While the former are well understood, stable and dynamic
bubble fracture propagation in sediment are still emerging fields (Algar et al., 2011; Boudreau,
2012). In particular there is a lack of understanding as to how each of these processes contribute
to the formation of a marine gas seep. Better understanding the evolution of gas migration
pathways in the upper sedimentary succession improves our ability to detect and quantify
potential gas seeps, notably those from CCS sites.
The STEMM-CCS release experiment provided a unique opportunity to observe the formation
of a marine gas seep. In Chapter 3, based on the temporal and spatial development of the
acoustic anomalies seen during the CO2 release experiment along with visual seabed seep
observations and an accompanying gravity core, I propose a four-stage model for the evolution of
gas migration pathways in the sub-surface (Fig. 3.3):
The initial “proto-migration” stage is essentially defined by individual gas pockets/bubble
fractures making their way to the surface along seemingly random migration pathways, resulting
in sporadic surface ebullition. Over time, preferred migration pathways are established, exploiting
weaknesses within the sedimentary structure, with this “immature migration” stage resulting in
small surface seeps that regularly become extinct and reform in new locations. Eventually the
continuous passage of gas along selected pathways leads to the formation of open conduits, or
chimneys, connecting the gas reservoir to the surface. At this point the “mature migration” stage
has been reached and the release into the water column is focused through semi-permanent
seeps. Once the flow of gas from the reservoir ceases, the final “closure” stage is triggered as the
migration pathways are forced closed by external pressure, and the site reverts to its near-original
state.
These stages are universally applicable to any near-surface seep site as general
descriptors of the gas migration pathways. However, the exact length of time spent within each
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stage and transition between stages will vary with stratigraphy, grainsize and injection rates etc.
Indeed, many seeps likely do not reach the mature stage and simply skip to the final stage from
stage 2, or even stage 1 in the case of sporadic ebullition sites. Furthermore, additional new
migration pathways may form alongside more mature migration pathways.
Once in the mature migration phase the rate of ebullition from a gas seep is known to
vary over time. While this is commonly correlated with the total pressure above the seep the
exact degree of this variation is poorly understood. As a result, there is uncertainty in quantifying
the contribution of naturally occurring aquatic CO2 and CH4 seeps to global carbon budgets, as
many annual estimates are based on single short period observations.
In Chapter 4, in order to constrain the temporal variability of lacustrine seeps I analyse
nine months of data from natural methane seeps in Lake Constance (central Europe). Ultimately, I
found a significant negative correlation between gas flux and pressure, with control
predominantly regulated by lake water level (hydrostatic pressure) on monthly timescales, while
smaller fluctuations on daily to weekly periods are controlled by atmospheric pressure variations.
I further noted that the exact empirical relationship varied between sites and over time. This
suggests that decreasing pressure allows migration pathways in the sediment to expand,
increasing the flow of gas, while increasing pressure has the opposite effect (Fig. 6.3). Evidence is
also seen of large, rapid changes in pressure partially destroying existing pathways. Building on
this correlation I demonstrate that long-term ebullition rates are best estimated by quantifying
the relationship between in-situ pressure and gas flux and then using this relationship to predict
gas flux from easily measurable in-situ pressure data. This approach is more accurate than
extrapolating average flux rates from short periods of observation.

Quantifying the gas flux from a marine seep over an extended period of time is difficult.
Traditional physical measurements of gas flux, while highly effective for shallow slow seeps (as
seen in Chapter 4) become less practical as the size and the depth of the seep increases and
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visibility decreases. Alternative techniques such as hydroacoustic imaging, while more effective at
depth etc., offer only snapshot estimates of flux and are energy intensive. Passive acoustic
inversion techniques have the potential to fill the niche existing between physical and
hydroacoustic techniques, being a low energy method for continuously measuring ebullition rates
in any environment.
In Chapter 5, in order to refine the passive acoustic inversion technique I report a tank
experiment analysing the acoustic signal of bubbles released from artificial sediment. These
results allowed us to demonstrate that the initial amplitude of excitation of a bubble released into
the water column (𝑅𝜀0𝑖 ) is independent of its equilibrium radius (𝑅0 ) and is instead a constant
equal to:
𝑅𝜀0𝑖 = [6.012 ± 0.902] × 10−7 m.

While these values are largely inconsistent with prior assumptions (Berges et al., 2015), the
relationship is consistent with prior data sets (Deane & Stokes 2008) and should be integrated
into future inversions. Using this refined technique to invert the flux from a natural seep in
offshore Panarea I note that, after filtering out low frequency, non-bubble related noises,
estimates are highly consistent with optical and physical measurements. However, I caution
against assuming this is the definitive value of 𝑅𝜀0𝑖 and emphasise the need to investigate the
parameter in an array of settings.
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Figure 6.3: Summary of findings from Chapter 3 and 4. The four stages of gas migration pathway
evolution, Proto migration, Immature migration, Mature migration, and Collapse. Note the
expansion of the dynamic propagation zone to connect the reservoir to the seabed. Also shown is
the effect of varying pressure (in this case a result of changing hydrostatic pressure, though
atmospheric pressure has also been shown to have an effect) on gas flux as the chimneys expand
and contract accordingly.
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6.2

Research Questions
•

How do gas migration pathways evolve in the subsurface, from the initial injection of
gas to formation of an active seep and beyond?

Gas naturally rises through sediment via capillary invasion or fracture opening, the latter
being more common in finer grained sediment. While capillary gas can simply rise upwards by
displacing water in surrounding pores, gas fractures migrate upwards via stable or dynamic
propagation (Jain and Juanes, 2009; Algar et al., 2011; Sirhan et al., 2019). Stable propagation is
the pulsed ascent of a fracture as buoyancy forces drive the upper crack surface open and
external pressure forces seal the lower crack surface, maintaining the overall size (Algar et al.,
2011). Dynamic propagation occurs when fractures grow beyond a certain critical length, as
defined by the surrounding sediment, resulting in the rapid upwards growth (Sirhan et al., 2019).
During the initial formation of a gas migration pathway any of these processes may be active, as
dictated by the sedimentary succession, with individual bubbles making their way to the surface
for sporadic ebullition (Section 3.5.5). Over time preferred pathways begin to form, exploiting
natural weaknesses in the sediment, through which the flow of gas is slowly focused, forming
seep sites. The pathways are easily destroyed by changing pressure conditions, meaning new
pathways are constantly being established and new seeps formed. Slowly, over time stable
fracture propagation zones transition into dynamic fracture zones as stable fractures continuously
collide and exceed the critical crack length. Eventually the dynamic fracture zones will extend
from the seabed to the gas reservoir facilitating the formation of open conduits (or chimneys)
(Section 3.6). At this stage, the migration pathways can be considered mature, with the flow of
gas to the near-surface optimised and the position of seabed seep stabilised. Once mature,
migration pathways will persist so long as there is a flow of gas through them if this ceases the
pathways will close, reverting the sediment to its near natural state. These processes can be
directly related to observations at the QICS and STEMM-CCS release experiments (Section 3.5.1).

174

Chapter 6
•

How does the ebullition rate from natural seeps vary over time and how may we better
predict this?
The rate of gas release from seeps is inversely proportional to the total pressure at the

point of release (Judd and Hovland, 2007; Scandella et al., 2011; Katsman, 2019), which is the
sum of the overlying hydrostatic and atmospheric pressure, with wind and rainfall conditions
having no direct impact, as demonstrated in Lake Constance (Section 4.3.2). Thus, variation in
ebullition rates are tied to any variation in meteorological conditions or water level.
Hydrostatic pressure typically varies daily, i.e., with tides, surface seiches, or bay oscillations,
and annually with the seasonal changes (Section 4.5). On the other hand, while atmospheric
pressure can vary daily with day-night sea breezes, it is generally less predictable, varying on
weekly time scales with weather systems (Section 4.4). The magnitude of the flux change
corresponds to the pressure change, as such small pressure variations are not always visible
(such as tidal effects in Lake Constance). Furthermore, when hydrostatic variation is large (as
compared with atmospheric pressure variation), gas flux variation is controlled by water level
change. When hydrostatic variation is minimal, gas flux variation is dominated by atmospheric
pressure change (Section 4.5).
It is unclear exactly what defines the empirical relationship between pressure and gas
flux. Decreasing pressure conditions in sediment are theorised to allow existing gas pathways
to expand and new ones to form, allowing for an increased flow of gas into the water column
(Katsman, 2019). This would suggest that less variable seeps have underlying chimney
structures that are less likely to expand or reform and vice versa. In Section 4.3 I speculate
that this relationship is in some way related to the sediment and age of the seep. In Lake
Constance a 100 hPa decrease in the in-situ pressure, equivalent to a water level decrease of
1 m, resulted in a 6-12 % increase in gas flux from seeps in Lake Constance (Section 4.3.4).
If the empirical relationship between flux and pressure is observed then variation in gas
flux from a seep can be predicted from measurements of in-situ pressure, either measured at
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the site itself or at a base station within the body of water. This approach is more accurate
than the extrapolation of average flux rates determined from short periods of observation, a
practice commonly followed in the literature (Bastviken et al., 2004; Linkhorst et al., 2020).
Prediction of flux variations requires a time period of observation coincident with rapid
variations in water level, i.e., during a storm event (Section 4.6).

•

How can we improve the passive acoustic inversion technique method for quantifying
gas flux?
Prior acoustic inversion techniques have been limited in precision due to a lack of

constraints on the initial amplitude of a bubble’s excitation following its release into the water
column ( 𝑅𝜀0𝑖 ). Prior estimates of this value have been limited to small bubbles (< 2 mm)
entrained by needles, breaking waves, and hydrodynamic currents (Leighton and Walton,
1987; Pumphrey and Walton, 1988; Medwin and Beaky, 1989; Deane and Stokes, 2008).
Subsequently 𝑅𝜀0𝑖 ⁄𝑅0 was conservatively estimated to be between 1.4 and 5.6 × 10−4 , 𝑅0
being the equilibrium radius of the bubble. While inversions performed using this assumption
were validated by physical flux measurements, estimates were imprecise, with large error
bars (Bergès et al., 2015). In order to refine the acoustic inversion process, I observed the
relationship between 𝑅𝜀0𝑖 and 𝑅0 for large bubbles (between 3 and 12 mm) released from
coarse sediment. The larger bubble sizes and sediment release mechanism are a better
analogue for many natural seabed seeps (Section 5.2).
Ultimately, I found that 𝑅𝜀0𝑖 is independent of 𝑅0 being instead a constant equal to
[6.012 ± 0.902] × 10−7 m (Section 5.4). Substituting this relationship into the inversion
process allowed us to significantly improve the precision of the technique, reducing the error
from 86 % to 29 %. The power of this refined inversion technique was demonstrated by
inverting the flow of gas from a natural CO2 seep in offshore Panarea (Italy). After accounting
for low frequency, non-bubble related background noise, the refined acoustic flux estimate is
highly consistent with optical measurements and physical measurements.
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6.3

Potential Future Work
Having separately investigated the evolution of gas migration pathways in the field and

the variability of flux rates with pressure, a natural next step would be to investigate the response
of gas conduits to changing pressure conditions. I believe such pathways expand and contract in
response to exterior pressure conditions moderating the flow of gas, however direct physical
evidence for this is minimal. An experiment examining the passage of gas through sediment cores
at different external pressures, for example via computerised tomography (CT) scans, could
provide definitive proof of this phenomenon. Indeed, given the length of time that has passed
since the seminal work of Algar et al. (2010) into stable fracture propagation, there is merit in
repeating their experiment with modern tomographic (CT) imaging. Further investigations could
also attempt to identify the malleability/susceptibility of different sediment types and migration
pathways to changing pressure types so that flux variability in the field can be more easily
predicted.
Our extended study of flux variability in Lake Constance, alongside our advancements in
passive acoustic inversion, has paved the way for more long-term seep observations. In particular,
studying the release of gas from large scale marine pockmarks will be of interest given their
higher flow rates and larger tidal range. For example, I estimated using active acoustics that 272456 L/min of methane gas is being released from Scanner Pockmark in the North Sea, compared
with 4-10 L/min from individual seeps in Lake Constance (Li et al., 2020a). Such a large release site
will have a more significant impact on the natural carbon cycle, being equivalent to ~100
equivalent seeps in Lake Constance, making understanding their variability even more important.
Gaining a single estimate of gas flux from these features in the past has proven extremely difficult
and, as demonstrated in Chapter 4, such snapshot measurements may not be representative. The
use of passive acoustic landers (as seen in Li et al. 2021) could simplify this task. To maximise a
potential long-term deployment (≥ 1 year) a specialist lander could be designed that combines 1)
passive acoustic sensors, 2) horizontal active acoustic sensors (as seen in Bayrakci et al. 2014) and
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3) optical imaging equipment. Such an experiment, outlined in Fig. 6.4, would likely provide fresh
insight into their variability and life cycle of pockmarks.

Figure 6.4: Outline of potential experimental investigation into the variability and evolution of
active pockmarks. A specialist lander would continuously record active and passive acoustic data
for later flux inversion observations and varying seabed morphology for over a year alongside
photographic images for later reference. Such a lander may need to be unconventionally tall to
provide a full view of the area. Ship-based survey (possibly with the use of underwater vehicles)
may provide further information.
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Finally, further refinement of passive acoustic flux inversion techniques is possible and
desirable. As I noted, a way need to be found to account for the effects of bubbles fragmenting
and merging in the water column, potentially via some scale factor. Additionally, while I have
successfully measured 𝑅𝜀0𝑖 at ~2 m depth in fresh water, how this property varies with depth,
salinity and even sediment type is unknown. Further attention also needs to be paid to low
frequency sediment/grain noise that has been observed preceding bubble releases in some
sediment types (Vazquez et al., 2015). As I identified in Panarea, misinterpreting these low
frequency sounds as bubble noise can result in large flux overestimations. It is also worth noting
that preliminary research undertaken during this PhD suggests the way in which bubbles are
released varies with sediment type. Large-grained sediment appears to result in traditional bubble
releases with medium-grained sediment, resulting in similarly traditional release but with a
preceding low frequency sound as grains are rearranged by the bubble. Fine-grained, noncohesive sediment appears to result in bubbles being released in clusters propelling sediment into
the water column.
In summary, research questions that are still open and prospective for future research
include:
•

How do gas conduits mechanically react to changing pressure conditions?

•

How variable is gas release from large marine pockmarks?

•

How can we account for secondary bubble oscillation in acoustic inversion results?

•

How does 𝑹𝜺𝟎𝒊 vary with depth, salinity, and sediment type?

•

How does the nature of bubble release vary with sediment type?
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Auxiliary Research

The following paper demonstrates a new method for measuring gas flux via active acoustic
data. Myself and Dr. Li collaborated closely on this paper. I was responsible for the original
conception, data analysis and writing the introduction while Li led the modeling and results
section.
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