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Abstract
The overall goals of this research are: (1) to determine the physical fate of single and multiple
methane bubbles emitted to the water column by dissociating gas hydrates at seep sites deep within
the hydrate stability zone or at the updip limit of gas hydrate stability, and (2) to quantitatively link
theoretical and laboratory findings on methane transport to the analysis of real-world field-scale
methane plume data placed within the context of the degrading methane hydrate province on the
US Atlantic margin.

The project is arranged to advance on three interrelated fronts (numerical modeling, laboratory
experiments, and analysis of field-based plume data) simultaneously. The fundamental objectives
of each component are the following:

1. Numerical modeling: Constraining the conditions under which rising bubbles become ar-
mored with hydrate, the impact of hydrate armoring on the eventual fate of a bubble’s
methane, and the role of multiple bubble interactions in survival of methane plumes to very
shallow depths in the water column.

2. Laboratory experiments: Exploring the parameter space (e.g., bubble size, gas saturation
in the liquid phase, “proximity” to the stability boundary) for formation of a hydrate shell
around a free bubble in water, the rise rate of such bubbles, and the bubble’s acoustic char-
acteristics using field-scale frequencies.

3. Field component: Extending the results of numerical modeling and laboratory experiments
to the field-scale using brand new, existing, public-domain, state-of-the-art real world data
on US Atlantic margin methane seeps, without acquiring new field data in the course of this
particular project. This component quantitatively analyzes data on Atlantic margin methane
plumes and place those new plumes and their corresponding seeps within the context of gas
hydrate degradation processes on this margin.
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Executive Summary
Methane plumes comprised of individual bubbles are the primary mechanism for transporting large
quantities of methane emitted at deep ocean seafloor seeps from underlying dissociating gas hy-
drates to the ocean-atmosphere system. The ocean water that separates the massive amounts of
methane sequestered in the sediment gas hydrate stability zone from the overlying atmosphere
has been termed a biofilter owing to microbially-mediated methane oxidation sink that is active
in the water column. However, the physical processes that control the final depths that methane
plumes reach in the water column are as important as the biogeochemical processes that mediate
the amount of methane reaching the atmosphere. Field observations show that some deep-ocean
methane plumes reach shallow ocean depths and that dissolved methane is elevated in shallow wa-
ters over many seep sites. Such methane is more likely to find a direct path to the atmosphere. To
date, studies of the fate of free methane bubbles within the water column (particularly within the
water column hydrate stability zone) have been limited to first-order numerical studies and labora-
tory experiments published in 1981. In terms of field data, seagoing scientists now routinely image
methane plumes, but are challenged in using the imagery to quantify methane fluxes or to assess
the interaction of plumes with the ocean-atmosphere system.

The work proposed here, which is equally applicable to methane seepage from dissociating
gas hydrates/other seeps and inadvertent methane release due to deepwater exploration and pro-
duction activities, addresses these knowledge gaps through integrated state-of-the-art numerical
modeling, modern laboratory experiments, and the analysis of large amounts of public-domain,
multifrequency hydroacoustics data on bubble plumes over the degrading US Atlantic margin gas
hydrates province. Phase-field numerical modeling examines the role of hydrate armoring in si-
multaneously slowing bubble rise and reducing the amount of methane diffusion during bubble
ascent through a realistic oceanic pressure-temperature field. Laboratory experiments with a (non-
flammable) xenon hydrate proxy constrains the rise rate of gaseous and hydrate-armored bubbles
as a function of size, determine the conditions that promote armoring, and yield high-frequency
acoustic calibrations on these bubbles. Real-world context is provided by extending the model-
ing and laboratory results to the US Atlantic margin, which contains an estimated 21,000 Tcf gas
in place. Since November 2012, hundreds of water column methane plumes and corresponding
seafloor seeps have been discovered on the northern US Atlantic margin, with the seeps bimodally
clustered at the top of the gas hydrate stability zone (450 to 550 m) and well within the stability
zone (1000-1500 m). Quantitative hydroacoustics analysis of public-domain multibeam and split-
beam data over these methane plumes constrain the extent of bubble survival in the water column,
the bubble size, and other factors. To place the results in the context of the degradation of the At-
lantic margin gas hydrate province as a whole, a margin-wide bottom water temperature database is
combined with paleo-temperature constraints and existing seismic and lithologic data to elucidate
the short- and long-term driving processes for seep formation (e.g., temperature forcing, canyon
formation), the amount of hydrate that has or will dissociate, and the integrated regional methane
flux as one component of global methane emissions from deepwater gas hydrates.

The report is organized following the three main thrusts of the original proposal, in which we
address the following scientific questions:

1. Determine how long individual and multiple methane bubbles survive in the water column
(either as methane-filled gas bubbles or hydrate-armored bubbles) using a sophisticated mi-
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croscale phase-field model that incorporates the thermodynamic basis of the multiphase (gas-
liquid-hydrate) system and is able to capture the coupling between bubble pressure and hy-
drate formation/dissociation.

2. Explore the parameter space associated with the formation and survival of hydrate-encrusted
gas bubbles, the rise rates of gas and hydrate-armored bubbles, and the rate of gas loss from
bubbles in a special laboratory apparatus, with monitoring by optical, acoustic, and other
sensors. Xenon (Xe), which is a non-reactive, non-flammable Structure I hydrate former
that makes gas hydrate at manageable pressure-temperature conditions, is used for these
experiments. Acoustic sensors are similar to those used on marine vessels, making the results
easily transferrable to field characterization of methane plumes.

3. Use existing, public-domain, multibeam and split-beam echosounder data to analyze methane
plume characteristics (e.g., height of bubble rise, characteristic bubble size, depth depen-
dence of bubble target strength) over hundreds of newly-discovered US Atlantic margin
seeps and place the methane plumes in the regional context of gas hydrate dynamics on this
margin. The analyses constrain the depths at which methane is released into the water col-
umn from plume dissolution, the differences between the persistence of plumes originating
just inside and just outside the hydrate stability field, and the past and future susceptibility
of the gas hydrate province to intermediate ocean warming.
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1 Theoretical and computational models of coupled bubble rise
and hydrate formation

1.1 Introduction
Methane hydrate is an ice-like solid that forms out of an aqueous solution of water and dissolved
methane under moderate pressure and low temperature conditions [Sloan, 2003] [Fig. 1(a)]. A
large body of work over the past few decades has established a fundamental understanding of
methane hydrate thermodynamics [Sloan and Koh, 2008]. Combining experimental data with free-
energy-minimization techniques, current simulators are able to accurately predict the equilibrium
phase diagram of the water–methane system [e.g., Fig. 1(b)] under a wide range of pressure, tem-
perature and compositional conditions [Ballard, A. L. and Sloan, 2004; Ballard and Sloan, 2004;
Huo et al., 2003; Sloan et al., 2010]. Nonequilibrium thermodynamic conditions, however, may
persist for long times in natural hydrate systems, and need to be better understood. For instance,
the equilibrium phase diagram predicts that, under hydrate-forming temperature, two-phase coex-
istence of hydrate with either methane gas or aqueous solution is energetically favored; three-phase
coexistence with gas, liquid and hydrate is only permitted at the triple-point temperature and pres-
sure. In reality, such three-phase coexistence has been observed at many different spatial and
temporal scales where the triple point conditions are not satisfied. At the field scale, in situ sur-
veys reveal that gas pockets can coexist with hydrate and water within marine sediments for a long
period of time [Suess et al., 1999; Liu and Flemings, 2006; Bangs et al., 2011]. At the millimeter
scale, both field studies [Topham, 1984; Rehder et al., 2002; Sauter et al., 2006; Rehder et al., 2009;
Graves et al., 2015; Wang et al., 2016] and controlled laboratory experiments [Maini and Bishnoi,
1981; Chen et al., 2014, 2016; Warzinski et al., 2014] have shown that a layer of hydrate shell can
survive on a gas bubble in water column for extended periods of time. At the micrometer scale,
pockets of oversaturated metastable water can coexist with hydrate when formed in the presence
of gas bubbles [Chaouachi et al., 2015].
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Figure 1. (a) Burning of solid (white) methane hydrate (source: USGS) (b) Isobaric methane–water T–χ
phase diagram adapted from [Huo et al., 2003; Sloan et al., 2010].

These nonequilibrium states have long been attributed to a diffusion-limited kinetic effect
[Clennell et al., 1999]. However, at the heart of these phenomena is the challenge to understand a
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rather simple problem: how does hydrate grow on the interface between a hydrocarbon/gas phase
and the ambient water phase? Experimental studies have focused on the direction and rate of
growth on a macroscopic scale [Taylor et al., 2007; Chen et al., 2014], the influence of sub-cooling
and aqueous composition on growth rate Freer et al. [2001]; Tanaka et al. [2009]; Saito et al. [2010]
and the micron-scale details of the growth process [Tohidi et al., 2001; Chaouachi et al., 2015;
Hauge et al., 2016]. Numerical studies have focused on developing parameterized kinetic growth
models [Abay and Svartaas, 2011; Abe et al., 2016]. What is missing is an integrated modeling
framework that can incorporate consistent hydrate thermodynamics into descriptions of multiphase
mixtures, and provide mechanistic understanding of the nonequilibrium thermodynamic control of
hydrate growth on a macroscopic gas–liquid interface. Such model would help address important
questions of hydrate formation in a multiphase environment, including seafloor crater formation
by hydrate-controlled gas expulsion [Andreassen et al., 2017], the fate of hydrate-crusted bubbles
ascending in the water column [Skarke et al., 2014; Warzinski et al., 2014; Wang et al., 2016] and
the stability of hydrate within seafloor sediments under a changing climate [Ruppel and Kessler,
2017].

1.2 Phase-field methods
Phase-field modeling is a mathematical framework well suited to describe systems out of ther-
modynamic equilibrium [Bray, 1994; Anderson et al., 1998]. First introduced in the context of
solidification and phase transitions [Cahn and Hilliard, 1958], it has since been adopted in the field
of multiphase flow [Lowengrub and Truskinovsky, 1998; Folch et al., 1999a,b; Jacqmin, 1999;
Hernández-Machado et al., 2003; Sun and Beckermann, 2010; Cueto-Felgueroso and Peraire,
2008; Gomez et al., 2010; Cueto-Felgueroso and Juanes, 2012; Fu, X. et al., 2016, 2017]. The
phase-field approach is built upon a mathematical description of the free energy of the system. A
phase variable, denoted φα ∈ [0, 1], is chosen to represent the volume fraction of the phase α at
any given point in the domain. Under this framework, the fluid interface is naturally described as a
diffuse profile of φα, a feature that facilitates thermodynamic consistency with the physical system,
and leads to robust computational schemes [Liu et al., 2015; Gomez and van der Zee, 2015].

In classical thermodynamics simulators, the process of constructing phase diagrams based on
energy descriptions is often referred to as Gibbs free energy minimization, where the equilib-
rium states along with some undetermined parameters are solved for through an iterative optimiza-
tion procedure, constrained by experimental measurements [Baker et al., 1982; Ballard, A. L. and
Sloan, 2004; Michelsen and Mollerup, 2007]. A convenient approach to thermodynamic modeling
in the phase-field framework is to derive the Gibbs free energy of multiphase, multicomponent
mixtures by blending individual phase free energies. This idea has been adopted in many phase-
field models, in the context of alloy solidification [Nestler et al., 2000], liquid phase separation
[Tegze et al., 2005] and hydrate formation in an aqueous solution (not on an interface) [Svandal
et al., 2006, 2009]. The main advantage of a phase-blended free energy is that its convex hull
can be straightforwardly identified through common-tangent constructions [van der Waals, 1894;
Clerk-Maxwell, 1875; Rowlinson, 1979], simplifying equilibrium calculations and the derivation
of conservation laws for the multiphase system.

In this work, we design a Gibbs free energy functional for methane–water mixtures under
isobaric conditions that can be readily incorporated in phase-field models to study macroscopic
interfacial processes. Our energy definition is thermodynamically consistent while numerically
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tractable, as it describes the phenomenological nonequilibrium dynamics of the hydrate system at
macroscopic scale, while still predicting the correct thermodynamic equilibrium.

1.3 Hydrate phase diagram through a simplified Gibbs free energy
The equilibrium phase diagram is calculated through a simplified Gibbs free energy. In its minimal
form, the system we study consists of three phases—methane-rich gas (V), methane-poor liquid
(Lw) and hydrate (H)—and two components—CH4 and H2O. We denote by φα the volumetric
fractions of phase α, where α = g, l, s refers to the vapor, liquid and hydrate phase, respectively.
At any given point in the domain they satisfy: φg + φl + φs ≡ 1. The system is also characterized
by the pointwise methane mass fraction: χ = mCH4/(mCH4 + mH2O), or by the molar fraction:
C = nCH4/(nCH4+nH2O). The two quantities are related by: χ = MCH4C/(MCH4C+MH2O(1−C)),
where MCH4 = 16g/mol and MH2O = 18g/mol are molar masses. Because the molar masses of the
two components are similar, we can approximate C ≈ χ.

An isobaric phase diagram describes the equilibrium phase behavior of the system in tempera-
ture (T ) and composition (χ) space at a fixed pressure; the T–χ phase diagram is discussed in detail
in [Huo et al., 2003; Sloan et al., 2010] and shown here in Fig. 1(b). We focus on phase behav-
ior above the freezing point temperature, where pure water ice does not form (Fig. 1b, red-boxed
region). This region exhibits four key features: (1) a boiling point temperature TB, above which
only vapor (V) exists; (2) a triple point temperature T T , where three phases coexist; (3) above T T ,
a two-phase region of Lw–V coexistence; and (4) below T T and above freezing, a hydrate-forming
region (H) where either H-V or L-H equilibrium occurs.

For a given phase α at a fixed pressure, we formulate its corresponding Gibbs free energy,
denoted fα, as a function of χ and T . We use Wilson’s model for the liquid and gas phases [Wilson,
1964], and a parabolic form for the solid phase [Nestler et al., 2000; Moelans, 2011; Cogswell and
Carter, 2011]:

fl(χ, T ) =ωmix{χ log(χ)− (1− χ) log(1− al(T )χ)

− χ log(1− bl(1− χ)) + fl0}, (1)
fg(χ, T ) =ωmix{χ log(χ)− (1− χ) log(1− agχ)

− χ log(1− bg(T )(1− χ)) + fg0}, (2)

fs(χ, T ) =ωmix
{
as(T )(χ− χs)2 + bs(T ) + fs0

}
, (3)

where ωmix [J/cm3] is a characteristic energy density. We account for nonlinear temperature depen-
dence of fα as suggested by [Wilson, 1964] for gas and liquid [Eqs. (1)–(2)], and as suggested by
the solidification literature [Nestler et al., 2000; Moelans, 2011; Cogswell and Carter, 2011] for the
solid phase [Eq. (3)]: al = al0/(T/Tc)

4, bg = bg0/(T/Tc)
2, as = as0(T/Tc) and bs = bs0(T/Tc),

where Tc = 1K is the scaling temperature.
For a given phase pair α and β, the equilibrium composition of each phase, χαβα and χαββ , are

obtained through the common tangent construction [van der Waals, 1894; Clerk-Maxwell, 1875;
Rowlinson, 1979], where we solve the system of two equations: f ′α(χαβα ) = f ′β(χαββ ) and fα(χαβα )−
fβ(χαββ ) = (χαβα −χαββ )f ′α(χαβα ). In a three-phase system, the calculation is performed three times.
Using the parameters given in Table 1 (for pressure P =5MPa), Fig. 2(a) illustrates free energy
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Figure 2. (a) Gibbs free energy of all phases at various temperatures. Green and red dots: equilibrium
compositions; dashed grey lines: common tangents. At 5MPa, (b) analytically calculated T–χ phase di-
agram; (c) enlarged version of the shaded grey area in (b); At 30MPa, focusing on the hydrate-forming
region, (d) analytically calculated T–χ phase diagram; (e) T–χ phase diagram from experiments adapted
from [Huo et al., 2003]. Dashed line marks T T in all figures. (f) The division of the χ axis into five phase
regions by four equilibrium points (orange), not drawn to scale. The grey points correspond to gas–liquid
equilibrium, which are not feasible under hydrate-forming scenarios.

Table 1. Parameters used for Gibbs free energy calculations, with ag = 1, bl = 1, fg0 = 20 and fl0 = −20.

P bg0 al0 as0 χs bs0 fs0
5MPa −9.5× 1010 −9.5× 1010 350 0.147 1.13 −42
30MPa −1× 109 −1× 109 1200 0.146 0.65 −40

curves and their corresponding feasible tangent constructions at four different temperatures. At
the triple-point temperature T T = 18.6◦C, the dashed line is tangent to all three curves. Above
T T , at T = 20, 60◦C, hydrate does not form and gas–liquid equilibrium is favored, yielding two
equilibrium compositions χgll and χglg . Below T T , at T = 5◦C, hydrate can readily form and the
equilibrium is defined by four composition values (from left to right): χlsl , χ

ls
s , χ

sg
s and χsgg , which

divide the χ axis into five different equilibrium scenarios [Fig. 2(f)].
Based on the calibrated parameters in Table 1, here we calculate equilibrium compositions for

a wide range of temperatures (increment of 0.1K) and plot the results on a T–χ plane [Fig. 2(b)-
(e)]. At P = 5MPa, the calculated phase diagram [Fig. 2(b)-(c)] agrees well with that obtained
from experimental measurements and thermodynamic simulators in [Huo et al., 2003; Sloan et al.,
2010] [Fig. 1(b)]. Our results also correctly capture the triple point T T = 280K and the boiling
point TB = 537.15K. At P = 30MPa, we focus our comparison with experiments on the hydrate-
forming region, where χ is expected to be equal to 0.148, based on methane hydrate stoichiometry
(CH4 · 5.75H2O), but instead Raman spectroscopy measurements and thermodynamic simulators
have demonstrated that nonstoichiometry methane concentrations are favored [Huo et al., 2003;
Sloan et al., 2010]. For instance, at P = 30MPa and T ≈ 277K, χsls ≈ 0.141 and χsgs ≈ 0.1465.
In a T–χ phase diagram, such nonstoichiometry effects are evidenced by a separation between the
Lw–H and H–V phase boundaries [Fig. 2(e)], which is well captured by our model [Fig. 2(d)].
In the context of hydrate growth on a gas–liquid interface, the nonstoichiometry effect indicates
that hydrate that grows into a methane-rich gas phase may have higher methane concentration than
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hydrate that grows into a methane-poor liquid phase.

1.4 Nonequilibrium dynamics
The nonequilibrium dynamics is studied using phase-field modeling. We define φ = [φg, φl, φs].
Under the phase-field framework, the fα’s are incorporated into the total free energy F (χ,φ, T ),
which also considers the energetic interactions between phases, and is composed of the bulk free
energy f0 and the interfacial energy (gradient squared terms):

F =

∫
V

[
f0(χ,φ, T ) + ε2c(T )|∇χ|2

+ ε2gl(T )∇φg · ∇φl + ε2gs(T )∇φg · ∇φs
+ ε2sl(T )∇φs · ∇φl + ε2g(T )|∇φg|2

+ ε2l (T )|∇φl|2 + ε2s(T )|∇φs|2
]
dV. (4)

The bulk free energy, f0(χ,φ, T ), is made of two parts: f0 = ωmix
{
Gg(φ)fg(χ, T )+Gl(φ)fl(χ, T )+

Gs(φ)fs(χ, T )
}

+ωglφ
2
gφ

2
l +ωgsφ

2
gφ

2
s +ωslφ

2
sφ

2
l . The blending functions Gα(φ) for a three-phase

system are taken from [Folch and Plapp, 2005] as: Gα(φ) = 0.25φ2
α{15(1− φα)[1 + φα − (φβ −

φγ)
2]+φα(9φ2

α−5)}. The evolution of the system is driven by potentials Ψ (variational derivatives
of F ) and described by Cahn–Hilliard and Allen–Cahn type equations:

∂χ

∂t
+∇ · (uχ)−Rχ∇ · (D(φ)∇Ψχ) = 0, (5)

∂φα
∂t

+ u · ∇φα +RφΨα = 0, φl + φg + φs = 1, (6)

where Rχ is an effective rate of diffusion (the inverse of a Péclet number) and Rφ is an effective
rate of phase transition (the inverse of a capillary number) [Fu, X. et al., 2017]. We assume sim-
ple hydrodynamics, with a Darcy-type mixture velocity, u = −[1/µ(φ)]∇p, where p is a global
fluid pressure obtained by imposing the incompressibility constraint, ∇ · u = 0, with appropriate
boundary conditions. Here, D(φ) = φgDg + φlDl + φsDs is a dimensionless mixture diffusion
coefficient (where Dg, Dl and Ds are normalized by a characteristic gas-phase diffusion coeffi-
cient Dgas), and µ(φ) is a similarly-defined dimensionless mixture viscosity. We adopt Dg = 1,
Dl = 10−3 and Ds = 10−11 (whose relative magnitudes are consistent with experimental measure-
ments [Witherspoon and Saraf, 1965; Peters et al., 2008] and emulate slow diffusion in liquid and
extremely slow diffusion within hydrate), and µg = 1, µl = 5 and µs = 500.

1.5 Hydrate growth on a quiescent gas–liquid interface
We investigate hydrate growth using the proposed model. Taking u = 0, the system of four
constrained PDEs in Eqs. (5)–(6) is discretized using finite elements and a monolithically-coupled
implicit time integration scheme. The simulations are performed on a 1D domain (x ∈ [0, 0.5])
that is initially filled with 3/4 liquid, 1/4 gas and no hydrate [Fig. 3(a)]. Based on parameters
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reported in Table 1 (5MPa) and at T = 278K, Lw–H equilibrium is characterized by χlsl ≈ 0.010,
χlss ≈ 0.13 and H–V equilibrium is characterized by χgss ≈ 0.148, χgss ≈ 0.960. In the absence
of hydrate, the L–V equilibrium is characterized by χgll ≈ 0.063, χglg ≈ 0.925. Informed by
these equilibrium compositions, we perform two sets of simulations to investigate how the initial
liquid methane concentration (χ0

l ) influences the growth direction and kinetics of hydrate at the
gas–liquid interface [Saito et al., 2010].

In the first simulation [Fig. 3(b)], the liquid phase is initially supersaturated in methane, where
χ0
l ≈ 0.08 > χgll ; in the second simulation [Fig. 3(c)], liquid phase is initially undersaturated in

methane, where χ0
l ≈ 0.005 < χgll . In both simulations, the gas phase is initialized with χ0

g = 0.93,
and the domain-averaged concentration is χ = 0.25 and 0.19, respectively [Fig. 2(f), green dot].
This indicates that, at equilibrium, we should expect H–V coexistence in both simulations.
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Figure 3. (a) Schematic illustrating hydrate growth on a liquid–gas interface. Simulated profiles of φs at
different times (grey scale) and initial profile of χ (red) for (b) initially supersaturated liquid and (c) initially
undersaturated liquid. Black arrow points to growth direction and the black dot marks the position of initial
gas–liquid interface. (d) Domain-integrated φs over time. (e-f) Domain integrated hydrate growth rate
(black) and gas consumption rate (blue) as a function of time, with gas–sustained (purple) and liquid–
sustained (green) stages of hydrate growth.

1.5.1 Growth direction

Our simulations demonstrate that the initial liquid methane concentration determines the direction
of hydrate growth at a gas–liquid interface. When liquid is initially supersaturated, our model
predicts that hydrate grows predominantly towards the liquid phase [Fig. 3(b)], in agreement with
experimental observations [Taylor et al., 2007]. When the liquid is initially undersaturated, the
hydrate layer thickens into both the liquid and gas phases [Fig. 3(c)], consuming a significant
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amount of gas in order to sustain hydrate formation. In the context of hydrate formation around a
methane gas bubble, these results could explain why some hydrate-armored bubbles buckle due to
depletion of gas pressure inside the bubble as hydrate forms in undersaturated water [Chen et al.,
2014; Waite et al., 2017], while some hydrate-coated bubbles can stay inflated when hydrate forms
in supersaturated conditions [Warzinski et al., 2014].

1.5.2 Two stages of kinetic growth

By tracking the domain-averaged hydrate fraction 〈φs〉 over time for both simulations [Fig. 3(d)],
we observe that hydrate thickens at a decreasing growth rate that eventually becomes close to zero
[Fig. 3(e)-(f), black curve], which agrees well with experimental studies [Taylor et al., 2007]. As
a result of this hydrate-formation shutdown, the domain arrives at a quasi-steady configuration
of three-phase coexistence [Fig. 3(a), bottom], which is not predicted by equilibrium calculations
[Fig. 2(f), green dot] that instead predict H–V coexistence at steady state. The nonequilibrium
steady state has been understood as a diffusion-limited phenomenon, where the extremely slow
diffusion within the hydrate phase can severely hinder the continued growth of hydrate into the
liquid phase [Abe et al., 2016; Svandal et al., 2009; Taylor et al., 2007]. By comparing hydrate
growth rate against gas consumption rate [Fig. 3(e)-(f)] and analyzing details of composition pro-
files, here, we provide mechanistic insights into two distinct stages of this diffusion-limited growth.
In the first stage [purple in Fig. 3(e)-(f)], gas is consumed to supply the methane needed for hydrate
formation. During this stage, the liquid methane concentration, χl, remains constant if it is initially
supersaturated, or increases if initially undersaturated. The hydrate phase methane concentration,
χs, equals χgss (the H–V equilibrium). In the second stage, after a significant amount of hydrate
has formed in between the gas and liquid, the gas–hydrate interface reaches equilibrium and hy-
drate growth stops on the gas side but continues into the liquid; no more gas is consumed [green in
Fig. 3(e)-(f)]. During this stage, χl decreases towards χlsl and χs also decreases towards χsls on the
side that grows into the liquid. This second-stage growth is driven by the thermodynamically im-
posed compositional gradient within the hydrate phase [Huo et al., 2003], and is therefore limited
by the extremely slow diffusion within the hydrate.

1.6 Persistent gas conduits in hydrate-bearing sediments
Gas conduits have been widely observed in field surveys [Suess et al., 1999; Liu and Flemings,
2006; Bangs et al., 2011], although their formation mechanisms are not well understood. Here,
we demonstrate that nonequilibrium hydrate growth on moving gas–liquid interfaces provides a
plausible explanation for the formation of these gas conduits. We solve Eqs. (5)–(6) in a rectan-
gular domain, with upward flow sustained by an imposed pressure gradient (p2 > p1), emulating
buoyancy-driven gas migration in seafloor sediments (Fig. 4). We describe hydrate as a highly vis-
cous fluid (viscosity contrast µs/µg = 500) that exerts significant resistance to the gas movement
upon formation at the gas–liquid interface.

We show two simulations, where the only difference is the magnitude of the imposed pressure
difference, ∆p = p2 − p1: the pressure difference in the first simulation is twice that of the second
simulation. In the first simulation [Fig. 4(a) in this document], upward gas movement is fast
enough to overcome the restraint of the hydrate layer, leading to continued elongation of the gas
conduit. In the second simulation [Fig. 4(b) in this document], gas moves relatively slowly, and
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the elongation of the gas conduit is hindered and eventually arrested by hydrate formation at the
interface. The conduit becomes sealed off at the top, and the shape persists due to the extremely
slow diffusion within the hydrate phase, leading to a long-lived nonequilibrium configuration.

tφg = 1

φl

φs

φg
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p2

t
=

0

t

(a) (b)

Figure 4. Simulations illustrating hydrate-encased gas conduits forming in initially undersaturated liquid
(χ0
l = 0.005 < χgll ). Simulation (a) corresponds to a pressure difference driving the flow that is twice that

of simulation (b).

1.7 Conclusions
In summary, we develop a continuum-scale phase-field model to study methane hydrate systems
far from thermodynamic equilibrium. We design the bulk Gibbs free energy to describe thermo-
dynamic equilibrium, which recovers the isobaric temperature–composition phase diagram from
experimental studies. We then incorporate this free energy into a phase-field model to study for-
mation dynamics of hydrate on a gas–liquid interface. Our model predicts that initial aqueous
concentration exerts powerful control on the growth direction of hydrate, where hydrate grows
dominantly into liquid if liquid is initially at/over saturation, and grows into both liquid and gas if
liquid is initially undersaturated. This result has significant implications to the long-standing puz-
zle of why some hydrate-coated gas bubbles collapse due to hydrate formation [Chen et al., 2014;
Waite et al., 2017] and some do not [Warzinski et al., 2014]. Our model correctly recovers the
diffusion-limited kinetics of hydrate growth as measured in experiments. By tracking the source
of methane supply during hydrate formation, we further demonstrate that hydrate growth is in fact
two-staged; in the first stage, methane needed for hydrate formation is dominantly supplied from
the gas phase; in the second stage, hydrate growth continues into the liquid phase without consum-
ing any gas. This could explain the occurrence of persistent gas conduits in some hydrate-bearing
sediments [Suess et al., 1999; Liu and Flemings, 2006; Bangs et al., 2011] and other nonequilib-
rium phenomena commonly observed in natural methane hydrate systems.
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2 Laboratory observations of the evolution and rise rate of bub-
bles with and without hydrate shells

2.1 Introduction
Methane hydrates represent a vast pool of methane that accounts for 1/6 or more of the world’s
mobile, near surface carbon [Ruppel and Kessler, 2017]. Though considered a potent greenhouse
gas [IPCC, 2001], ∼99% of the world’s gas hydrates exist in the marine environment [Ruppel,
2015], and methane released in seafloor sediment is thought to be largely consumed by microbes
in the sediment [Reeburgh, 2007] and water column [Valentine et al., 2001; Mau et al., 2007] before
reaching the atmosphere [Ruppel and Kessler, 2017]. Though microbial consumption of methane
in the water column reduces methane’s atmospheric contribution, there is still an environmental
cost: the aerobic microbial process consumes dissolved oxygen and produces carbon dioxide,
depleting the water column of oxygen while increasing the acidity [Valentine et al., 2001]. An
increasing awareness of the large number, distribution [Skarke et al., 2014; Greinert et al., 2010b;
Westbrook et al., 2009] and longevity [Berndt et al., 2014] of seafloor methane seeps, some of
which have been tied to dissociating methane hydrate [Skarke et al., 2014; Greinert et al., 2010b;
Westbrook et al., 2009; Berndt et al., 2014] has motivated research into the fate of methane in the
water column.

Quantifying the extent and water depths at which oxygen depletion and acidification are likely
to be significant requires understanding the fate of methane in bubbles emitted from the seafloor.
As bubbles rise, methane diffuses from the bubbles and becomes the dissolved-phase methane ac-
cessible to the microbial community [Mogollón et al., 2011]. The rate at which methane diffuses
from a bubble depends on several parameters, including bubble size, rise velocity and the rate of
diffusion through the bubble surface [McGinnis et al., 2006]. The bubble surface itself is variable,
because bubbles entering the water column below∼300 m depth in cold water environments [Rup-
pel and Kessler, 2017], or below∼500 m depth in warmer mid- to low-latitude waters [Ruppel and
Kessler, 2017; Zhang, 2003], exist within methane gas hydrate stability conditions and have been
observed to form hydrate shells [Rehder et al., 2002; Wang et al., 2016]. Hydrate-coated bub-
bles may dissolve more slowly than their hydrate-free counterparts [Rehder et al., 2002], thereby
changing the methane release profile of a rising bubble.

To better understand the likely depth profile of gas concentrations with depth left behind by
a rising bubble, key parameters controlling the rate at which gas dissolves out of a bubble were
investigated. In particular, relationships between bubble size, surface coating (hydrate shell or hy-
drate free) and rise rate were studied in a laboratory flow loop with a large transparent observation
chamber. Air, xenon and xenon-hydrate coated bubbles were analyzed in this work.

2.2 Apparatus
To capture and study gas bubbles rising through water, a flow loop has been constructed using the
“capture cone” elements described by Maini and Bishnoi [1981] and Warzinski et al. [2014]. The
cone is housed within a clear acrylic cylinder that acts as a pressure chamber (Fig. 5, left). The
cone’s cross sectional area increases toward the bottom of the chamber, so water pumped down
through the cone smoothly transitions from higher velocity at the cone’s top, to lower velocity
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at the bottom. A bubble released into the cone from below will rise until reaching a position in
the cone at which the downward water velocity balances the bubble’s upward rise velocity. The
position of the bubble in the cone is tracked with a camera referenced to rulers attached to the front
and back of the pressure chamber (Fig. 5, left).
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Figure 1: Flow loop apparatus for investigating bubbles rising in water. (Left) A gas bubble 

released from the gas line at the base of the system rises into the capture cone until the downward 
water velocity matches the bubble’s rise velocity. A camera records the bubble’s location with 

respect to two rulers, one in front, and one behind the acrylic outer chamber. (Right) A variable-
speed circulation pump controls water flow rates. A temperature bath controls the flow loop 

temperature by pumping water around the outside of the circulation pump and through the heat 
exchanger.  Syringe pumps (not shown) control the water pressure and gas injection. 

 
Water flow through the capture cone is controlled by a variable speed circulation pump (Fig. 1, right). The flow rate 
can be tuned by adjusting the frequency of the voltage driving the pump. The circulating water pressure is controlled 
by a syringe pump connected to the flow loop just above the vertical acrylic chambers. A second syringe pump is 
used to inject gas at the base of the capture chamber, and single-bubble injections are accomplished by manually 
opening and closing a ball valve in the gas line near the base of the capture chamber. To investigate bubbles in the 
1.5 – 10 mm diameter range, the gas inlet is a 1/16” pipe (1.59 mm inner diameter). 

Flow loop temperature is controlled with a circulating temperature bath (Fig. 1, lower right). Chilled water is 
pumped from the bath through flexible tubing coiled around the length of the flow loop’s circulating pump, then 
through a sandwich style copper heat exchanger, mounted atop the circulating pump, before returning to the cooling 
bath. The heat exchanger forces circulating flow loop water through a series of plates cooled by the cooling water, 
and is responsible for the bulk of the temperature control in the flow loop. Because the flow loop is constructed 
primarily of standard 1” pipe and other metal components, all non-acrylic components of the flow loop are encased 
in insulation (black wrapping in Fig. 1, right). The flow loop water is typically cooled to 9.7°C for hydrate-
formation experiments, but even for “room temperature” tests near 25°C, the cooling system is required to 
counteract frictional heating within the flow loop’s circulating pump and flow lines. 

Flow loop environmental data, such as flow rate, temperature, water and gas pressure, are recorded digitally. The 
flow rate is measured with a calibrated turbine-style flow meter mounted along the top horizontal leg of the loop. 
Water temperature is measured with two thermocouples, one inserted into the circulating water from above the 
acrylic chambers, and one inserted at the base of the capture cone chamber. With the circulating pump running, the 
two temperature readings become equal in less than a minute. Pressure is measured in the lower horizontal leg of the 

Figure 5. Flow loop apparatus for investigating bubbles rising in water. (Left) A gas bubble released from
the gas line at the base of the system rises into the capture cone until the downward water velocity matches
the bubble’s rise velocity. A camera records the bubble’s location with respect to two rulers, one in front,
and one behind the acrylic outer chamber. (Right) A variable- speed circulation pump controls water flow
rates. A temperature bath controls the flow loop temperature by pumping water around the outside of the
circulation pump and through the heat exchanger. Syringe pumps (not shown) control the water pressure
and gas injection.

Water flow through the capture cone is controlled by a variable speed circulation pump (Fig. 5,
right). The flow rate can be tuned by adjusting the frequency of the voltage driving the pump. The
circulating water pressure is controlled by a syringe pump connected to the flow loop just above
the vertical acrylic chambers. A second syringe pump is used to inject gas at the base of the capture
chamber, and single-bubble injections are accomplished by manually opening and closing a ball
valve in the gas line near the base of the capture chamber. To investigate bubbles in the 1.5–10 mm
diameter range, the gas inlet is a 1/16-in pipe (1.59 mm inner diameter).

Flow loop temperature is controlled with a circulating temperature bath (Fig. 5, lower right).
Chilled water is pumped from the bath through flexible tubing coiled around the length of the flow
loop’s circulating pump, then through a sandwich style copper heat exchanger, mounted atop the
circulating pump, before returning to the cooling bath. The heat exchanger forces circulating flow
loop water through a series of plates cooled by the cooling water, and is responsible for the bulk
of the temperature control in the flow loop. Because the flow loop is constructed primarily of
standard 1-in pipe and other metal components, all non-acrylic components of the flow loop are
encased in insulation (black wrapping in Fig. 5, right). The flow loop water is typically cooled to
9.7◦C for hydrate- formation experiments, but even for “room temperature” tests near 25◦C, the
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cooling system is required to counteract frictional heating within the flow loop’s circulating pump
and flow lines.

Flow loop environmental data, such as flow rate, temperature, water and gas pressure, are
recorded digitally. The flow rate is measured with a calibrated turbine-style flow meter mounted
along the top horizontal leg of the loop. Water temperature is measured with two thermocouples,
one inserted into the circulating water from above the acrylic chambers, and one inserted at the
base of the capture cone chamber. With the circulating pump running, the two temperature readings
become equal in less than a minute. Pressure is measured in the lower horizontal leg of the flow
loop in the return line to the circulating pump. Syringe pump data, including volume, pressure and
injection rates, are recorded in a separate digital file.

Bubbles are analyzed based on recorded imagery from the camera mounted in front of the
capture cone. Rulers mounted in front of and behind the acrylic outer chamber are used to quantify
bubble size and height within the cone.

2.3 Methods
This study reports on bubbles of air, xenon gas, and xenon hydrate-coated bubbles in de-aerated
tap water. Xenon is chosen as the hydrate-forming gas instead of methane because, though they
both form the sI hydrate structure, xenon hydrate forms at pressure and temperature conditions
(Fig. 6) that are modest enough to be recreated in an optically-clear chamber. The hydrate for-
mation technique is described below, along with the methodology for two types of experiments:
captured bubble tests, ideal for observations of a single bubble’s evolution over time; and free-rise
tests, which are better suited for quantifying bubble rise rates. Procedures for obtaining bubble
locations, size and shape from the available imagery are presented at the end of this section along
with estimates for the primary sources of error.

2.3.1 Hydrate formation technique

Though xenon hydrate is stable at the ∼1 MPa, 9.7◦C test conditions used here, the dissolved
xenon concentration in the circulating water must be sufficiently high before hydrate formation
at the bubble surface can outpace the dissolution of gas into the circulating water. This behavior
has been observed in previous flow loop studies [Maini and Bishnoi, 1981; Warzinski et al., 2014;
Chen et al., 2014]. Like methane, xenon forms a structure I hydrate [Sloan and Koh, 2008], but
compared to methane hydrate, relatively little is known about the solubility of xenon in the presence
of hydrate. Without a known target xenon concentration, pulses of xenon bubbles were simply
injected into the flow loop and allowed to dissolve until hydrate formation was observed on the
bubbles. Once these first hydrate-forming bubbles dissolved, a single xenon bubble was injected
and the circulation pump was tuned to hold the bubble level with the camera, near the top of the
capture cone. As the captured bubble dissolved over time, the circulating water pump speed was
reduced to maintain the hydrate-coated bubble’s position in the capture cone. Movies were taken
periodically to track the bubble’s shape over time.
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Figure 2: Pressure and temperature conditions for the flow loop tests.  Shaded region indicates the 
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boundary is an exponential fit to the data compiled by Sloan and Koh [18] (green stars). Green 

squares are phase boundary measurements by Ohgaki [19]. Throughout this report, air results are 
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measurements. Open green circles represent hydrate-free xenon bubbles, and solid green circles 
represent hydrate-coated bubbles. 
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Though xenon hydrate is stable at the ~1 MPa, 9.7°C test conditions used here, the dissolved xenon concentration in 
the circulating water must be sufficiently high before hydrate formation at the bubble surface can outpace the 
dissolution of gas into the circulating water. This behavior has been observed in previous flow loop studies [16, 17, 
20]. Like methane, xenon forms a structure I hydrate [18], but compared to methane hydrate, relatively little is 
known about the solubility of xenon in the presence of hydrate. Without a known target xenon concentration, pulses 
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4 6 8 10 12 14 16 18 20 22 24 26
Temperature [°C]

0

0.5

1

1.5
Pr

es
su

re
 [M

Pa
]

Air bubble
release conditions

Xenon hydrate 
stability region

Xenon hydrate bubble
release conditions

Xenon bubble
release conditions

Figure 6. Pressure and temperature conditions for the flow loop tests. Shaded region indicates the elevated
pressures and reduced temperatures required for xenon hydrate formation. Phase boundary is an exponen-
tial fit to the data compiled by Sloan and Koh [2008] (green stars). Green squares are phase boundary
measurements by Ohgaki et al. [2000]. Throughout this report, air results are plotted as black triangles
facing upward for 1 MPa measurements, and downward for 0.7 MPa measurements. Open green circles
represent hydrate-free xenon bubbles, and solid green circles represent hydrate-coated bubbles.

2.3.2 Bubble capture

Capturing a bubble requires limiting both the vertical and horizontal motion of the bubble. Vertical
motion can be balanced in the capture cone by tuning the water flow rate and taking advantage of
the cone’s shape. The cone provides a gentle velocity gradient as water passes through the narrow
upper opening of the cone (∼20 cm2), slowing as the water moves through the ever-widening cone
until reaching the cone’s bottom (∼60 cm2). The factor of ∼3 increase in cross-sectional area
imparts a factor of 3 drop in velocity over the cone’s 28 cm height, making it relatively easy to
tune the circulating flow rate so a bubble of interest can be captured at a given position in the cone.
Typical flow rates are 300–600 cc/s (4.75–9.5 gal/min).

To restrict lateral bubble motion and prevent bubble interactions with the flow loop walls, the
ideal water velocity profile should be slow along the flow loop’s central axis, and faster away from
the central axis (Fig. 7). Bubbles rising in such an environment tend to slide toward the flow
loop axis, out of the path of the fastest-moving water. The flow loop used here employs a vortexer
developed at the University of New Hampshire (white cylinder atop the capture chamber in Fig. 5).
The vortexer is a plastic, 3D printed cylinder supporting a helix within the cylinder. Circulating
water passes through the vortexer’s helix, which establishes a rotation to the flow. This rotation
preferentially pushes dense water away from the flow loop’s central axis, helping to restrict the low
density gas bubbles to the near-axis region. A cloud of injected bubbles demonstrates the overall
bubble motion is to rise along the central axis and fall when pushed away from the central axis
by other bubbles, implying the vortexer establishes a water velocity profile similar to the idealized
case in Fig. 7.

Because the vertical water velocity profile is shaped conceptually as shown in Fig. 7, rather
than being uniform across a given surface, the velocity along the central axis that balances the
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bubble’s rise is not known precisely. Consequently, the capture technique is used to observe bubble
evolution over time, rather than to quantify rise rates in absolute terms.
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Figure 3: Xenon gas bubble captured in the flow loop capture cone.  An idealized water velocity profile is indicated 

by the downward arrows.  To retain a bubble near the central axis, the water should be slow near the axis, increase to 
a peak velocity away from the axis before boundary effects at the chamber walls reduce the water velocity.  This 

profile is accomplished here with a vortexer mounted above the capture cone (see Fig. 1). 
 
3.3  Free Rise 
To quantify bubble rise rates, individual bubbles are released when the flow loop water is stationary and the 
temperature is held at the conditions shown in Fig. 2. The bubble rise is tracked at 240 frames per second, and 
frames are noted when the bubble passes six ruler locations (Fig. 4).  As discussed in the “Error analysis” section, 
the bubble is assumed to travel up the flow loop’s central axis.  The assumed bubble positions are calculated for 

Figure 7. Xenon gas bubble captured in the flow loop capture cone. An idealized water velocity profile is
indicated by the downward arrows. To retain a bubble near the central axis, the water should be slow near
the axis, increase to a peak velocity away from the axis before boundary effects at the chamber walls reduce
the water velocity. This profile is accomplished here with a vortexer mounted above the capture cone (see
Fig. 5).

2.3.3 Free rise

To quantify bubble rise rates, individual bubbles are released when the flow loop water is stationary
and the temperature is held at the conditions shown in Fig. 6. The bubble rise is tracked at 240
frames per second, and frames are noted when the bubble passes six ruler locations (Fig. 8). As
discussed in the “Error analysis” section, the bubble is assumed to travel up the flow loop’s central
axis. The assumed bubble positions are calculated for each ruler location in Fig. 8 (left) by applying
Snell’s law to the acrylic interfaces and water layers (see Fig. 9). The rise rate is taken as the slope
of the linear fit through the location versus time data (Fig. 8).

2.3.4 Bubble size and shape characterization

Bubbles are assumed to be ellipsoidal in this study, so their size and shape are described by bubble
height and diameter measurements made on an image of the bubble taken when the bubble is level
with the camera and the front and back ruler values are equal (Fig. 8, left, 8-cm mark, location
#3). Each bubble dimension is taken as the average of the measurements made using the front and
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each ruler location in Fig. 4 (left) by applying Snell’s law to the acrylic interfaces and water layers (see Fig. 5). The 
rise rate is taken as the slope of the linear fit through the location versus time data (Fig. 4). 
 

 
 

Figure 4: Free rise velocity calculation. A bubble’s position is tracked at 240 frames per second as 
it passes the 6 locations indicated by red lines (left).  Rise velocity is taken as the slope of the 
linear fit through the rise height versus rise time data (right). Bubble diameter and height are 

calculated from the bubble image as it passes the 8 cm mark, location #3 (left). 
 
3.4  Bubble size and shape characterization 
Bubbles are assumed to be ellipsoidal in this study, so their size and shape are described by bubble height and 
diameter measurements made on an image of the bubble taken when the bubble is level with the camera and the 
front and back ruler values are equal (Fig. 4, left, 8 cm mark, location #3). Each bubble dimension is taken as the 
average of the measurements made using the front and back rulers, meaning the bubble is assumed to be midway 
between the rulers.  The uncertainty this approach creates is discussed in section 3.5 “Error analysis.” 

To compare measured bubble properties with literature results, it is convenient to describe the bubble size in terms 
of an effective spherical diameter, de, which is the diameter of a sphere of the same volume as the bubble of interest. 
For the ellipsoidal bubble shapes assumed in this work, de is given by: 
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Figure 8. Free rise velocity calculation. A bubble’s position is tracked at 240 frames per second as it passes
the 6 locations indicated by red lines (left). Rise velocity is taken as the slope of the linear fit through the
rise height versus rise time data (right). Bubble diameter and height are calculated from the bubble image
as it passes the 8-cm mark, location #3 (left).

back rulers, meaning the bubble is assumed to be midway between the rulers. The uncertainty this
approach creates is discussed in the “Error analysis” section.

To compare measured bubble properties with literature results, it is convenient to describe the
bubble size in terms of an effective spherical diameter, de, which is the diameter of a sphere of the
same volume as the bubble of interest. For the ellipsoidal bubble shapes assumed in this work, de
is given by:

de = (d2h)1/3, (7)

where d and h are the bubble’s measured diameter and height, respectively. A second shape pa-
rameter of interest is the flatness, f :

f =
d− h
d

. (8)
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Both the bubble’s volume, as described by its equivalent diameter, de, and flatness, f , play critical
roles in determining a bubble’s overall rise rate.

2.3.5 Error analysis

The fundamental source of error in this study is due to single vantage-point observations. With
only a single camera, it is impossible to measure the “front-to-back” location of a bubble along
the line of sight. A modest constraint is possible because the vortexer forces captured bubbles to
remain near the central axis, and free-rise bubbles are excluded if they contact the cone walls (as
determined by eye from the side of the apparatus in conjunction with the camera’s bubble track).
With these constraints, and knowing the top of the cone has a 2.54-cm radius, the bubble can be
generally assumed to exist within 2.54 cm of the flow loop’s central axis. To establish potential
errors in bubble position and size, this radial constraint must be paired with the true ray paths
for light passing between given points on the front and back rulers. Fig. 9 (left) is a side view
schematic of the capture cone in the acrylic chamber, and combines the radial position constraint
(dashed red lines) with the refracted paths of light traveling between the ruler marks used in Fig. 8
for determining free rise velocities. Because the indices of refraction, n, for the acrylic, 1.49 [Tap
Plastics, 2015], and water, 1.33 [Weast et al., 1989], are similar, and the incident angles, θ, between
the light rays and the chamber interfaces do not deviate significantly from 90◦, the complete ray
paths calculated via Snell’s Law:

nacryllic sin θacryllic = nwater sin θwater, (9)

show very little deviation from refraction-free straight lines. Nonetheless, because the rise velocity
is calculated by assuming the bubble travels directly up the central axis of the cone, there is a
±12% uncertainty in the rise rate due to the possibility of the bubble traveling along either the
shortest path (close to the camera) or the longest (away from the camera).

Similarly, the bubble diameter is calculated as the average between the dimensions taken from
the back and front rulers, meaning the bubble is assumed to be located on the central axis of the
capture cone. If the bubble’s true location were 2.54 cm away from the central axis, the diameter
estimates would be off by ±12.5%.

Error in the time component of the velocity calculation is insignificant because timing is based
on the camera’s frame rate. An independent frame rate check performed by taking a movie of a
digital timer shows the measured frame rate is within 0.5 frames per second of the assumed 240
frames per second rate. Errors in counting frames as the bubble travels between the red height
marks in Fig. 8 (left) are minimized by the linear regression to the data (Fig. 8, right), which
always has an R2 > 0.999.

2.4 Results and discussion
Four types of observations are included in this study: 1) hydrate formation on the surface of bub-
bles; 2) evolution of a hydrate-coated bubble over time at constant pressure; 3) evolution of a
hydrate-coated bubble during a simulated rise through the water column (decreasing pressure);
and 4) bubble rise-rate measurements of air, xenon gas, and xenon-hydrate coated bubbles in still
water.
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where d and h are the bubble’s measured diameter and height, respectively. A second shape parameter of interest is 
the flatness, f: 

( = )*+
) .                (2) 

Both the bubble’s volume, as described by its equivalent diameter, de, and flatness, f, play critical roles in 
determining a bubble’s overall rise rate. 
 
3.5  Error analysis 
The fundamental source of error in this study is due to single vantage-point observations. With only a single camera, 
it is impossible to measure the “front-to-back” location of a bubble along the line of sight.  A modest constraint is 
possible because the vortexer forces captured bubbles to remain near the central axis, and free-rise bubbles are 
excluded if they contact the cone walls (as determined by eye from the side of the apparatus in conjunction with the 
camera’s bubble track).  With these constraints, and knowing the top of the cone has a 2.54 cm radius, the bubble 
can be generally assumed to exist within 2.54 cm of the flow loop’s central axis. To establish potential errors in 
bubble position and size, this radial constraint must be paired with the true ray paths for light passing between given 
points on the front and back rulers.  Fig. 5 (left) is a side view schematic of the capture cone in the acrylic chamber, 
and combines the radial position constraint (dashed red lines) with the refracted paths of light traveling between the 
ruler marks used in Fig. 4 for determining free rise velocities.  Because the indices of refraction, n, for the acrylic, 
1.49 [21], and water, 1.33 [22], are similar, and the incident angles, q, between the light rays and the chamber 
interfaces do not deviate significantly from 90°, the complete ray paths calculated via Snell’s Law: 
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show very little deviation from refraction-free straight lines. Nonetheless, because the rise velocity is calculated by 
assuming the bubble travels directly up the central axis of the cone, there is a ±12% uncertainty in the rise rate due 
to the possibility of the bubble traveling along either the shortest path (close to the camera) or the longest (away 
from the camera). 

 
Figure 5: Measurement uncertainties in the bubble position (left) and size (right).  The acrylic 

chamber and cone are shaded in gray, water is shaded blue.  Light rays connecting the back ruler 
(left side of each diagram) and front ruler (right side of each diagram) are shown in solid blue line 
segments, with blue circles highlighting interface intersections.  Light paths are calculated from 

Snell’s Law (Eq. 3).  Bubbles are rejected if they interact with the cone walls, and are assumed to 
remain within 2.54 cm of the central axis (red dashed lies).  The rise height uncertainty is ±12%, 

and the bubble size uncertainty is ±12.5%. 
 
Similarly, the bubble diameter is calculated as the average between the dimensions taken from the back and front 
rulers, meaning the bubble is assumed to be located on the central axis of the capture cone.  If the bubble’s true 
location were 2.54 cm away from the central axis, the diameter estimates would be off by ±12.5%. 
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Figure 9. Measurement uncertainties in the bubble position (left) and size (right). The acrylic chamber
and cone are shaded in gray, water is shaded blue. Light rays connecting the back ruler (left side of each
diagram) and front ruler (right side of each diagram) are shown in solid blue line segments, with blue circles
highlighting interface intersections. Light paths are calculated from Snell’s Law (Eq. (9)). Bubbles are
rejected if they interact with the cone walls, and are assumed to remain within 2.54 cm of the central axis
(red dashed lies). The rise height uncertainty is ±12%, and the bubble size uncertainty is ±12.5%.

2.4.1 Hydrate formation on the surface of bubbles

The formation of hydrate shells on bubbles of hydrate forming gas is known to require elevated
concentrations of hydrate-forming gas to already be dissolved in the flow loop water [Maini and
Bishnoi, 1981; Warzinski et al., 2014; Chen et al., 2014]. The dissolved hydrate former’s presence
slows the rate of dissolution from the bubble, eventually slowing the dissolution enough for the
hydrate- forming gas to form a hydrate shell at the bubble’s surface rather than simply dissolving
into the surrounding water. Thus, the first xenon bubbles released into the flow loop at 9.7◦C and
∼1 MPa were hydrate-free, in spite of being well within the xenon hydrate stability field (Fig. 6).
These initial bubbles had shiny, flexible surfaces and were transparent (Fig. 10A).

After several gas injection and bubble dissolution cycles, the dissolved xenon content ap-
proached 0.0168 moles/kg water, and some bubbles began forming opaque, frosty shells, even
while their neighbors remained clear and seemingly hydrate free (Fig. 10A, top). A few bubbles
were observed in transition between being hydrate-free and hydrate-coated, and like the initial
stages of shell growth observed by Warzinski et al. [2014], the transition bubbles had clear, seem-
ingly hydrate-free tops, and a hydrate shell on the bottom (Fig. 10B, bottom). Warzinski et al.
[2014] attributed this growth pattern to the elevated concentration of dissolved gas in the turbulent,
recirculating wake beneath a bubble relative to the water washing over the bubble’s top. Collisions
between frosted and clear bubbles did not appear to nucleate hydrate growth on the clear bub-
bles. Once all of the coexisting hydrate-free, hydrate-coated and combination bubbles dissolved,
subsequent bubbles appeared to rapidly grow fairly uniform shells (Fig. 10C), as discussed in the
next section. These rapid-formation shells had a matte gray look rather than the frosty white form
observed when hydrate-free and hydrate-coated bubbles coexisted.
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Error in the time component of the velocity calculation is insignificant because timing is based on the camera’s 
frame rate.  An independent frame rate check performed by taking a movie of a digital timer shows the measured 
frame rate is within 0.5 frames per second of the assumed 240 frames per second rate.  Errors in counting frames as 
the bubble travels between the red height marks in Fig. 4 (left) are minimized by the linear regression to the data 
(Fig. 4, right), which always has an R2 > .999. 

 
4.  Results and Discussion 

 
Four types of observations are included in this study: 1) hydrate formation on the surface of bubbles; 2) evolution of 
a hydrate-coated bubble over time at constant pressure; 3) evolution of a hydrate-coated bubble during a simulated 
rise through the water column (decreasing pressure); and 4) bubble rise-rate measurements of air, xenon gas, and 
xenon-hydrate coated bubbles in still water. 
 
4.1  Hydrate formation on the surface of bubbles 
The formation of hydrate shells on bubbles of hydrate forming gas is known to require elevated concentrations of 
hydrate-forming gas to already be dissolved in the flow loop water [16, 17, 23]. The dissolved hydrate former’s 
presence slows the rate of dissolution from the bubble, eventually slowing the dissolution enough for the hydrate-
forming gas to form a hydrate shell at the bubble’s surface rather than simply dissolving into the surrounding water. 
Thus, the first xenon bubbles released into the flow loop at 9.7 °C and ~1 MPa were hydrate-free, in spite of being 
well within the xenon hydrate stability field (Fig. 2). These initial bubbles had shiny, flexible surfaces and were 
transparent (Fig. 6A). 

After several gas injection and bubble dissolution cycles, the dissolved xenon content approached 0.0168 moles/kg 
water, and some bubbles began forming opaque, frosty shells, even while their neighbors remained clear and 
seemingly hydrate free (Fig. 6A, top). A few bubbles were observed in transition between being hydrate-free and 
hydrate-coated, and like the initial stages of shell growth observed by Warzinski et al. [17], the transition bubbles 
had clear, seemingly hydrate-free tops, and a hydrate shell on the bottom (Fig. 6B, bottom). Warzinski et al. [17] 
attributed this growth pattern to the elevated concentration of dissolved gas in the turbulent, recirculating wake 
beneath a bubble relative to the water washing over the bubble’s top. Collisions between frosted and clear bubbles 
did not appear to nucleate hydrate growth on the clear bubbles. Once all of the coexisting hydrate-free, hydrate-
coated and combination bubbles dissolved, subsequent bubbles appeared to rapidly grow fairly uniform shells (Fig. 
6C), as discussed in the next section. These rapid-formation shells had a matte gray look rather than the frosty white 
form observed when hydrate-free and hydrate-coated bubbles coexisted. 

 
Figure 6: Bubble morphology with increasing dissolved-phase xenon content. (A) Initially shiny, 

transparent bubbles give way to bubbles that are (B) fully or partially coated in a white, frosty 
hydrate shell at 9.7 °C, ~1 MPa when the dissolved phase xenon concentration reaches 0.0168 
moles Xe/kg water. (C) Subsequent bubbles form uniform, gray shells even before the bubbles 

themselves are observable in the chamber. 
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Figure 10. Bubble morphology with increasing dissolved-phase xenon content. (A) Initially shiny, transpar-
ent bubbles give way to bubbles that are (B) fully or partially coated in a white, frosty hydrate shell at 9.7◦C,
∼1 MPa when the dissolved phase xenon concentration reaches 0.0168 moles Xe/kg water. (C) Subsequent
bubbles form uniform, gray shells even before the bubbles themselves are observable in the chamber.

2.4.2 Evolution of a hydrate-coated bubble at constant pressure

Fig. 11 illustrates the collapse, over time, of a xenon-hydrate coated bubble at constant pressure
and temperature. The bubble was initially ellipsoidal (Fig. 11, image 1), and though the bubble had
a hydrate shell from the moment it rose into the capture cone, the shell was thin enough to vaguely
see the brown ruler behind the bubble. The bubble’s initial equivalent diameter was 4.6 mm. After
only two minutes (image pair 2), the shell thickened enough to become opaque. Almost immedi-
ately, the bubble began collapsing as xenon was either consumed to thicken the hydrate shell or
diffused into the circulating water. Though the top portion of the bubble acquired a dent almost
immediately, this portion of the bubble remained otherwise smooth and generally unchanged for
the duration of the test (upper sequence of images in Fig. 11). By comparison, the lower portion
of bubble eroded significantly. An initial dent (lower image 2) broadened and deepened (lower im-
ages 3–5), eventually becoming a channel spanning the length of the bubble (lower image 6). The
bubble thinned, taking on a catamaran shape with most of the remaining bubble volume existing
in two sacks running along the two long sides of the bubble (lower image 7). The appearance of
wrinkled or partially-collapsed hydrate-coated bubbles has also been observed for methane bubbles
[Chen et al., 2014].

Over the course of the test at constant water pressure, bubble thickness and velocity decreased
by ∼33%, with only a 10% decrease in diameter. The bubble appeared intact for the entire test.
Observable bubbles of xenon were not released from the primary bubble, nor did the bubble ob-
servably slough off flakes of hydrate. Previous flow loop tests for methane hydrate-coated bubbles
did observe flakes of hydrate being shed from bubbles [Maini and Bishnoi, 1981; Warzinski et al.,
2014], though shedding was observed when the formation conditions were several MPa above
the stability curve. Maini and Bishnoi [1981] note that hydrate formation was so rapid at the ex-
tremely high formation pressures for which flaking was most prominent, that stabilizing a bubble
was difficult. Rather than forming a hydrate shell, the “bubble rapidly collapsed into large flakes
of hydrate.” For less aggressive formation pressures, hydrate was not observed to flake off bubbles
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[Maini and Bishnoi, 1981]. Flaking was also observed to cease once the bubble developed a uni-
form shell [Warzinski et al., 2014]. As the xenon hydrate tests described in this work used only
modest pressure oversteps into the hydrate stability region (<1 MPa), and the observed hydrate
shells appeared uniform once the dissolved phase xenon concentration exceeded ∼0.0168 moles
Xe/kg water, the absence of flaking in these tests agreed with existing observations.

	

4.2  Evolution of a hydrate-coated bubble at constant pressure 
Fig. 7 illustrates the collapse, over time, of a xenon-hydrate coated bubble at constant pressure and temperature. The 
bubble was initially ellipsoidal (Fig. 7, image 1), and though the bubble had a hydrate shell from the moment it rose 
into the capture cone, the shell was thin enough to vaguely see the brown ruler behind the bubble.  The bubble’s 
initial equivalent diameter was 4.6 mm. After only two minutes (image pair 2), the shell thickened enough to 
become opaque. 

Almost immediately, the bubble began collapsing as xenon was either consumed to thicken the hydrate shell or 
diffused into the circulating water. Though the top portion of the bubble acquired a dent almost immediately, this 
portion of the bubble remained otherwise smooth and generally unchanged for the duration of the test (upper 
sequence of images in Fig. 7). By comparison, the lower portion of bubble eroded significantly. An initial dent 
(lower image 2) broadened and deepened (lower images 3-5), eventually becoming a channel spanning the length of 
the bubble (lower image 6). The bubble thinned, taking on a catamaran shape with most of the remaining bubble 
volume existing in two sacks running along the two long sides of the bubble (lower image 7). The appearance of 
wrinkled or partially-collapsed hydrate-coated bubbles has also been observed for methane bubbles [23]. 

 
Figure 7: Evolution of a hydrate-coated bubble over time at constant pressure. The bubble shell 

deformed and appeared to collapse as the bubble shrank. Volume loss was greatest in the vertical 
direction: most of the deformation and erosion occurred on the underside of the bubble (images set 
below the trend of relative velocity with time). The bubble’s top side acquires a dent early on, but 

otherwise appears to remain largely unchanged (images set above the trend of relative velocity 
with time). Relative to the bubble’s initial rise rate, the velocity loss was nearly linear with time, 

accelerating only slightly over the course of the test. 
 

Over the course of the test at constant water pressure, bubble thickness and velocity decreased by ~33%, with only a 
10% decrease in diameter. The bubble appeared intact for the entire test. Observable bubbles of xenon were not 
released from the primary bubble, nor did the bubble observably slough off flakes of hydrate. Previous flow loop 
tests for methane hydrate-coated bubbles did observe flakes of hydrate being shed from bubbles [16, 17], though 
shedding was observed when the formation conditions were several MPa above the stability curve. Maini and 
Bishnoi [16] note that hydrate formation was so rapid at the extremely high formation pressures for which flaking 
was most prominent, that stabilizing a bubble was difficult. Rather than forming a hydrate shell, the “bubble rapidly 
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Figure 11. Evolution of a hydrate-coated bubble over time at constant pressure. The bubble shell deformed
and appeared to collapse as the bubble shrank. Volume loss was greatest in the vertical direction: most of
the deformation and erosion occurred on the underside of the bubble (images set below the trend of relative
velocity with time). The bubble’s top side acquires a dent early on, but otherwise appears to remain largely
unchanged (images set above the trend of relative velocity with time). Relative to the bubble’s initial rise
rate, the velocity loss was nearly linear with time, accelerating only slightly over the course of the test.

2.4.3 Evolution of a hydrate-coated bubble during a simulated rise (decreasing pressure)

Fig. 12 shows the evolution of the final hydrate-coated bubble from Fig. 11 (image pair 7) as the
flow loop pressure was decreased from ∼1 MPa to ∼0.3 MPa at 0.073 MPa/min. The depressur-
ization rate was chosen to mimic the rise of a bubble traveling at the ∼12.5 cm/s calculated for
the collapsed bubble at the end of the bubble evolution test. This rise rate remains an uncalibrated
value due to the unknown flow velocity along the flow loop’s central axis, so the depressuriza-
tion rate was not likely chosen in perfect agreement with the bubble’s true initial rise velocity. In
Fig. 12, image 1 is the bubble as it was at the end of the evolution test, with most of the bubble
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volume held in two lobes on either side of the bubble’s collapsed central axis. As the pressure
dropped, the bubble appeared to expand as though it were a balloon being re-inflated, which has
also been observed in laboratory studies of methane-hydrate coated bubbles [Chen et al., 2014].
Images 2 and 3 in Fig. 12 show expansion in the two lobes, and the lobes began reconnecting with
each other on the side of the bubble facing the camera in image 4. Image 5 shows a more fully
expanded bubble where the central crease through the bubble from image 1 appeared to have filled
in completely. As image 6 shows, however, the bubble took on a donut shape, with one missing
section (in the foreground of image 6, but hidden in the background of image 5). Bubble expansion
corresponded to a rise rate increase of ∼17%, in spite of the distorted shape of the bubble’s upper
surface.

	

collapsed into large flakes of hydrate [16].” For less aggressive formation pressures, hydrate was not observed to 
flake off bubbles [16].  Flaking was also observed to cease once the bubble developed a uniform shell [17].  As the 
xenon hydrate tests described in this work used only modest pressure oversteps into the hydrate stability region (< 1 
MPa), and the observed hydrate shells appeared uniform once the dissolved phase xenon concentration exceeded ~ 
0.0168 moles Xe/kg water, the absence of flaking in these tests agreed with existing observations. 
 
4.3  Evolution of a hydrate-coated bubble during a simulated rise (decreasing pressure) 
Fig. 8 shows the evolution of the final hydrate-coated bubble from Fig. 7 (image pair 7) as the flow loop pressure 
was decreased from ~1 MPa to ~.3 MPa at 0.073 MPa/min. The depressurization rate was chosen to mimic the rise 
of a bubble traveling at the ~12.5 cm/s calculated for the collapsed bubble at the end of the bubble evolution test. 
This rise rate remains an uncalibrated value due to the unknown flow velocity along the flow loop’s central axis, so 
the depressurization rate was not likely chosen in perfect agreement with the bubble’s true initial rise velocity.  In 
Fig. 8, image 1 is the bubble as it was at the end of the evolution test, with most of the bubble volume held in two 
lobes on either side of the bubble’s collapsed central axis. As the pressure dropped, the bubble appeared to expand 
as though it were a balloon being re-inflated, which has also been observed in laboratory studies of methane-hydrate 
coated bubbles [23]. Images 2 and 3 in Fig. 8 show expansion in the two lobes, and the lobes began reconnecting 
with each other on the side of the bubble facing the camera in image 4. Image 5 shows a more fully expanded bubble 
where the central crease through the bubble from image 1 appeared to have filled in completely.  As image 6 shows, 
however, the bubble took on a donut shape, with one missing section (in the foreground of image 6, but hidden in 
the background of image 5). Bubble expansion corresponded to a rise rate increase of ~17%, in spite of the distorted 
shape of the bubble’s upper surface. 

 
Figure 8: Evolution of a hydrate-coated bubble as pressure decreased to simulate a bubble rising at 
a constant 12.5 cm/s (green circles). Image 1 is taken from the final state of the bubble evolution 

test (image 7 in Fig. 7). During depressurization, the bubble appeared to re-inflate, with a 
corresponding rise rate increase. The shell appeared to remain intact throughout the expansion, 
persisting even when the bubble exited the hydrate stability zone (shaded green region). Phase 
boundary is an exponential fit to the data compiled by Sloan and Koh [18] (green stars). Green 

squares are phase boundary measurements by Ohgaki [19]. 
 

As pressure dropped 0.05 MPa (~6 psi) below the xenon hydrate stability pressure, the hydrate shell persisted for at 
least 12 minutes. The bubble’s final decay was not observed. Image 7 in Fig. 8 was the same orientation as image 5, 
but taken from slightly below the bubble to highlight the gap visible in the foreground of the image 6 “donut.” 
Throughout the depressurization, and even outside the hydrate stability field, bubble expansion appeared to occur 
without the bubble leaking observable free xenon bubbles, or sloughing off visible flakes or pieces of the bubble 
shell.  It is likely the thinned shell at the far side of the bubble in image 1 dissolved along the collapsed central axis.  
This would account for the “missing” section of the donut in images 6 and 7, and could correspond to the very thin, 
hardly visible portion of shell at the lowest portion of the bubble in image 6. Though the hydrate shell appeared rigid 
in all movies of the bubble, the shell was capable of collapsing and expanding without observably rupturing or 

Xenon hydrate 
stability region

4 6 8 10 12 14 16 18 20
Temperature [°C]

0.2

0.4

0.6

0.8

1

1.2

Pr
es

su
re

 [M
Pa

]

Time

1

3

5

7

2

4

6

Figure 12. Evolution of a hydrate-coated bubble as pressure decreased to simulate a bubble rising at a con-
stant 12.5 cm/s (green circles). Image 1 is taken from the final state of the bubble evolution test (image 7 in
Fig. 11). During depressurization, the bubble appeared to re-inflate, with a corresponding rise rate increase.
The shell appeared to remain intact throughout the expansion, persisting even when the bubble exited the
hydrate stability zone (shaded green region). Phase boundary is an exponential fit to the data compiled
by Sloan and Koh [2008] (green stars). Green squares are phase boundary measurements by Ohgaki et al.
[2000].

As pressure dropped 0.05 MPa (∼6 psi) below the xenon hydrate stability pressure, the hydrate
shell persisted for at least 12 minutes. The bubble’s final decay was not observed. Image 7 in
Fig. 12 was the same orientation as image 5, but taken from slightly below the bubble to highlight
the gap visible in the foreground of the image 6 “donut.” Throughout the depressurization, and
even outside the hydrate stability field, bubble expansion appeared to occur without the bubble
leaking observable free xenon bubbles, or sloughing off visible flakes or pieces of the bubble shell.
It is likely the thinned shell at the far side of the bubble in image 1 dissolved along the collapsed
central axis. This would account for the “missing” section of the donut in images 6 and 7, and could
correspond to the very thin, hardly visible portion of shell at the lowest portion of the bubble in
image 6. Though the hydrate shell appeared rigid in all movies of the bubble, the shell was capable
of collapsing and expanding without observably rupturing or releasing free gas at any point during
the test. The water clarity did not change as the system depressurized below the hydrate stability
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zone, indicating the circulating water was not fully saturated with xenon during this test. Had the
water been fully saturated, depressurizing out of the stability field at constant pressure would have
supersaturated the fluid, caused bubbles to form in the circulating water and either made the water
cloudy or created observable bubbles.

2.4.4 Rise rate observations

A series of free rise experiments were run to observe rise velocities of air, xenon gas, and xenon
hydrate-coated bubbles. As bubbles rose through stationary water past the observation camera, the
measured velocity of each bubble was constant (see example data in Fig. 8), suggesting each bubble
reached its terminal velocity prior to entering the measurement region. Terminal rise velocities
have been studied in detail for bubbles, and it is the approach of McGinnis et al. [2006] that is
followed here. As McGinnis et al. [2006] note, bubble rise velocities are size dependent, but
this dependency itself differs dramatically depending on whether bubbles are small enough to be
considered as rigid spheres, or large enough to deform as they rise. For rigid spheres, the rise
velocity, vsmall, is related to the equivalent diameter, de, via:

vsmall =

(
4deg(1− ρg/ρw)

3CD

)1/2

, (10)

CD =
24

Re
+

3√
Re

+ 0.34, (11)

Re (Reynolds number) =
ρwvsmallde

µw
, (12)

where g is the gravitational constant, ρg and ρw are the densities of gas and water, respectively,
CD is the drag coefficient, and µw is the dynamic viscosity of water [McGinnis et al., 2006].
Equations (10)–(12) can be solved iteratively to obtain a curve for vsmall versus de.

Larger bubbles that can deform follow a second relationship between velocity, vlarge, and de
[McGinnis et al., 2006]:

vlarge =

(
2σw

de(ρw + ρg)
+
gde
2

)1/2

, (13)

where σw is the water–gas interfacial tension. A study by Wüstneck et al. [2007] suggests a single
value for surface tension, 0.0725 N/m, should be used for water in the presence of either air or
xenon. McGinnis et al. [2006] use the method of Jamialahmadi et al. [1994] to combine Eqs. (10)
and (13) and obtain a single relation between velocity and bubble size:

vcombined =
(
v−2small + v−2large

)−1/2 (14)

The parameters used to obtain curves for Eqs. (10)–(13) are given in Table 2 [Sifner and Klomfar,
1994].

Curves for the small, large and combined bubble rise velocities are shown in Fig. 13. In general,
the predicted combined velocity curves indicate a transition from a steep dependence of velocity
on bubble diameter for small bubbles to a slower velocity increase with bubble diameter for larger
bubbles. Water density exerts a far more significant control on the curves than the relatively small
gas densities, but the large molecular weight of xenon is enough to slightly lower the xenon curves
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Table 2. Parameters used in Equations (10)–(13) to generate curves shown in Figure 13.

	

releasing free gas at any point during the test. The water clarity did not change as the system depressurized below 
the hydrate stability zone, indicating the circulating water was not fully saturated with xenon during this test.  Had 
the water been fully saturated, depressurizing out of the stability field at constant pressure would have 
supersaturated the fluid, caused bubbles to form in the circulating water and either made the water cloudy or created 
observable bubbles. 

 
4.4  Rise rate observations 
A series of free rise experiments were run to observe rise velocities of air, xenon gas, and xenon hydrate-coated 
bubbles. As bubbles rose through stationary water past the observation camera, the measured velocity of each 
bubble was constant (see example data in Fig. 4), suggesting each bubble reached its terminal velocity prior to 
entering the measurement region. Terminal rise velocities have been studied in detail for bubbles, and it is the 
approach of McGinnis et al. [12] that is followed here. As McGinnis et al. [12] note, bubble rise velocities are size 
dependent, but this dependency itself differs dramatically depending on whether bubbles are small enough to be 
considered as rigid spheres, or large enough to deform as they rise. For rigid spheres, the rise velocity, vsmall, is 
related to the equivalent diameter, de, via: 
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where g is the gravitational constant, rg and rw are the densities of gas and water, respectively, CD is the drag 
coefficient, and µw is the dynamic viscosity of water [12]. Equations 4-6 can be solved iteratively to obtain a curve 
for vsmall versus de. 

Larger bubbles that can deform follow a second relationship between velocity, vlarge, and de [12]: 
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where sw is the water’s surface tension. A study by Wüstneck et al. [24] suggests a single value for surface tension, 
.0725 N/m, should be used for water in the presence of either air or xenon. McGinnis et al. [12] use the method of 
Jamialahmadi et al. [25] to combine equations 4 and 7 and obtain a single relation between velocity and bubble size: 
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The parameters used to obtain curves for equations 4, 7 and 8 are given in Table 1. 

Table 1. Parameters used in Equations 4-8 to generate curves shown in Figure 9. 
Parameter Value Reference 

Density of air, rair, 25 °C, 1 MPa [kg/m3] 11.7 [26], Ideal gas law 
Density of water, rwater, 25 °C, 1 MPa [kg/m3] 997 [27] 

Density of water, rwater, 9.7 °C, 1 MPa [kg/m3] 1000 [27] 

Density of xenon, rxenon, 25 °C, 1 MPa [kg/m3] 55.3 [28] 

Density of xenon, rxenon, 9.7 °C, 1 MPa [kg/m3] 59.4 [28] 
Gravity, g [m/s2] 9.8 [22] 
Surface tension of water, sw [N/m] .0725 [24] 
Viscosity of water (dynamic), µw, 25 °C, 1 MPa [Pa·s (x10-6)] 889 [27] 

Viscosity of water (dynamic), µw, 9.7 °C, 1 MPa [Pa·s (x10-6)] 1316 [27] 

 

	

 
Figure 9: Rise velocity dependence on bubble size. Equations for small bubbles (Eq. 4, vsmall, blue curves), large 

bubbles (Eq. 7, vlarge, black curves), and their combination (Eq. 8, vcombined, red curves) are plotted using the 
parameters from Table 1. Solid curves are for air at 25 °C and 1 MPa, and are essentially indistinguishable from the 

curves for air at 25 °C and 0.7 MPa (not plotted for clarity). Dashed curves are for xenon at 25 °C and 1 MPa, 
showing a small offset with the solid curves due to the increased density of xenon relative to air. Dotted curves for 
xenon at 9.7 °C and 1 MPa are offset from the dashed lines primarily because the water viscosity change between 

9.7 and 25 °C (Eq. 4 and 8 only). Dot-dashed orange curve is digitized from Clift et al. [29] for air in contaminated 
water. Open symbols are hydrate-free bubbles of air (black triangles: 1 MPa; inverted triangles: 0.7 MPa) and xenon 

(circles). Differences due to density are not observable. Solid symbols are for hydrate-coated bubbles of xenon 
(solid green circles) and of methane (orange stars: 6.9 MPa data from Maini and Bishnoi [16], orange square: 

Warzinski et al. [17]). Though the rise velocity dependence is weak for de > 2.5 mm, data from captured, hydrate-
free xenon bubbles (open circles, inset) verifies the stronger dependence for smaller bubbles suggested by the 

theoretical curves. 
 

Curves for the small, large and combined bubble rise velocities are shown in Fig. 9. In general, the predicted 
combined velocity curves indicate a transition from a steep dependence of velocity on bubble diameter for small 
bubbles to a slower velocity increase with bubble diameter for larger bubbles. Water density exerts a far more 
significant control on the curves than the relatively small gas densities, but the large molecular weight of xenon is 
enough to slightly lower the xenon curves (dashed curves) relative to their values for air (solid curves). Water 
viscosity, which appears only in the small-bubble velocity calculation, has a large enough temperature dependence 
between 9.7 and 25 °C to modify the transition between steeply and slowly increasing velocities with increasing 
equivalent bubble diameter (dotted curves). Fig. 9 also contains an additional curve for air bubbles rising in 
contaminated water, digitized from Figure 7.3 in Clift et al. [29] (dot-dash curve), that has been used to describe the 
rise velocity of hydrate-coated “dirty bubbles” (e.g. [12, 30]). 

Considering the hydrate-free bubbles of air and xenon (open symbols in Fig. 9), velocities plot primarily between 
vlarge and vcombined, with air and xenon rise velocities overlapping in spite of their density differences. Overlap is 
expected given the small predicted velocity differences due to gas density differences (solid versus dashed curves). 
Xenon hydrate-coated bubbles (solid circles in Fig. 9) are slightly slower than hydrate-free bubbles, and are fairly 
well predicted by the vcombined curve. 

Previous measurements of methane hydrate (solid orange symbols in Fig. 9) plot close to, but slightly below the 
“dirty bubble” curve from Clift et al. [29]. To zeroth order, rise velocity data for bubbles with hydrate shells suggests 
there is very little dependence of rise velocity on bubble size, and that an approximate rise velocity estimate of 19 – 
20 cm/s could be applied. This estimate is on the high end of the ~15 – 20 cm/s range measured by Wang et al. [15] 
on naturally-occurring methane hydrate-coated bubbles from seafloor seeps in the Gulf of Mexico. Wang et al. [15] 
also showed rise velocities were essentially independent of bubble size (observed bubble sizes: 2.5 < de < 9 mm). 

As shown in Fig. 9, the transition to a stronger dependence of rise velocity on bubble diameter is predicted for 
bubble diameters below ~2.5 mm. In bubble capture tests on hydrate-free xenon bubbles in which single bubbles 
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Figure 13. Rise velocity dependence on bubble size. Equations for small bubbles (Eq. (10), vsmall, blue
curves), large bubbles (Eq. (13), vlarge, black curves), and their combination (Eq. (14), vcombined, red curves)
are plotted using the parameters from Table 2. Solid curves are for air at 25◦C and 1 MPa, and are essentially
indistinguishable from the curves for air at 25◦C and 0.7 MPa (not plotted for clarity). Dashed curves are
for xenon at 25◦C and 1 MPa, showing a small offset with the solid curves due to the increased density of
xenon relative to air. Dotted curves for xenon at 9.7◦C and 1 MPa are offset from the dashed lines primarily
because the water viscosity change between 9.7 and 25◦C (Eq. (10) and (14) only). Dot-dashed orange
curve is digitized from Clift et al. [1978] for air in contaminated water. Open symbols are hydrate-free
bubbles of air (black triangles: 1 MPa; inverted triangles: 0.7 MPa) and xenon (circles). Differences due
to density are not observable. Solid symbols are for hydrate-coated bubbles of xenon (solid green circles)
and of methane (orange stars: 6.9 MPa data from Maini and Bishnoi [1981], orange square: Warzinski et al.
[2014]). Though the rise velocity dependence is weak for de >2.5 mm, data from captured, hydrate-free
xenon bubbles (open circles, inset) verifies the stronger dependence for smaller bubbles suggested by the
theoretical curves.

(dashed curves) relative to their values for air (solid curves). Water viscosity, which appears only
in the small-bubble velocity calculation, has a large enough temperature dependence between 9.7
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and 25◦C to modify the transition between steeply and slowly increasing velocities with increasing
equivalent bubble diameter (dotted curves). Fig. 13 also contains an additional curve for air bubbles
rising in contaminated water, digitized from Figure 7.3 in Clift et al. [1978] (dot-dash curve), that
has been used to describe the rise velocity of hydrate-coated “dirty bubbles” (e.g., [McGinnis et al.,
2006; Wang and Socolofsky, 2015]).

Considering the hydrate-free bubbles of air and xenon (open symbols in Fig. 13), velocities plot
primarily between vlarge and vcombined, with air and xenon rise velocities overlapping in spite of their
density differences. Overlap is expected given the small predicted velocity differences due to gas
density differences (solid versus dashed curves). Xenon hydrate-coated bubbles (solid circles in
Fig. 13) are slightly slower than hydrate-free bubbles, and are fairly well predicted by the vcombined

curve.
Previous measurements of methane hydrate (solid orange symbols in Fig. 13) plot close to,

but slightly below the “dirty bubble” curve from Clift et al. [1978]. To zeroth order, rise velocity
data for bubbles with hydrate shells suggests there is very little dependence of rise velocity on
bubble size, and that an approximate rise velocity estimate of 19–20 cm/s could be applied. This
estimate is on the high end of the∼15–20 cm/s range measured by Wang et al. [2016] on naturally-
occurring methane hydrate-coated bubbles from seafloor seeps in the Gulf of Mexico. Wang et al.
[2016] also showed rise velocities were essentially independent of bubble size (observed bubble
sizes: 2.5 < de < 9 mm).

As shown in Fig. 13, the transition to a stronger dependence of rise velocity on bubble diam-
eter is predicted for bubble diameters below ∼2.5 mm. In bubble capture tests on hydrate-free
xenon bubbles in which single bubbles were captured and observed over time as they dissolved
and shrank, the transition between strong and weak dependence of rise velocity on bubble size was
observed for de between 2 and 3 mm (Fig. 13, inset). This transition was also observed in the field,
where Wang et al. [2016] found rise velocities dropped to ∼8–12 cm/s for bubbles with de near
1.5 mm.

One reason for the apparent independence of rise velocity on bubble size for hydrate-coated
bubbles with de >2.5 mm is bubble shape. As shown by the open symbols in Fig. 14, hydrate-free
bubbles can deform, leading to a balance between rise velocity, bubble size and bubble flatness.
Larger bubbles rise faster, but an increased rise rate also flattens the bubble, limiting the velocity
increase with size. This weak dependence of bubble velocity on bubble size due to flattening is
captured in vlarge (Eq. 13). In contrast, hydrate formed so quickly in the xenon hydrate rise rate
experiments discussed here that bubble shapes were likely frozen into place as each bubble escaped
the gas inlet orifice. As a result, hydrate-coated bubbles (solid circles in Fig. 14) took on random
shapes which were maintained by the rigid hydrate shell during their observed rise. Bubbles that
were relatively flat for their size suffered more from drag than bubbles that were relatively spherical
for their size, and hence these relatively flat bubbles rose more slowly. Thus, the size and shape
became independent controls on rise velocities for hydrate-coated bubbles, obscuring the weak
dependence of rise velocity on bubble size observed for hydrate-free bubbles with dynamically-
determined bubble shapes.

Bubble size and shape were nearly independent in the xenon hydrate tests described here be-
cause hydrate formation was rapid. In natural marine systems, relatively low dissolved methane
concentrations in the water column result in bubbles being released from seafloor seeps and rising
into the water column prior to forming hydrate, as observed by Wang et al. [2016]. These bubbles
could potentially reach their terminal velocity and dynamically-determined shape prior to acquir-
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were captured and observed over time as they dissolved and shrank, the transition between strong and weak 
dependence of rise velocity on bubble size was observed for de between 2 and 3 mm (Fig. 9, inset). This transition 
was also observed in the field, where Wang et al. [15] found rise velocities dropped to ~ 8 – 12 cm/s for bubbles 
with de near 1.5 mm. 

One reason for the apparent independence of rise velocity on bubble size for hydrate-coated bubbles with de > 2.5 
mm is bubble shape. As shown by the open symbols in Fig. 10, hydrate-free bubbles can deform, leading to a 
balance between rise velocity, bubble size and bubble flatness. Larger bubbles rise faster, but an increased rise rate 
also flattens the bubble, limiting the velocity increase with size. This weak dependence of bubble velocity on bubble 
size due to flattening is captured in vlarge (Eq. 7). In contrast, hydrate formed so quickly in the xenon hydrate rise rate 
experiments discussed here that bubble shapes were likely frozen into place as each bubble escaped the gas inlet 
orifice. As a result, hydrate-coated bubbles (solid circles in Fig. 10) took on random shapes which were maintained 
by the rigid hydrate shell during their observed rise. Bubbles that were relatively flat for their size suffered more 
from drag than bubbles that were relatively spherical for their size, and hence these relatively flat bubbles rose more 
slowly. Thus, the size and shape became independent controls on rise velocities for hydrate-coated bubbles, 
obscuring the weak dependence of rise velocity on bubble size observed for hydrate-free bubbles with dynamically-
determined bubble shapes. 

 
Figure 10: Dependence of rise velocity on shape. Symbol meanings are the same as in Fig. 9. Bubble flatness is 
scaled by the bubble’s equivalent diameter to highlight shape-dependent, rather than size-dependent, differences 

between bubbles with flexible versus rigid surfaces. The dynamic relationship between size, rise rate and shape in 
hydrate-free bubbles (open symbols) is illustrated by a slight positive trend in rise rate as larger, faster-rising 

bubbles flattened relatively more than smaller, slower bubbles. Bubbles with hydrate shells (solid green circles) 
acquired fixed shapes as they were emitted from the gas inlet, so their flatness was not related to size. Consequently, 

bubbles that were flat relative to their size rose more slowly than bubbles that were spherical relative to their size, 
producing a slightly negative trend with rise rate. 

 
Bubble size and shape were nearly independent in the xenon hydrate tests described here because hydrate formation 
was rapid. In natural marine systems, relatively low dissolved methane concentrations in the water column result in 
bubbles being released from seafloor seeps and rising into the water column prior to forming hydrate, as observed by 
Wang et al. [15]. These bubbles could potentially reach their terminal velocity and dynamically-determined shape 
prior to acquiring a hydrate shell. Even so, Wang et al. [15] observed hydrate-coated bubbles with a variety of fixed, 
non-ellipsoidal shapes, indicating that some bubbles had their shapes frozen into place by hydrate shell formation 
before those bubbles could be shaped in the same dynamic fashion as the hydrate-free bubbles modeled in Eq. 7 and 
8. There are also indications of some seafloor seeps having local dissolved gas saturations high enough to cause 
hydrate formation on a bubble’s surface as the bubble emerges from the seafloor [31]. Irregular bubble shapes, 
locked in by their rigid hydrate shells, likely contribute to the apparent lack of rise rate dependence on bubble size. 
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Figure 14. Dependence of rise velocity on shape. Symbol meanings are the same as in Fig. 13. Bubble flat-
ness is scaled by the bubble’s equivalent diameter to highlight shape-dependent, rather than size-dependent,
differences between bubbles with flexible versus rigid surfaces. The dynamic relationship between size, rise
rate and shape in hydrate-free bubbles (open symbols) is illustrated by a slight positive trend in rise rate
as larger, faster-rising bubbles flattened relatively more than smaller, slower bubbles. Bubbles with hydrate
shells (solid green circles) acquired fixed shapes as they were emitted from the gas inlet, so their flatness
was not related to size. Consequently, bubbles that were flat relative to their size rose more slowly than
bubbles that were spherical relative to their size, producing a slightly negative trend with rise rate.

ing a hydrate shell. Even so, Wang et al. [2016] observed hydrate-coated bubbles with a variety
of fixed, non-ellipsoidal shapes, indicating that some bubbles had their shapes frozen into place
by hydrate shell formation before those bubbles could be shaped in the same dynamic fashion as
the hydrate-free bubbles modeled in Eq. (13) and (14). There are also indications of some seafloor
seeps having local dissolved gas saturations high enough to cause hydrate formation on a bubble’s
surface as the bubble emerges from the seafloor [Expedition EX1402L3 Scientists, 2014]. Irregu-
lar bubble shapes, locked in by their rigid hydrate shells, likely contribute to the apparent lack of
rise rate dependence on bubble size.

2.5 Conclusions
This study provides laboratory observations of rising bubbles with and without hydrate shells that
can be used to gain insight into the evolution and rise rate of bubbles emitted from seafloor seeps.
One primary control on the manner in which a gas such as methane dissolves out of a hydrate-
coated bubble is the condition and behavior of the bubble’s surface. Unless bubbles form hydrate
shells extremely rapidly due to high dissolved-gas saturations and pressure-temperature conditions
that are far into the hydrate stability region, bubbles will likely develop uniform shells and quickly
transition away from a tendency to shed flakes of pure hydrate. As bubbles rise, their sizes evolve
in response to competing drives toward shrinkage and expansion. Bubbles tend to shrink as gas
dissolves out of the bubble and into the surrounding water, or shrink as gas is consumed to create
or thicken a hydrate shell on the bubble’s surface. The size of rising bubbles also responds to
expansive processes, such as the addition of molecules of different gases to the bubble via stripping
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of dissolved gases from the water column, or expansion simply due to the decreasing pressure as
the bubble rises. Hydrate-coated bubbles observed in this study were able to collapse and expand
without seeming to rupture, though additional work on bubbles depressurized soon after formation
is required.

A second primary control on the fate of a rising bubble is its rise velocity, which depends
strongly on the condition of the bubble surface. A hydrate-free bubble has a flexible surface which
is flattened by the drag of water as the bubble rises. The dynamic balance between bubble size
(larger bubbles rise faster), bubble flatness (shape) and rise rate results in only a gentle velocity
increase with increasing bubble size. By comparison, hydrate-coated bubble shapes are fixed and
more randomly varied. This variability can obscure the small rise-velocity increase with increasing
bubble size observed for hydrate-free bubbles. In practical terms, this shape variability effect for
hydrate- coated bubbles means a nearly size-independent, constant velocity can be assumed for
bubbles with effective diameters between ∼2.5 and 10 mm. A constant rise rate of 19–20 cm/s
would be consistent with laboratory results. Field results [Wang et al., 2016] suggest a broader
range of 15–20 cm/s is acceptable.
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3 Field data analysis to link models and laboratory data to real
world gas hydrate dynamics

3.1 Quantitative analysis of newly-discovered US Atlantic margin methane
plumes

Acoustic backscatter data have been collected over newly-identified natural seeps on the western
US Atlantic margin [Skarke et al., 2014]. These data were collected using both an 18 kHz Simrad
EK60 split-beam echosounder (SBES) and a 30 kHz Kongsberg EM302 multibeam echo-sounder
(MBES) on the Okeanos Explorer. The acoustic observations exploit the bubbles mechanical reso-
nance and large acoustic impedance constrast with the surrounding water, and are similar to those
made by other investigators [Merewether et al., 1985; Dimitrov and Dontcheva, 1994; Hornafius
et al., 1999; McDonald et al., 2002; Heeschen et al., 2003; Greinert et al., 2006; Kannberg et al.,
2013; Weber et al., 2014; Jerram et al., 2015]. The objective here was to examine the information
contained within the acoustic backscatter records (the observed height of the anomalies associated
with rising gas bubbles, the depth-dependent acoustic target strength) and to compare that infor-
mation from that which would be predicted by models of gas bubble evolution [McGinnis et al.,
2006; Gros et al., 2016, 2017], to examine the question of whether the models and observations
are consistent.

3.1.1 Acoustic data analysis

The acoustic data used in this work are drawn from the gas-bubble seeps observed in 2012 and 2013
on the Okeanos Explorer [Skarke et al., 2014]. These seeps are distributed in water depths ranging
from 300 m to 2200 m, extending along the western Atlantic Margin (Figure 15). The acoustic
observations made by both the SBES and MBES exploit the strong acoustic scattering properties
of gas bubbles in the ocean. Put simply, the gas bubbles act as mechanical resonators, with the gas
inside of the bubble acting as a compressible spring and the entrained ocean water surrounding the
bubble acting as a mass. When excited by an acoustic wave near the bubble’s resonance frequency,
the scattered acoustic field can be sufficiently strong to see individual bubbles at ranges exceeding
1000 m. Above resonance, the scattered acoustic field is related to its geometric cross section, and
below resonance the bubble is within the Rayleigh scattering regime (see Clay and Medwin [1977]
for a full description).

Example MBES data from a single ping (i.e., a single sonar transmission) is shown in Figure 16.
Gas bubble plumes are visible as regions of high backscatter, with very high aspect ratio (height
to width). Seep observations in these data are confounded by volume reverberation from marine
organisms, which often present as horizontal bands (low aspect ratio), and reverberation from the
seabed which presents in the data as noise ‘rings’ at constant range, coincident with the range to
the seabed. The seep observations are also transient, appearing in only 1-2 pings at any one depth,
although they can sometimes appear through several subsequent pings depending on how local
currents are horizontally advecting the bubbles as they rise.

Automated processing routines were used to extract information from the MBES regarding
the gas bubble plumes, including the rise height (maximum vertical extent of the acoustically
observable plume) and the apparent seep target strength (TS). It should be noted that the MBES
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Figure 15. Map of SBES gas plumes on the US Atlantic margin, and that were examined as part of the
present work.

Figure 16. A single ping from the 30 kHz MBES, showing several vertical gas-bubble plumes including
approaching the surface. The seabed is depicted as a series of red dots. Hotter (i.e., red/green) indicates
stronger acoustic scattering.

data, unlike the SBES data are not calibrated, and so the seep TS derived from the MBES can
only be used to infer general behaviors (e.g., observations of bubble resonance). The processing
routine exploits the transient nature of the observations, and constructs a constant-false-alarm rate
(CFAR) detector [Weiss, 1982] [Weiss, 1982] based on a local running mean of the observations
based on a time history of several 10’s of pings. This local mean, a function of beam angle and
range, is then subtracted from an individual ping in order to generate an estimate of the signal-
to-noise ratio (SNR) for transient (i.e. appearing in only 1-2 pings) targets. The resulting targets
are then clustered (spatially co-registered), clusters with only a few targets are classified as noise
and rejected, and the resulting targets are then geo-referenced and manually scrutinized in order
to reject anomalies (typically coherent noise that manifests as unnatural vertical lines, or sidelobe
interference that manifests as arcs of targets at constant range). Example results from this process
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are shown in Figure 17.

Figure 17. Multibeam echo sounder observations (dark blue, cyan, magenta) of gas seeps ‘bending’ in the
current at Blake Ridge, rising from 2200 m to nearly 800 m water depth. False targets have been manually
scrutinized and rejected (red dots). Note that multiple passes are overlaid on this plot.

Gas bubbles seeps manifest similarly in the SBES data, appearing as high-aspect ratio regions
of high backscatter (Figure 18). In contrast to the MBES, the SBES data used in this work have a
beam resolution that is an order of magnitude larger, causing the seeps to appear far wider than they
actually are. The SBES employs a split-aperture, which can be used to position targets within the
beam [Burdic, 1991] in order to make a beam-pattern correction for the estimated seep TS, as well
as to calibrate the SBES using standard target techniques [Demer et al., 2015]. Seep TS estimates
are extracted from the SBES data using techniques similar to those used for the SBES. The advan-
tage of the SBES results, however, is that the data are calibrated and can be quantitatively compared
to models of gas bubble TS. Further, the split-beam positioning can identify/detect whether the gas
bubbles disappear from ‘acoustic-view’ because they became weak scatterers (due to dissolution,
presumably), or because they were advected out of the beam by local currents [Jerram et al., 2015].

One of the difficulties in processing the SBES data is that the TS is often masked by the back-
ground noise, either because the gas-bubble targets are weak or because the background noise is
high (Figure 19). To mitigate this issue, a process was developed to deconvolve the seep TS from
the background noise [Pillsbury, 2015]. This process assumes the background noise is Rayleigh-
distributed, and uses regions adjacent to the plume to estimate the depth-dependent Rayleigh pa-
rameter. A global search is then conducted for the Rayleigh parameter of the gas-bubble targets in
order to find the best-fit between the observation and the sum of the two Rayleigh distributions, re-
sulting in a refined estimate for the gas-bubble TS estimate independent of the additive background
noise.

The MBES and SBES analyses were focused on gas seeps observed at Blake Ridge (Figure 20).
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Figure 18. SBES observations of gas-bubble seeps rising from Blake Ridge. Left: SBES backscatter,
showing two separate observations of gas seeps. Middle and right: split-aperture correlation positioning of
the gas bubbles in the along-track and across-track directions, used to position the seep observations within
the beam.

Figure 19. Example data from methane gas seeps observed in on the US Atlantic margin. The gas-bubble
targets observed on the left are sufficiently strong that they can be rather simply separated from the back-
ground noise profile using a noise-thresholding approach. The gas-bubble targets on the right, however,
have target strengths that overlap considerably with the background noise, and the estimate seep TS shows
the imprint of the depth-dependent noise profile.
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This well-known area [e.g., Holbrook et al., 1996; Dover et al., 2003] has several advantages
including being data rich with more than 30 transects at close (∼40 m) line spacing, well known gas
composition (100% methane), and depths (∼2200 m) that largely constrain the gas-bubble plume
observations within the bathypelagic zone where volume reverberation from marine organisms is
low. In this region, three persistent seep sites (referred to in Figure 20 as site A, B, and C) appear in
the data. MBES data show for more than 30 transects, conducted over several days, show that the
maximum height of the acoustically observable plume at 30 kHz reaches 800-900 m, well within
the gas hydrate stability zone. TS profiles for the 18 kHz SBES data (Figure 21) show a consistent
weakening of acoustic backscatter at depths shallower than 1200 m, with acoustic observations
decaying into the background noise at 1000 m, coinciding with the base of the deep scattering
layer (DSL). There are no obvious resonance peaks in the plume, for either the MBES or SBES
data, making it likely that the gas bubbles have a wide range of sizes.

Figure 20. Seeps observed with the MBES (through multiple passes) at Blake Ridge.

3.1.2 Gas bubble modeling and comparison with data

Two different types of models were explored to aid in the interpretation of the acoustic data: a bub-
ble ‘evolution’ model, describing the size and gas composition of the bubble as it rises through the
water column, and acoustic scattering model describing the frequency-dependent acoustic response
of the bubble. The TAMOC model [Socolofsky et al., 2015] was used to describe the bubble evo-
lution. This model was seeded with 100% methane bubbles at a depth of 2170 m, and with bubble
diameters ranging from 1-12 mm. The results show profiles of the size and mass concentrations for
CH4, O2, N2, and Ar (Figure 22). The bubbles undergo a size-dependent hydrate-rind formation
time, after which the bubble dissolution slows dramatically. During the bubble ascent, the original
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Figure 21. SBES observations for 7 passes over the gas-bubble plumes at Blake ridge. Each subplot shows
the background noise (red line), the initial observation of plume target strength with potential corruption
by background noise, and the deconvolved (true) gas-bubble plume TS. The selection criteria for these
observations was that the acoustically-observable top of the plume was well within the beam footprint.

CH4 is transferred into aqueous concentration, and O2, N2, and Ar are transferred from aqueous
concentration into the bubble. Depending on the size of the bubble and the aqueous concentration
of gases, the O2, N2, and Ar that has entered the bubble eventually returns to aqueous concentra-
tion. Bubbles escaping the seabed at sizes smaller than ∼3 mm radius (6 mm diameter) do not
survive to depths shallower than 1400 m, and so would not contribute to the shallower portions of
the acoustically-observed seeps described in the previous section. Similarly, gas bubbles greater
than∼6 mm radius (12 mm diameter) survive to the sea surface, although almost all CH4 has been
lost to aqueous concentration during the ascent. According to this model, the top of the gas-bubble
plume appears to be constrained to gas bubbles which are between 3-6 mm in radius.

The acoustic scattering from the gas bubbles can be modeled as either fluid spheres (e.g., pure
gas), fluid shells surrounding a fluid sphere, or as elastic spherical shells Goodman and Stern
[1962]; Stanton [1990]; Jech et al. [2015]. In the latter two cases, the effect of hydrate coatings
on the bubble are considered using properties (compressional wave speed: 3650 m/s, shear wave
speed: 1890 m/s, density: 900 kg/m3) previously measured by Waite et al. [2000]. Acoustically,
the presence of the shell acts to increase the resonance frequency compared to that of the fluid
sphere model, and to alter the higher-order mode in the scattered response (Figure 23). One of
the difficulties in this modeling is knowing the shell thickness: thin hydrate shells exhibit little
change from the hydrate-free model, while thick shells show a relatively large change in behavior.
Previous laboratory observations [Li et al., 2013] suggest that the hydrate thickness may likely
be as thin as 100 µm, although after long durations the shell exhibits greater thickness, buckling,
cracking, etc., which is not included in the models described here.

Both the bubble evolution and acoustic scattering models were combined to provide profiles
of predicted acoustic TS for comparison with the observations (Figure 24). These comparisons
are shown for both 18 kHz and 30 kHz, corresponding to the SBES and MBES observations,
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Figure 22. Results from the TAMOC model [Socolofsky et al., 2015] for 1-6 mm diameter bubbles seeded
at a starting depth of 2170 m.

respectively. The presence of the hydrate shell is present, but does not drastically change the
modeled acoustic response: based on these models, the presence of the hydrate shell would result
in a bias in the estimated size of the bubble contributing to the acoustic response but would not
alter the general trend.

According to the 18 kHz modeled results, a 4.5 mm radius bubble leaving the seabed would
enter the Rayleigh-scattering regime, and thus be largely unobservable, at depths shallower than
1100 m, and subsequently become completely dissolved at ∼800 m water depth. The same bubble
would be observable to ∼850 m at 30 kHz. This is consistent with the minimum observed depths
of the plume in the acoustic data, and no evidence for larger bubbles is present within the data.
The calibrated 18 kHz observation show TS values that are 5-8 dB higher than the model for single
bubbles, which suggests that there are 3-5 bubbles of this size contributing to the acoustic response
at water depths between 1100-1200 m. Resonance peaks shown in the single-bubble models but
not present in the observed acoustic response suggest that there is a wide distribution of bubble
sizes contributing to the response, with smaller bubbles being ‘stripped out’ of the water column
as they rise due to dissolution. At 18 kHz in this depth of water, the acoustic response is sensitive
only to bubbles greater than 3.5 mm radius; at 30 kHz, the acoustic response is sensitive to 2+ mm
radius bubbles.

3.1.3 Conclusions from acoustic data analysis

The analysis of SBES and MBES data collected on the western Atlantic margin were focused on
data recorded in deep water (∼2170 m) at Blake Ridge. These data offered the best opportunity
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Figure 23. Scattering models for CH4 bubbles for fluid sphere, fluid shell, and elastic shell models for three
different shell thicknesses. The top row of models incorporates only the fundamental scattering mode, and
the second row incorporates the 1st and 2nd modes.

for comparing data and existing models: the deep water depths mitigated masking of the acoustic
observations by the shallower DSL, and maintained the bubbles within the gas hydrate stability
zone for some 1500 m during their ascent (if they survived that long). The Blake Ridge data
set was also very comprehensive, with 30+ lines of data at 40 m line spacing, providing high
confidence that the top of the plumes were observed. Processing techniques were refined, in the
case of the MBES, or created, in the case of the SBES noise deconvolution, as part of this work, to
analyze these data, and these techniques are now available for future studies.

The primary objective of these work was to establish whether the observations from the Atlantic
margin were consistent with existing models. Both model and observation were found to provide
a plausible match, assuming that a 4.5 mm radius bubble is a reasonable upper limit for bubble
size distributions, that the hydrate coating on the shell was on the order of a 100 µm (that is, it
did not dominate the mass distribution in the bubble). This upper limit on bubble size is consistent
with that observed by previous in-situ observations at other sites [e.g., Leifer and MacDonald,
2003; Sauter et al., 2006; Römer et al., 2012; Weber et al., 2014; Wang et al., 2016]. Further, the
model-data comparison suggests that the acoustic observations are sensitive to the upper end (i.e.,
large size) of the bubble size distribution. No obvious resonance peaks were present in the acoustic
data, suggesting that smaller bubbles are present as well, as is typically the case for natural seeps.
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Figure 24. The combined acoustic and bubble evolution model showing the size of individual rising bubbles
(left), and the predicted acoustic response for ‘clean’ and hydrate-coated bubbles at 18 kHz (middle) and 30
kHz (right).

Although not conclusive without absolute knowledge of the bubble size distribution, the model and
data presented here are self-consistent.

3.2 Place US Atlantic margin seeps in regional and global context of gas
hydrate system dynamics

The goal of this portion of the project was to build on the then-unpublished discovery of hundreds
of methane seeps on the northern U.S. Atlantic margin (USAM) [Skarke et al., 2014] to consider
conditions for gas hydrate formation in the water column on a global basis, to compile information
about seep distributions on US margins (insofar as possible) and to use empirical information to
determine the updip limit of gas hydrate stability on US margins. Although not funded by this
project, Ruppel participated in [Weinstein et al., 2016] and led [e.g., Ruppel et al., 2015, 2018] a
number of additional cruises on the northern USAM during the award period and is currently com-
piling an update to the Skarke et al. [2014] Nature Geoscience database to document the dozens of
seeps discovered with USGS instrumentation over the past 4 years.

The theoretical and laboratory-based components of this project focused on the thermodynam-
ics of hydrate shells forming on ascending methane bubbles [Fu, X. et al., 2018] and the properties
of hydrate-armored methane bubbles [Waite et al., 2017]. In the real world, an important question
is where ambient conditions are appropriate for the formation of hydrate shells on methane bubbles
escaping from the seafloor. As part of this project, we used a world ocean temperature database
to create a map of the expected top of gas hydrate stability (for pure methane) in the water col-
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umn in the world?s oceans. Such a map not only brackets where gas hydrate bubble armors might
enter a pressure-temperature zone not conducive to the survival of a hydrate shell, but also gives
a rough approximation for the bathymetric depth at which the most landward occurrences of gas
hydrate could be encountered in marine sediments. That empirical depth limit is better predicted
using bottom water temperature data (see below) since the water column temperatures (a) are only
gridded averages; (b) do not account for the impact of the bathymetry or the near-seafloor thermal
boundary layer on deep ocean temperatures.

The map resulting from this calculation (Figure 25) shows that the North Atlantic has the
most variation in depth to the top of gas hydrate stability in the water column, a result that partially
reflects the strong influence of the Gulf Stream, particularly on the western (U.S.) side of the basin.
The variation in the North Atlantic may also reflect the data though: Much denser temperature data
are available to compute the average gridded temperatures in this area than in other basins. Only
along the upper continental slope on the northern part of the USAM is the top of hydrate stability
less than 600 mbsl. Globally, the most extreme depths for the top of gas hydrate stability are
in the Arabian Sea and in the area affected by the southwardly flowing Agulhas Current, east of
South Africa. Much of the North Pacific, including the area offshore the Western continental U.S.
has surprisingly shallow depths (450-550 mbsl) for the top of gas hydrate stability in the water
column. The coldest water columns are offshore the western part of the Alaskan North Slope in
the Beaufort Sea and offshore Antarctica. In both places, the top of gas hydrate stability can be
between 200-250 mbsl on average. It is important to note that this map does represent annual
average temperatures. Earlier work at the USGS has shown that near-bottom temperatures on the
Beaufort margin fluctuate so much during the shoulder season (August to October) that the top of
gas hydrate stability in the sediments would have to migrate over a kilometer along the slope to
remain in equilibrium with the bottom water temperature variations.

Another part of this task was compiling the loci of methane inputs into the ocean from seafloor
seeps (example in Figure 26), with particular attention to US margins mapped using increasingly
common water column imaging technologies. Research in the community has moved quickly
in parallel with the duration of this project: Not long after this project was initiated, the NOAA
Pacific Marine Environmental Laboratory (PMEL) and researchers at the University of Washington
[Johnson et al., 2015; Merle, S. and Embley, R., 2016; Embley, 2017] began highlighting the
discovery of seeps on the Northwest Pacific US margin, many found as a result of routine data
collection by the D/V Nautilus. The number of seeps described by PMEL now numbers many
hundreds, and Ruppel leads an investigator group that has obtained shiptime on the R/V Falkor
to investigate aspects of seep dynamics on the upper continental slope in this area in summer
2019. Tom Weber had already been a part of quantitative work on seeps in the Northern Gulf of
Mexico when this project started, and the NOAA ship Okeanos Explorer has over the intervening
few years collected large amounts of water column imaging data that are publicly available for
delineating seeps in this area. Other researchers in the community are now culling through vast
quantities of data to map out the seep distributions in the northern Gulf of Mexico at the same time
that some private sector firms have taken a multidisciplinary approach to systematically acquiring
thousands of kilometers of data that fully covers the seafloor in the northern Gulf of Mexico and
identifies natural “leak points” in the overall petroleum system. The seeps shown in Figure 26
for the northern Gulf of Mexico are not documented in one location, rather being spread among
numerous publications focused on specific seeps. On the northern USAM, the USGS has taken
part in or led six cruises since 2013 and substantially expanded the number of known seeps beyond
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Figure 25. Depth to the top of the gas hydrate stability zone in the water column for pure methane hydrate,
based on averaged annual temperatures as a function of depth in one degree blocks as provided in world
databases.

those in the originally published Skarke et al. [2014] database. In the coming months, NOAA’s
Okeanos Explorer will acquire substantial amounts of new water column data for unexplored parts
of the USAM, further enhancing the knowledge of seep distribution on this margin. On the U.S.
Arctic margin, seep locations on the shelf have been identified by other government agencies and
are not shown here. The USGS did attempt to analyze multibeam water column backscatter data
acquired by the USCG Healy to look for seeps on the Arctic margin, but the data were found to
not be of sufficient quality to support the analysis. The USGS has also compiled some seeps in
non-US locations from the published literature and other sources during the course of this project.

It is important to note that seeps occur at many locations and for a range of reasons, mostly
not related to gas hydrates. During the course of this project it came to be widely accepted in the
hydrates community that most methane seeps deeper than ∼100 m water depth probably do not
contribute methane directly to the atmosphere [Ruppel and Kessler, 2017]. Thus, mapping the non-
hydrate related seeps in shallow water (shelf, delta, or estuarine) locations may have the highest
priority for determining the contribution of marine seeps to the methane in the atmosphere. Only
a small fraction of global seeps is likely to be directly linked to the degradation of gas hydrate
on upper continental slopes. Furthermore, it is difficult to prove a direct linkage between leak-
ing methane gas and underlying methane hydrate unless the hydrate contains a relatively unique
mixture of gases that is also emitted at seafloor seeps known to be rooted in the hydrate stability
zone.

There are numerous examples of seeps not originating with gas hydrate processes. For exam-
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ple, in petroleum basins like the Gulf of Mexico, seeps are often the direct effect of deep-seated
salt migration, and the faulting that accommodates the salt and the heating of sediments due to
the thermal properties of the salt combine to mobilize hydrocarbons and other fluids and create
seafloor seeps. On the USAM, large numbers of seeps may originate due to erosional processes
and canyonization [Skarke et al., 2014], processes that cut into the gas-charged upper continental
slope and outer continental shelf, exposing gassy strata to seawater. On active margins offshore
New Zealand and the Northwest U.S., faulting plays a predominant role in providing a pathway for
fluids, including methane, to reach the seafloor at seeps, and no gas hydrate degradation may not be
necessary to feed these seeps. In regional and global compilations, a certain set of deepwater seeps
that occur at seafloor depths well within the gas hydrate stability zone continues to be considered
anomalous, particularly in non-petroleum areas and at locations lacking salt diapirs [Skarke et al.,
2014]. These deepwater seeps leak methane into the overlying ocean when the methane should
be forming gas hydrate. Several physical reasons might explain the presence of free gas leaking
at such profound water depths, and these seeps have added importance in this project because the
methane emerges at depths where gas hydrate films are expected to form on the rising methane
bubbles.

           

Figure 26. Examples of published and unpublished seep locations compiled for USAM/northern Gulf of
Mexico (Skarke et al. [2014] and other NOAA data) and New Zealand margin [Greinert et al., 2010a]. Other
compilations cover the remaining US margins and other global locations.

As noted above, the predicted top of gas hydrate in the water column can differ from the
empirical landward limit of gas hydrate determined based on analysis of bottom water temperature
data. In the course of this project, we wrote a Python code to analyze conductivity-temperature-
depth (CTD) casts in the World Ocean Database and extract near-bottom temperatures from casts
whose deepest reading was within 10% of the full-ocean depth at that location according to a
bathymetric database. The rationale was that readings within 10% of the full-ocean depth at a
site probably were within the nearly isothermal near-seafloor thermal boundary layer typically
observed at water depths greater than the uppermost continental slopes. The resulting data were
then compared to the gas hydrate stability curve calculated for pure methane hydrate and nominal
saltwater salinity. A binary value was assigned to each point to indicate whether the bottom water
temperature was within or outside the gas hydrate stability zone. The map was then manually
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contoured within ArcGIS to locate the landward limit of the gas hydrate stability zone.
An example result from this calculation is shown in Figure 27 for the U.S. Pacific Coast, with

the white curve separating locations where gas hydrate is not stable (to the east) from those where it
is (to the west). Nearly all the seeps delineated on the California margin by Lorenson et al. [2016]
occur landward of the gas hydrate limit, and indeed most of these seeps are clearly identified
as being related to hydrocarbon migration, not the presence of gas hydrates. Some newer seeps
reported by the news media off Southern California are not represented in this map. Along the
Oregon-Washington active margin, many of the seeps appear at the scale of Figure 27 to lie directly
at the updip limit of empirically-determined gas hydrate stability. When viewed at a larger scale,
the seeps are 7-10 km west of the hydrate limit off northern California and southern Oregon but
much closer to the limit in the section landward of Hydrate Ridge. Notably, seeps on the U.S.
Pacific Northwest margin as described by Merle, S. and Embley, R. [2016] generally lie seaward
(deeper water) of the empirical updip limit. In contrast, most seeps delineated by Skarke et al.
[2014] on the USAM lie landward (shallower depth) of the empirical updip limit. If a significant
portion of these seep populations on both margins is related to gas hydrate processes, then this
difference may underscore the role that local geologic features and oceanographic conditions play
in determining the locations of the seeps relative to the landward limit of gas hydrate stability.

As a final component of this part of the project and other, related DOE-funded projects being
conducted by the USGS, the USGS has been refining seep maps for the USAM. Figure 28 shows
one example of this refinement, comparing the seeps identified in the Skarke et al. [2014] database
and those identified in subsequent cruises for the area near Cape Hatteras, North Carolina. While
this is a shallow-water area at the shelf-break in an area expected to have large numbers of seeps,
refinements at other locations along the margin have revealed the presence of previously-unknown
deepwater seeps [Ruppel et al., 2018] and also shown that upper slope seeps previously identified
by Skarke et al. [2014] sometimes could not be found during subsequent surveys. The advent of
new technology has clearly produced a revolution in the ability of marine scientists to identify
marine methane seeps, and the next challenge will be determining which seeps contribute the most
methane input to the ocean and how and whether those seeps are truly linked to the dynamics of
the underlying gas hydrate system on upper continental slopes.
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Figure 27. Compilation of published seep locations from Merle, S. and Embley, R. [2016] and Johnson
et al. [2015] for the northern part of the US Pacific margin (white and yellow symbols) and from Lorenson
et al. [2016] for the California margin south of San Francisco Bay (green circles). Hydrate Ridge is shown
as the red dot. The white line is the empirically determined updip limit of gas hydrate stability based on a
joint analysis of the near-bottom temperatures measured by CTDs, a bathymetric database, and theoretical
hydrate stability conditions. Maps like these can provide more detailed information about landward limits
of gas hydrate stability than can analyses of average water column temperatures in global grids (Figure 25).
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Figure 28. Example of potential seepage locations that enhance the original Skarke et al. [2014] seeps
database (green circles) for the USAM. This shallow area near the shelf-break near Cape Hatteras was
surveyed by the USGS aboard a R/V Armstrong science verification cruise in 2016 and identified new seeps
shown here in white. In 2017, an R/V Hugh R. Sharp cruise identified potential seepage (not yet fully
verified) at many other locations (orange) on the outer slope. Even if only a fraction of these locations can
be shown to be robustly seeping, clearly methane emissions are far more widespread on this part of the
margin than previously believed.
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