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a b s t r a c t

Extremely intense bubble plumes, like the North Sea 22/4b blowout megaplume (defined as more than

106 L day−1), create very strong upwelling flows (>1 m s−1), which lead to detrainment of methane-

enriched water, but leave direct bubble-mediated transport unaffected. Dissolved CH4 depth profiles and

atmospheric measurements during a fall 2011 survey of the 22/4b site suggest strong constraint of seabed

CH4 below the thermocline. Seabed bubbles were nearly pure CH4.

The effect of the upwelling flow on the fate of bubble plume CH4 was investigated with a numerical

bubble-propagation model. The model considered different representative bubble plume size distribu-

tions, φ, and a global (total) megaplume bubble size distribution, �, synthesized from video survey data

and φ from the literature. Simulations showed that none of the literature plumes or variations in the

upwelling flow could constrain CH4 sufficiently below the thermocline.

Two new bubble megaplume processes were simulated, vortical bubble trapping (slow rise) and a

hypothesized, enhanced bubble gas exchange, kBE, an enhancement factor applied to the normal bubble

gas exchange rate, kB. The latter could arise from plume turbulence increasing bubble boundary-layer

turbulence and thus its gas exchange. Observations could not be reproduced solely by slow rise, however,

simulations with kBE∼6 reproduced observational constraints, as could weaker kBE in conjunction with

slow rise.

Field validation of kBE is needed given its implications for the fate of megaplume CH4 emissions (an-

thropogenic or natural) for stratified and unstratified conditions. kBE suggests marine CH4 geologic con-

tributions to the atmosphere from all but shallow waters primarily arises from bubble plumes that are

less than megaplume size.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1990, a gas blowout occurred in the central UK North Sea,

∼200 km from the Scottish mainland 57.922°N, 1.6325°E (WGS84
∗ Corresponding author. Bubbleology Research International, Solvang, CA 93463,

USA.
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TM: 418997 east, 6421081 north). Although the initial bubble

lume had a massive surface expression (∼order 1 km), it dwin-

led rapidly after a few days (Leifer and Judd, 2015) to a shadow of

ts former size. Although expected to diminish further rapidly af-

erwards, it has persisted over the decades to the present (Rehder

t al., 1998; Schneider von Deimling et al., 2007; Schneider von

eimling et al., 2015). The plume, (or megaplume) escapes from a

lightly asymmetric conical crater, ∼50 m in diameter at the rim,

escending to a small crater floor ∼22 m below the surrounding

00-m deep seabed (Leifer, 2015). The 22/4b blowout seabed flux

s the largest published flux to date by an order of magnitude (dis-
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ussed in Section 1.2), with seabed emissions estimated at 90 L s−1

102 m, 9.5 °C) in an uncertainty range of 50–142 L s−1 (Leifer,

015).

Although the 22/4b megaplume is anthropogenic in origin,

egaplume seepage also occurs naturally. For example, a number

f megaplume seeps have been quantified in the Coal Oil Point

COP) seep field (Boles et al., 2001; Clark et al., 2010). Megaplumes

re defined as releasing more than 106 L day−1 at the seabed and

xhibit distinct characteristics compared to smaller bubble plumes.

lthough seep megaplumes can arise from a single vent (particu-

arly for an anthropogenic source such as a pipeline leak), they also

an arise from numerous seabed seep bubble vents that are located

ithin a spatially constrained and limited area (Leifer, 2015; Leifer

t al., 2004, 2010). As these individual plumes rise, they merge

nto a single bubble plume after rising a short distance, “forget-

ing” their individual plume characteristics.

Currently, the megaplume seepage contribution to regional

nd global budgets of the important greenhouse gas, methane,

H4, largely is unknown because few observations exist. In fact,

here is significant uncertainty in the contribution of normal (not

egaplume) marine seepage CH4 to atmospheric greenhouse gas

udgets due to few seabed measurements and uncertainty about

ater-column losses from dissolution – i.e., bubble transport effi-

iency. Yet, natural global terrestrial and marine emissions could

e 45 Tg yr−1 (Kvenvolden and Rogers, 2005), with additional ma-

ine CH4 seepage contributions from Arctic submerged permafrost

f 18 Tg yr−1 (Shakhova et al., 2014).

.1. Manuscript overview

To understand better the regional CH4 contribution of a large

lowout plume, a campaign was conducted to the 22/4b well site

n the north–central North Sea (Fig. 1) on the 62-m survey ves-

el, Pathfinder (Supp. Fig. S1 – supplemental figures provide addi-

ional information and are denoted with “S”). The survey sought to

easure seabed bubble fluxes and determine the fate of this CH4

Leifer and Judd, 2015). A number of observations made during the

tudy, presented in Section 2 and in this special issue (Gerilowski

t al., 2015; Judd, 2015; Schneider von Deimling et al., 2015), sug-

est negligible transport to the upper water column and atmo-

phere. This is seemingly inconsistent with bubble understanding

here large bubbles in a strong upwelling flow should transport

ignificant CH4 across only 100 m of water column to the atmo-

phere (Leifer and Patro, 2002) and even from far deeper (Solomon

t al., 2009). Herein, we compare water column and atmospheric

easurements with numerical bubble model simulations to evalu-

te the underlying megaplume bubble transport processes control-

ing the fate of seabed CH4.

Specifically, we explore two hypotheses that could explain these

bservations using a numerical bubble propagation model (Leifer

nd Patro, 2002) that has been field validated (Rehder et al., 2009),

ncluding application to marine megaplume observations (Leifer

t al., 2006), which makes it unique. In particular, this model in-

orporates upwelling flows (Leifer et al., 2006) which play a critical

ole in understanding the phenomena. The other bubble propaga-

ion model in the literature (McGinnis et al., 2006) neglects these

pwelling flows. Furthermore, continuum bubble plume models,

.g., Socolofsky et al. (2011), do not discriminate between large and

mall bubbles, even though their fates are highly disparate (Leifer

nd Patro, 2002), thus such models are a poor tool to investigate

he underlying bubble processes in megaplumes.

Below we review bubble processes, bubble plume processes,

nd megaplume bubble processes including the basic equations

f the numerical bubble propagation model. This model is used

o predict the fate of bubbles in a blowout megaplume and their

ransported gas, for comparison with water-column observations.
he model is initialized with the observed seabed gas compo-

ition and a synthetic global bubble size distribution, �, based

pon video plume characterization survey data (Leifer, 2015) and

iterature bubble size distributions (Leifer, 2010). The model also

ncludes the observed upwelling flows, discussed in Nauw et al.

2015b) and Wiggins et al. (2015), which is the most significant

actor driving the predicted fate of the plume bubbles. The very

trong upwelling flow drives extremely rapid bubble rise such that

he model predicts nearly all bubbles reach the sea surface with

ignificant CH4, in sharp contrast to observations. The simulations

re discussed in terms of the underlying processes and the larger

mplications of the two new hypothesized mechanisms attempting

o explain observations proposed mechanisms. Additional figures

nd information can be found in the supplemental materials.

.2. Bubbles and bubble plumes

Bubble fate varies strongly and non-linearly with size (Leifer

nd Patro, 2002) with smaller bubbles dissolving and larger bub-

les growing. For shallow seas and near coastal waters at depths

etween 10 and 100 m, a significant fraction of the seabed bub-

le CH4 is transported directly to the atmosphere (Leifer and Pa-

ro, 2002), but even for far deeper waters, the atmospheric con-

ribution can be non-negligible, e.g., see Solomon et al. (2009) for

50 m, Gulf of Mexico.

As the bubble rises, bubble evolution is described by a series of

oupled differential equations – see Leifer and Patro (2002) and

olomon et al. (2009). The differential equation for bubble size

hange with time, t, is derived from the ideal gas law and is:

∂r

∂t
=

{
RT

ζ

∂n

∂t
− 4πr3

3
ρwg

∂z

∂t

}/{
4πr2PB − 4πr3

3

2σ

r2

}
(1)

here r is the equivalent spherical radius, R is the ideal gas law

onstant, T is temperature, n is the bubble molar content, ρw is

he water density, g is gravity, z is depth, PB is bubble pressure, σ
s the surface tension or LaPlace pressure, and ζ is compressibil-

ty, which is 1.0 at the sea surface, and non-unity only for typical

omposition seep bubbles at depths of more than a few hundred

eters.

The bubble gas exchange flux, f, is driven by a concentration

radient (incorporating solubility) across the bubble interface with

urface area, A, and depends on the individual bubble gas exchange

ate, kB(r,Sci,T), where i is the ith gas species. kB depends on the

ubble hydrodynamics, typically parameterized with respect to the

tagnant buoyancy rise velocity, VB(r,T), which in turn depends on

he interfacial mobility – or immobility if contaminated. kB is a

iecewise function for contaminated and uncontaminated bubbles

rom Clift et al. (1978; Eqns. 3–45, 3–52; 5–37), as is VB(r,T), which

s from Leifer et al. (2000b). Most marine seep bubbles are in the

ange 1000 < r < 3000 μm (Leifer, 2010; Leifer and Culling, 2010)

nd behave hydrodynamically clean (Patro et al., 2002), however,

s the bubble dissolves, it may get small enough to behave con-

aminated.

The gas exchange flux, fi is:

fi = ∂ni

∂t
= kB(r, Sci, T )4π r2(	Ci)

= kB(r, Sci, T )4π r2
(
Ci − kβ (z, i, T )Hi(T )Pi

)
(2)

here ni is the bubble molar content, Ci is the aqueous concen-

ration, Hi is the Henry’s Law constant solubility (mol/cm3/atm),

nd kβ (z,i,T) is a function of gas species and combines with Hi

o describe the pressure (depth) dependency in gas solubility –

.e., kβ (z,i)Hi, and is 1.00 at the sea surface. Total bubble moles,

= �ni. The bubble partial pressure, PBi, decreases as:

Bi = ni
(PA + ρwgz + 2σ/r) (3)
n
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Fig. 1. North Sea map showing location of the 22/4b study site. Color shows water depth. (wikipedia commons, 2015) (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.).
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where PA is atmospheric pressure and total bubble pressure,

PB = �PBi. One important aspect of bubble gas exchange is that

large changes of the major gases’ molar content (typically CH4 and

air for seep bubbles) drive changes in n, which affects PBi (Eqn.

(3)) and thus the exchange of minor gases (Eqn. (2)) – enhancing

outgassing (for major gas outflow, i.e., bubble shrinkage) or uptake

(for major gas inflow, i.e., bubble growth) (Leifer and Clark, 2002).

Bubble dissolution (or gas uptake) strongly depends on z via the

hydrostatic pressure and concentration difference (Eqn. (2)) and

also depends on r (Leifer and Patro, 2002) – large bubbles are far

more efficient at vertical gas transport, largely due to their greater

volume to surface area ratio and due to their faster VB. As a result,

the entire plume size range needs consideration to account for dif-

ferent bubble fates with size (Leifer and Patro, 2002).

An important plume process arises where plume concentrations

become enhanced in bubble gases (or depleted in dissolved gases),

decreasing the concentration gradient that drives gas exchange

(Eqn. (2)). For highly insoluble gases, this can occur at quite low

concentrations and can be important even at significant depths; for

others, such as air, it likely is important only near the sea surface.

The final differential equation for the bubble vertical rise, ∂z/∂t
s:

∂z

∂t
= VB(r) + VF (Q(z)) (4)

here VF is the sum of vertical fluid motions and most importantly

ncludes the plume upwelling flow, Vup, which is the upwards fluid

otions driven by the rising bubbles. Vup is weakly dependent on

he bubble plume volume flux, Q, i.e., Vup ∼ Q0.3 (Leifer, 2010;

emckert and Imberger, 1993). Thus Vup increases as plume bub-

les grow or decreases as they dissolve. The upwelling flow trans-

orts bubbles upwards faster than normal and also transports CH4-

nriched, deeper water (Leifer et al., 2009). Vup enhances bubble

urvival by decreasing the rise time to the surface and by bringing

ubbles to shallower depths sooner with more of their seabed CH4

shallower bubbles outgas more slowly than deeper bubbles from

ower hydrostatic pressure (Eqn. (3)).

Strong and broad upwelling flows have been measured for sev-

ral seep megaplumes in the COP seep field, offshore California in

ater depths from 22 to 70 m, with upwards fluid velocities (Vup)

rom ∼30 cm s−1 to significantly greater values (Table 1). The bub-

le plume volume flux, Q, (discussed below) for the 22/4b seabed
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Table 1

Quantified bubble megaplume seepage.

Designation Location Water depth (m) Vup (m s−1) Q(×106 L dy−1) W (m) Vup citations

Trilogy COP 45 0.30 (4.2–5.4)/3∗ 10 (Leifer et al., 2009)

Seep Tent COP 70 >1 5.7∗ – (Leifer et al., 2000a)

Shane Seep COP 22 0.30 1.1–2.6∗ 15 (Leifer et al., 2006)

Shane Seep Ejection COP 22 2 6.6∗∗ – (Leifer et al., 2006)

La Goleta Seep COP 70 0.30 0.8–1.2∗ – (Leifer et al., 2000a)

22/4b-4 NSea 120 >1.5 7.8∗∗∗ 20 (Wiggins et al., 2015)

22/4b-4 (2006) NSea 120 1 2.8xx 15x20 (Schneider von Deimling et al., 2015)

Vup is upwelling flow, Q is STP volume flux (assuming no dissolution), W is plume width, COP is Coal Oil Point seep field, California. NSea is

North Sea. ∗ surface from Clark et al. (2010); ∗∗ is for the seabed from Leifer et al. (2006), a transient event; ∗∗∗ seabed from Leifer (2015); xx

surface from Schneider von Deimling et al. (2015).
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lume is considerably larger than those in the COP seep field and

ts Vup in 2010 during the quantification study (Wiggins et al.,

015) is significantly larger than values reported for COP seep field

egaplumes. A least-squares linear-regression analysis was applied

o derive the exponent, b, of the power law Vup ∼ Qb from Table 1

nd found b = 0.85 (X = 6, R2 = 0.94, where X is the number

f data points). The calculation neglected the Shane Seep ejection

a transient event likely governed by non-steady state processes)

nd assumes constant flux across the water column – i.e., no vol-

me change due to gas exchange. The constant volume assumption

ould explain why b is steeper than the expected value of b = 0.3

Lemckert and Imberger, 1993; Matsunagi and Miyanaga, 1990), al-

hough (Leifer, 2010) found good agreement (b = 0.35) for non-

egaplume marine seep bubble plumes. A number of other fac-

ors could explain the discrepancy, including feedback from larger

lumes dissolving more slowly would increase b; although, com-

lexities such as stratification, reduce b (Leifer et al., 2009). Finally

he interaction between upwelling flows and currents is complex

Leifer et al., 2015) and its effect on b largely unknown. Thus, this

nalysis must be considered qualitative.

Bubble plumes processes result from the integrated sum of the

ontribution of the individual bubbles escaping the seabed, each

ize class of which follows different evolutionary paths. Seabed

eep bubbles escape from the seabed in a plume with an initial

ubble size distribution, φ(ro, zo), at depth, zo, with initial radius,

o. As bubbles in each size class rise, their evolution is governed

y Eqns. (1)–(4), leading to a depth changing bubble-size distribu-

ion, φ(r,z). This is expressed as a profile in the plume volume flux

rofile, Q(z):

(z) =
∫

φ(r, z)
4π r3

3
dr (5)

here the bubble plume molar content profile is:

i(z) =
∫

ni(r, z)φ(r, z)dr (6)

ith the plume dissolution rate is given by the depth difference,

Ni/dz.

. Methodology

.1. Water sampling and analysis

For several reasons (weather concerns, mechanical problems,

nd reduction of the campaign to a single vessel), the planned, ex-

ensive water-sampling program was reduced to collecting a lim-

ted number of water samples in and near the bubble plume using

CTD rosette sampler and the small, ROV-mounted Niskin bottles.

amples from 6 CTD casts and 7 ROV dives were collected.

Background water sample profiles were collected from three of

he four corners of the study site, ∼1.2 nm from the main crater

o the northwest, northeast, and southeast. In addition, plume and
ear field water samples were collected from another three hydro-

asts (Fig. 2). After the first two CTD casts, the Niskin bottles were

iscovered to have triggered unreliably and were transferred onto

he ROV for sample collection. Eighteen ROV water samples were

ollected at the 22/4b-4 crater and at a secondary small crater lo-

ated 1.2 nm to the southeast of the main crater (see Wilson et al.

2015) for more details on this secondary crater’s plume). Samples

ere collected from 10-m depth to near the seabed. The deep-

st samples, at ∼100 and 114 m, were collected within the main

2/4b crater. Vent gas samples also were collected at the seabed

y the ROV into specialized airtight, Niskin bottles from a major

as plume and at the small crater plume for δ13C–CH4 analyses

nd C1/(C2–C4) ratios.

During sampling operations, both with the rosette and with the

OV, sub-sea positioning was provided using the ship’s Sonardyne

anger USBL system. Once the Rosette was recovered on-board,

riplicate samples were transferred to sealed sample bottles (nom-

nal 120 ml). Each bottle was injected with one ml of copper sul-

hate solution to prevent microbial CH4 production or consump-

ion. Of the three samples, one was injected with headspace gas

nd a gas sample withdrawn and analyzed to derive hydrocarbon

oncentrations on board. Remaining bottles were analyzed sepa-

ately post mission by the University of Washington and by the

aval Research Laboratory.

Samples were analyzed by modified headspace method, de-

cribed in Supp. Mater. Narrative S2. Herein, we present the water

olumn C1–C4 data and analysis. Samples were analyzed by flame

onization detection on a gas chromatograph (SRI 8610C, SRI, Tor-

ance, CA) configured with a 2-ml sample loop, a 15-m long Restek

XT-1 Crossbond dimethyl polysiloxane column, and a 30-m long

estek RT Alumina porous open tubular capillary column as the

nalytical column. Four separate calibration curves were used from

.2 to 1000 ppmv for C1–C4 with an analytical precision of 3% for

he lower concentration samples and better than 1% for the higher

oncentration samples.

A thorough description of the stable isotope analysis is pre-

ented in Coffin et al. (2013). Briefly, stable carbon isotope analysis

f CH4 in gas and water samples was determined using a Ther-

oFinnigan Trace Gas Chromatograph (GC) in-line with a Ther-

oFinnigan Delta Plus XP isotope ratio mass spectrometer (IRMS)

ia a GC-CIII combustion interface. The gas samples were directly

njected into a split/splitless inlet in split mode. Water sample

eadspace was injected into a helium stream and cryogenically

oncentrated onto a 3-cm segment of Porapak-Q column (0.32 mm

D) immersed in liquid nitrogen. After focusing, the sample was

apidly desorbed onto the GC column. In both cases, CH4 was sep-

rated on a Poraplot-Q capillary column (30 m; 0.32 mm ID) before

ombustion and introduction to the IRMS. The GC was run isother-

ally at 50 °C with a constant flow of 3.0 mL min−1 for gas sam-

les, and at −10 °C with a constant flow of 2.5 mL min−1 for water

amples. NIST Reference Material 8560 (natural gas, petroleum ori-

in) was analyzed using the same system described above to nor-
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Fig. 2. Location map of 22/4b study site and water column sample locations. Blue circle shows approximate crater rim. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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malize the CO2 reference gas. A normalization curve was generated

from a linear regression of measured δ13C versus standard δ13C

to adjust measured δ13C values to the Vienna Pee Dee Belemnite

(VPDB) scale.

All stable isotope ratios are reported in units of per mil (‰)

using the standard notation

δ13C =
[

Rsample

RStandard

− 1

]
× 1000 (7)

where RStandard = 13C/12C the reference standard is the VPDB scale.

Values are reported with 1σ errors of replicate measurements.

2.2. Numerical bubble propagation model

The numerical bubble model solves the stiff, coupled differen-

tial equation system describing changes in bubble mass, pressure,

and size and depth using a third-fourth order Runge-Kutta integra-

tion scheme Eqns. (1)–(4), which ensures numerical stability. The

model has been described previously (Leifer and Patro, 2002; Re-

hder et al., 2009) and validated by field data (Rehder et al., 2009).

A model flow chart is shown in Supp. Fig. S6.

Plume processes, specifically, Vup and plume aqueous concen-

tration, C, can vary with z and t. High pressure effects on solubility

and rise velocity (via density) can be simulated (Leifer et al., 2006;

Rehder et al., 2009) but were neglected for these relatively shallow

water simulations – their importance begins around 200 m depth

(slightly shallower if significant larger hydrocarbons). Finally, this

study incorporated two additional processes, enhanced bubble gas

exchange and large vortical motions, which are discussed below.

Model improvements since Rehder et al. (2009) include incor-

poration of temperature profiles, with a number of previous scalar

factors now being derived from depth-dependent lookup tables,

e.g., gas solubility and diffusivity. Also new is that water den-

sity profiles are now lookup tables. For computational reasons, the

radius-dependent lookup tables for VB and kB still are simulated as

isothermal.

The model simulates each bubble size class in φ(ro, z0) and then

interpolates the bubble gas content and gas loss (or gain) to a uni-

form depth grid. Bubble-size distribution profiles, φ(r, z), are cal-

culated by re-binning φ(ro, zo) with the depth-evolving bubble size

to the uniform depth and radius grid. The plume volume is calcu-

lated by Eqn. (5) and the bubble plume molar content profile is

calculated by Eqn. (6) with the dissolution rate given by dNi/dz.

The model can run iteratively, where on the first run, the dis-

solved gas concentration depth profile, C (z), is calculated from
i
Ni/dz and a mixing parameter which signifies a level of injection

f plume water into the ambient water and of ambient water in

he plume water. In subsequent iterations the calculated Ci(z) is

sed in Eqn. (2). In practice, convergence of Ci(z) is quick, typically

ithin three iterations (Leifer et al., 2006). A simulation for the

easured dissolved plume concentrations found that plume satu-

ation had negligible effect on flux (Eqn. (2)), even for the most

onservative case of zero plume mixing with the ambient fluid.

his obviated the need for iterative simulations. Note, the effect of

ixing on Vup is implicitly incorporated by using observated Vup

alues.

. Field measurement results

.1. Overview

Water column CH4 (Fig. 3C; Supp. Tables S1 and S3, Supp.

ig. S2) ranged from 5 to 99,000 nM ∼2–40,000 times atmo-

pheric CH4 equilibrium partial pressure based on Henry’s Law

Wiesenburg and Guinasso, 1979). Significantly higher CH4 concen-

rations were observed consistently below the thermocline and in

he bubble plume than above the thermocline. Of the seven CH4

rofiles, six included a sample above the thermocline, which al-

ays was the lowest CH4 concentration in a profile.

.2. Background and near-field measurements

Background CH4 concentrations ranged from 5.3 to 68 nM

Fig. 3; Supp. Table S1, Supp. Fig. S2) with the lowest in the north-

est (CTD-4) and the highest in the southeast (CTD-1). This in-

icates that northwest concentrations likely represent study area

ackground concentrations (5.3–15.4 nM) while the water column

t CTD-1 and CTD-3 likely were influenced by CH4 from the 22/4b

lume and/or smaller seepage identified in the survey area de-

ending on the currents (Schneider von Deimling et al., 2015).

n general, background CH4 was highest between 70 and 85-m

epth, decreasing monotonically to ∼9–15 nM at depths of 30–

0 m (Fig. 3; Supp. Table S1). The higher, near-seafloor concen-

rations coincided with nearly isothermal water (∼62–85 m). In all

rofiles, concentrations decreased across the thermocline (Fig. 3).

hese contrast with near bottom-water column measurements in

006, of 200 nM several kilometers distant from the 22/4b site

Schneider von Deimling et al., 2015); however, emissions, bubble

izes, and oceanographic factors may have been different.

Near-field water samples were collected from ∼60 m south of

he main crater (CTD-2, CTD-6) and ranged from 21 to 488 nM CH
4
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Fig. 3. Compilation of methane, CH4, concentration profiles from the A) near-field and background and near-field locations (CTD-2, 3, 4, and 6) and B) above the main crater

(CTD 5 and ROV dives). Note the different scale between the background/near-field locations and the main crater profiles. C) Spatial summary of all CTD and ROV CH4 data.

Blue star shows crater location. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3; Supp. Table S1). The closest, near-field measurements to

he crater (CTD-6) showed CH4 concentrations decreasing steadily

nd approximately exponentially from near seabed to above the

hermoline (164 nM at 93 m to 21 nM at 32 m)

A second, near-field profile slightly further south (CTD-2)

howed fairly uniform CH4 levels (34–88 nM) from ∼80 to 40 m

epth, except for a prominent CH4 spike of 488 nM at 56 m

Fig. 3A; Supp. Table S1), which coincided with the thermocline

ase (Fig. 4). Upper water-column CH4 concentrations from 30 to

0 m deep for CTD-2 were elevated significantly compared to the

imilar background depth measurements – e.g., CTD-1, 3, and 4

Fig. 3A).

Propane was detected at trace levels at almost all depths in all

rofiles, except the plume profile (Supp. Tables S2 and S3). Butane

lso was detected at trace levels in most samples; however, ethane

as not detected in the study samples. Gas samples collected from

he plumes at the main crater were devoid of these higher molec-

lar weight hydrocarbons (Supp. Table S4). The 22/4b plume mea-

urements are consistent with the gas emitted by the 22/4b plume

rising from a microbial source that lacks a thermogenic compo-

ent.

.3. Main plume measurements

Several vertical CH4 profiles were collected for the 22/4b crater

Fig. 3C; Supp. Tables S1 and S3) where concentrations were dra-

atically higher than the near field – note μMol scale on Fig. 3B.

or one profile, CTD-5, CH4 crater concentrations at 103 m depth

ere 88,800 nM, exponentially decreasing with depth approxi-

ately exponential to 1580 nM at 67 m (Fig. 3B). This depth trend

hape is similar to the concentration profile in 2006 (Schneider

on Deimling et al., 2015). This strong decrease in concentra-

ions occurs entirely below the thermocline in a depth interval

f nearly isothermal seawater (Fig. 4). CH4 concentrations in sam-

les from the first ROV dive (ROV 3–7) were quite variable, from

few nanomolar in the upper water-column, to 99,100 nM at

0 m. This dive returned the deepest water sample at 114 m

rom near the crater floor with 27,500 nM CH4 (Fig. 3C; Supp.

able S3). Above the peak at 80-m depth, CH4 concentrations de-

reased sharply to ∼60 m above which they were relatively con-

tant, ranging from 3920 to 14,600 nM. The rapid decrease in CH4

oncentrations above 60 m coincides with the thermocline. The

H4 concentration–depth profile measured during the second ROV

ransect (ROV 8–10) is similar to the first with a concentration
aximum of 49,300 nM at 70 m and a sharp decrease in CH4

oncentrations above this depth, coincident with the thermocline.

imilar sharp decreases across the thermocline were noted in 2006

y Schneider von Deimling et al. (2015). Upper water-column CH4

oncentrations directly above the main crater were ∼16% of the

ottom-water concentrations (Fig. 3B; Supp. Table S3), but were up

o 1800 times upper water-column background values in the study

rea (Fig. 3A; Supp. Table S1).

The peak in CH4 concentrations observed in both ROV transects

etween ∼65 and 80 m is broadly consistent with the peak in

H4 concentrations observed at 56 m in CTD-2, however the ther-

ocline was deeper in the near-field CTD casts than in the ROV

asts (Fig. 3) by ∼10 m, consistent with the strong upwelling flow

Wiggins et al., 2015) lifting the thermocline locally. The ROV and

TD data suggest the plume deposits CH4 below the thermocline

ith some southward CH4 transport (i.e., downcurrent at the mea-

urement time) towards CTD-2 (Fig. 3C).

.4. Stable isotope analysis

Stable carbon isotope compositions were determined for dis-

olved CH4 in four water-column and twelve free-gas samples. The
3CCH4 values for the water-column samples range from −74.57‰
o −75.51‰, similar to values reported for gas escaping from the

rea by Schneider von Deimling et al. (2015). For the gas samples,
13CCH4 ranged from −75.6‰ to −70.7‰ (mean −74.6 ± 1.3‰)

uggesting a microbial CH4 source consistent with the non-

ethane hydrocarbon concentration data at the main crater. The
13CCH4 values for the two samples from the southeast crater

re −75.6‰ and −75.1‰. Based on carbon stable isotope compo-

ition, gases from the southeast and 22/4b-4 craters are indistin-

uishable.

.5. Atmospheric methane

Atmospheric CH4 concentrations measured during the Sept.

011 survey within 4 km of the 22/4b plume primarily were in

he range 1.8–1.9 ppm (Supp. Figs. S3 and S4) with a mean of

.85 ± 0.03 ppm and median of 1.846 ppm (see Supp. Fig. S3 for

ethodology). For reference, the most recent and nearest back-

round CH4 measurements were from Ocean Station M (2.00°E,

6.00°N) in 2009 and were 1.874 ± 0.012 ppm for the year (NOAA,

013; http://www.esrl.noaa.gov/gmd/dv/data/?site=STM).

http://www.esrl.noaa.gov/gmd/dv/data/?site=STM
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Fig. 4. A) Summary of all crater (blue) and near-field/background (green) CTD temperature, T, depth, z, profile profile data (symbols), and mean profile data (lines) for each.

B) T profile used in bubble model. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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4. Numerical simulations

The water column CH4 concentrations (Fig. 3) and near back-

ground atmospheric concentrations (Supp. Figs. S3 and S4) suggest

negligible plume CH4 transport out of the deeper water column.

Still, even absent the upwelling flow, large bubbles should trans-

port non-negligible CH4 to the sea surface. For example, simula-

tions in Leifer and Patro (2002) showed that bubbles larger than

r ∼ 5000 μm transported more than 50% of their seabed CH4 to

the atmosphere from 100 m and many bubbles this large were ob-

served at the 22/4b site Leifer (2015). Furthermore the very strong

upwelling flow (Supp. Fig. S5) discussed in Nauw et al. (2015b) and

Wiggins et al. (2015) should greatly increase CH4 transport to the

sea surface, in seeming contrast to water column and atmospheric

observations.

The implications of the very strong upwelling flows to water

column and atmospheric CH4 were investigated with a numer-

ical bubble propagation model. A synthetic seabed bubble size-

distribution was used for the simulations, based on the video sur-

vey in Leifer (2015) and described in Section 4.3. Table 2 sum-

marizes key simulation parameters (complete parameter lists are

in Supp. Figs. S7–S15) and the predicted fraction of direct bubble

transported flux to the sea surface, .

4.1. Initial conditions

Bubbles were simulated with size-varying contamination –

large bubbles are clean, with clean bubbles being more efficient

at gas exchange and small bubbles are dirty with a transition at

r∼830 μm based on Patro et al. (2002). For these shallow wa-

ters, high-pressure effects, such as deviations in compressibility

and solubility from the ideal gas law and Henry’s law, respectively,

were not simulated. Simulations used the mean temperature pro-

file (Fig. 4B).

Simulations incorporated the air gases as trace components at

2%, 6%, 2%, and 1 ppm for oxygen, O2, nitrogen, N2, CO2, and Ar-

gon, Ar, respectively, the balance being CH4. Trace gases do not af-

fect bubble fate (Leifer, 1995) but provide useful information on

the importance of solubility and diffusivity to bubble gas exchange,

which cannot be determined from the dominant gases that also

drive volume changes. Seawater was initialized with O2, N2, and Ar

in atmospheric equilibrium, and CO at trace levels to improve ini-
2
ial numerical stability compared to initialization with no dissolved

race gas. The Ar initialization drives an initial bubble uptake. Bub-

les have trace air (a few percent) at seabed release, which pre-

umes bubbles absorb some air gases while traversing the near-

eabed, coarse-grained sediments. This assumption may be con-

ervative if there is significant water circulation through near sur-

ace sediments, allowing some level of sub-surface air equilibra-

ion. However, as each bubble rises in the water column, air gases

apidly diffuse into the bubbles, thus the initial bubble air gases

artial pressures are not critical parameters. Argon was trace in the

nitial bubble gas composition to investigate the gas invasion (into

he bubble) without affecting overall bubble behavior.

.2. Single bubble simulation

Simulations of single bubbles were conducted for the observed

trong 22/4b upwelling flow, Vup = 1 m s−1 (Table 1; Supp. Fig. S5).

lthough stronger Vup were observed (to 1.5 m/s) they did not

ersist with such strength across the entire water column, thus

he more conservative value was used. Note, there likely are even

tronger upwelling flows in the plume proper where ADCP obser-

ations are not feasible. Simulations also were conducted for a far

lower upwelling flow, Vup = 25 cm s−1 (run3000, run3001, see

upp. Fig. S7 for simulation parameters). The latter corresponds

o a bubble in a normal, megaplume bubble plume flow, such as

hane Seep (Table 1). In the megaplume (run3000), an intermedi-

te size bubble with initial radius (seabed), r0 ∼ 2200-μm, lost

80% of its seabed CH4 mass by the time it reached the sea sur-

ace, while a very large bubble (r0 ∼ 5000 μm) lost less than 20%

f its seabed CH4 (Fig. 5A). For the lower Vup (run3001) mass loss is

ven greater. Overall sensitivity to Vup for mass loss is less for the

arger, r0 ∼ 5000-μm bubble than for the smaller r0 ∼ 2200 μm

ubble (Fig. 5A). The key factor is the shorter subsurface lifetime

or the higher Vup, which decreases the time for mass loss, and also

ecreases the concentration difference (Eqn. (2)) sooner by bring-

ng the bubble more quickly to shallower water where the concen-

ration difference is less (lower hydrostatic pressure).

As bubbles rise, the air gases (O2, N2, Ar) diffuse into the bub-

les, while CO2, which initially was supersaturated in the bub-

le more rapidly outflows the bubbles due to its greater solubility

Fig. 5B). CO2 outflow largely ceases by ∼25 s, thereafter increasing

lowly as the bubble grows from air inflow and decreasing hydro-
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Table 2

Numerical simulation summary.

Run Gpar Fpar MGas TrGas Bubble Vup kBE kS FSS (L s−1)  (%) Comment

3000 3000 3000 CH4, N2 CO2, Ar, O2 224bSynth 100 0 1 51.8 58 Megaplume, realistic Vup

3001 3000 3001 CH4, N2 CO2, Ar, O2 224bSynth 25 0 1 32.8 36 Megaplume, weak Vup

3002 3000 3000 CH4, N2 CO2, Ar, O2 Minor1B 100 0 1 45.3 50 minor SF = 26,482

3004 3000 3000 CH4, N2 CO2, Ar, O2 Caldera1J 100 0 1 52.6 58 major SF = 1447

3006 3000 3000 CH4, N2 CO2, Ar, O2 ShSeep52-1 100 0 1 18.5 21 minor, SF = 39,982

3008 3000 3000 CH4, N2 CO2, Ar, O2 ShSeep9-4 100 0 1 60.7 67 intermediate, SF = 14,024

3009 3000 3009 CH4, N2 CO2, Ar, O2 224bSynth 0 0 1 17.3 19 No upwelling flow

3010 3010 3000 CH4, N2, CO2 Ar, O2 224bSynth 100 0 1 3.5 3.9 Dominant CO2 bubbles

3020 3020 3000 CH4, N2 CO2, Ar, O2 224bSynth 100 2 1 10.4 12 Enhanced kB

3021 3020 3000 CH4, N2 CO2, Ar, O2 224bSynth 100 4 1 2.7 3.0 High enhanced kB

3022 3020 3000 CH4, N2 CO2, Ar, O2 224bSynth 100 0.5 1 34.8 39 Low enhanced kB

3023 3020 3000 CH4, N2 CO2, Ar, O2 224bSynth 100 6 1 0.8 0.9 Very high enhanced kB

3030 3030 3001 CH4, N2 CO2, Ar, O2 224bSynth 25 0 2 25.9 29 Slow rise

3031 3031 3001 CH4, N2 CO2, Ar, O2 224bSynth 25 0 4 20.8 23 Very very slow rise

3032 3032 3001 CH4, N2 CO2, Ar, O2 224bSynth 25 0 3 22.8 25 Very slow rise

3033 3033 3001 CH4, N2 CO2, Ar, O2 224bSynth 100 0 3 48.4 54 Very slow rise, realistic Vup

3040 3040 3000 CH4, N2 CO2, Ar, O2 224bSynth 100 2 2 8.5 9.4 Slow rise & enhanced kB

3041 3041 3000 CH4, N2 CO2, Ar, O2 224bSynth 100 4 2 1.9 2.1 Slow rise & high enhanced kB

∗∗GPar, FPar are the Gas, and Flow parameter file numbers, see Supp. Material, Figs. S7–S15 for full parameter settings for each simulation. MGas and TrGas are major and

trace gases, respectively. Bubble identifies the bubble size distribution, Vup is upwelling flow (cm s−1), kBE is the individual bubble gas exchange rate enhancement factor,

see Eqn. (9), and kS is the rise distance factor increase from vortical motions, see Eqn. (4), FSS is the bubble CH4 volume flux at the sea surface, and SF is the scaling factor

from a specific bubble plume volume to the estimated 90 L s−1 for the 22/4b megaplume (Leifer, 2015), and  is the percent of seabed CH4 transferred to the sea surface.

For 224bSynth, SF = 1.

s

i

o

f

i

b

s

m

F

a

∼
o

tatic pressure (Fig. 5B). By this time, CO2 has reached equilibrium

n the model.

The very strong upwelling flows (Vup = 1 m s−1, Supp. Fig. S5)

f the 22/4b megaplume allows bubbles to reach the surface much

aster than for weaker upwelling flows, thereby better preserv-
ig. 5. Individual bubble simulations of bubble molar content, n, with time, t, for seabed

nd upwelling flow, Vup = 25 and 100 cm s−1, (run3000, run3001, respectively), B) for min

5000 and 2200-μm bubbles, Vup = 25 and 100 cm s−1 (run3000, run3001), D) Depth, z,

n panels A, B.
ng bubble CH4 content. In stagnant water (Vup = 0 m s−1), large

ubbles rise at ∼25–30 cm s−1, requiring ∼5 min to reach the

ea surface (not shown), rather than ∼1.5 min for the very strong

egaplume upwelling flow (Fig. 5D).

This intense upwelling flow allows even small bubbles to reach
or initial bubble radius, r0 ∼ 5000 and 2200 μm A) for major gas, methane, CH4,

or gases with r0 = 5000 μm and Vup = 100 cm s−1 (run3000). C) Trend in r for r0

trend for r0 ∼ 5000, 2200 μm bubbles and Vup = 100 cm s−1 (run3000). Data key
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the sea surface rather than dissolving subsurface (Fig. 6B), while

decreased bubble mass loss yields larger bubbles at the sea sur-

face (Fig. 6A). For Vup = 25 cm s−1, only bubbles smaller than

r0 ∼ 1900 μm dissolve sub-surface, while for Vup = 1 m s−1,

all bubbles larger than a few hundred micrometers ro reach the

sea surface. For comparison, the no upwelling case – i.e., bubbles

not in a plume (run3009, Table 2) – showed bubbles smaller than

r0 ∼ 3000 μm dissolved subsurface.

4.3. Bubble plume simulations

To simulate the overall fate of 22/4b megaplume CH4, the

model was initialized with �, the global size distribution. In the

case of the 22/4b megaplume, � is comprised of numerous bubble

plumes with different bubble plume size distributions, φ for the

22/4b site. � was estimated from the number of bubble plumes,

Mj, in each plume class, j, for an assigned φj:

� =
∑

j

φ jMj (8)

Plume classes used were based on 22/4b seabed ROV observa-

tions of plume classes (Leifer, 2015) – minor, intermediate, and

major, with φj after Leifer (2010), see Supp. Fig. S16 for detailed

size distributions, φj and example images Values of Mj were de-

rived from analysis of a video survey of the active seabed at 22/4b,

described in Leifer (2015). The video survey analysis was based

on the appearance of the bubble plumes, which then was used

to classify the plume appropriately based on published field ob-

servations (Leifer, 2010) and laboratory bubble plume studies. Out-

side the deepsea (deeper than ∼2 km) the bubble formation size

distribution should be independent of pressure because the water-

bubble density difference is close to unity. This explains the simi-

larity between minor plumes at depths of 1 km and in the shallow

Coal Oil Point seep field at 20-m depth (Leifer, 2010).

Specifically, representative bubble plume φ from the Coal Oil

Point seep field, offshore California (Fig. 7) were selected for the

three classes – listed in Leifer (2010; Table 1) as “Caldera J”,

“ShSeep9-4”, and “Minor1B” (with recalculated values of buoyancy

flux or plume volume, Q, of 62.2, 6.315, and 3.4 cm3 s−1, respec-

tively). Only non-oily plumes were considered.

Minor bubble plumes have φ that is well described by a Gaus-

sian function with peak size solely related to orifice size (grain

spacing) below a critical flow rate, such that increased flux in-

creases the bubble emission frequency. Above the critical flow rate,

the peak size increases with flow (Leifer and Culling, 2010). Ma-

jor bubble plumes are highly turbulent, involve bubble shattering
Fig. 6. A) Ratio of final, rf , to seabed, r0 , bubble radius, showing bubble growth

from seabed to sea surface, and B) bubble dissolution depth, zd . Simulations for

upwelling flow, Vup , of 0, 25, and 100 cm s−1, Data key on figure. run3000, run3001,

and run3009, respectively.

F

c

d

nd tearing, with φ described by a power law whose slope relates

o flux (Leifer, 2010; Leifer and Culling, 2010). Intermediate bubble

lumes have characteristics of both minor φ and major φ plumes.

Each bubble size class in each plume class φ shown in Fig. 7

as simulated for 22/4b conditions with φ scaled by a scaling fac-

or, SF, such that Q for each plume was 90 L s−1, the best es-

imate 22/4b seabed flux (Leifer, 2015). For major, intermediate,

nd minor plumes, SF = 1447, 14,024, and 26,482, respectively.

o prevent small r0 variations in φ(r0) from propagating into flux

alculations and upper water column concentrations, φ(r0) was

moothed by applying a nearest neighbor average, and then in-

erpolated to twice the r0 resolution by cubic-spline interpolation.

earest neighbor smoothing was used to remove small fluctuations

n φ(r0) that largely arise from the radius-binning scheme used

o calculate φ (Leifer, 2010). The interpolation better fills out cal-

ulated parameters like bubble molar content for bubble behavior

hat diverges with r – i.e., small bubbles dissolving and large bub-

les growing.

The layer mass flux distribution, FL, or the flux into (or from) a

ayer with respect to bubble size and was derived from the product

f the number of bubbles in each size class, φ(r0), and the depth

erivative of the bubble molar content, ni(r) for gas i and is:

L,i(ro,z) =
z2∫
z1

φ(ro)dni(ro)

dt
dz (9)

here ni is the bubble-mediated transport (content) of gas i, and

ts change with time is the layer mass flux distribution, FL(r0, z),

ith units of mol μm−1 m−1 s−1. FL was calculated for 1-m layers

z2−z1 = 1 m). For non-trace seep gases, like CH4, FL generally de-

cribes bubble outflow or dissolution, while for air gases; it gener-

lly describes bubble inflow (absorption or uptake) from the water

olumn into the bubbles and is negative.

Although minor bubble plumes span a narrow radius range

Fig. 7), differences in their fate manifest even across their size

ange (Fig. 8A). Initially, smaller bubbles are more important to dis-

olution, but as they lose mass, they become less important both to

issolution and to transport higher in the water column. This man-

fests as a tilt or skew towards larger r0 (Fig. 8B). The most impor-

ant bubble size for minor plume mass transport is r0 ∼ 4000 μm,

hose bubbles lose slightly less than half their seabed CH4 by the

ea surface, while r0 ∼ 3500 μm is most important for dissolution.

ote, Fig. 8 shows bubble CH molar content and dissolution with
ig. 7. Bubble size distribution, φ, of representative Major, Intermediate, and Minor

lass bubble plumes, synthesized global size distribution, �, and volume emission

istribution, Q(r0). Data key on figure.
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Fig. 8. Bubble plume methane, CH4 molar content at depth, z, and dissolution rate (mass per second per radius unit deposited in a 1-m thick layer), with respect to seabed

radius, r0 , and z for representative plume classes, A, B) minor plume (run3002), C, D) major plume (run3004). E, F) intermediate plume (run3006), and G, H) a smaller, minor

plume (run3008). Upwelling flow was 1 m s−1. Full simulation parameters available in Supp. Figs. S8 and S9. Data keys on figure. Labeled contours are decadal.
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espect to seabed radius, ro, although r evolves as the bubbles rise.

Although most major-plume bubbles (Fig. 7) were small

r0 < 1000 μm), the small bubble contribution to CH4 content

i.e., transport) and dissolution was negligible (Fig. 8C and D).

ubbles in the range 3000 < r0 < 7500 μm were most impor-

ant to transport and dissolution, with the smaller bubbles in this

ange initially contributing more towards dissolution. However, as

hese smaller bubbles lose their mass, progressively larger bub-

les (with more remaining mass) became more important, mani-

esting as a tilt towards larger r0. Although few in number, very

arge bubbles (r0 > 8000 μm) are particularly important in the

pper water column, losing a far smaller fraction of their (ini-

ially far larger) seabed CH4 than the dominant bubble size range,

000 < r0 < 7500 μm. Given that these large bubbles lose only a

mall fraction of their seabed mass, contours for FL are nearly ver-

ical (Fig. 8D), with the major plume transferring  = 58% of the

eabed Q to the atmosphere (run3004, Table 2).

The intermediate plume shares aspects of minor and major

ubbles and exhibited dominant dissolution for r0 ∼ 4500 μm

Fig. 8E), with slightly larger bubbles dominating mass trans-

ort (Fig. 8F). Like the major plume, its larger bubbles (to

0 > 7000 μm) contribute non-negligibly to dissolution in the up-

er water-column; however, its largest bubbles are smaller than

he major plume’s and are too few in number to contribute sig-

ificantly to the plume’s bubble mass transport.

These plumes all transport a significant fraction of their seabed

H4 to the sea surface, far more than suggested by the wa-

er column and atmospheric observational data. A simulation of

he smallest minor bubble plume measured in the Coal Oil Point

p

eep field (Fig. 8G and H) with peak φ at r0 ∼ 2020 μm and

= 2.25 cm3 s−1 – SF = 39,982 (Leifer, 2010) – predicted signifi-

antly less sea surface CH4 than the representative minor plume

 = 21% versus  = 50%, for run3006, run3002, respectively,

able 2). For this smallest minor plume, CH4 is deposited even

loser to the seabed; however, even this smaller minor plume

ransports to the thermocline about a quarter its seabed CH4.

his plume should be considered a minimal size distribution seep

lume.

The underlying mechanism for these high transfer efficiencies is

he very strong Vup, which, we investigate through numerical bub-

le plume modeling. The simulations explore processes that we hy-

othesize can explain how in the face of such high expected trans-

er efficiencies, CH4 remains largely constrained to the deeper wa-

er column.

.4. Global bubble megaplume simulation

To simulate numerically the 22/4b bubble plume, the model

as initialized with � calculated by Eqn. (8) and each bubble size

n � simulated was scaled so that Q = 90 L s−1 (Leifer, 2015).

was relatively flat from 1000 < r0 < 5000 μm then decreased

harply by over an order of magnitude by r0 ∼ 7000 μm. Although

had few very large bubbles (from the major plume size distri-

ution, Fig. 7), they contribute significantly to Q(ro) (Fig. 7).

Overall, larger bubbles grow and smaller bubbles shrink as the

ubbles rise (Fig. 9), thus, φ(r, z) near the sea surface is broader

han at the seabed. By the thermocline, many small bubbles al-

eady have dissolved while the seabed bubbles at the 500 μm

eak are just r ∼100–200 μm here. Bubbles this small and
0
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smaller likely are susceptible to detrainment into an intrusion

layer, a feature identified in hydroacoustic data (Schneider von

Deimling et al., 2015; Wilson et al., 2015); however, the contribu-

tion of these small bubbles to plume mass transport or volume flux

– i.e., the buoyancy driving the upwelling flow – and dissolution

fluxes are negligible. Thus, detrainment was not simulated.

There is significant bubble growth in the upper few tens

of meters from the rapid decrease in hydrostatic pressure

(Fig. 9B). For example, bubbles at the thermocline in the range

2000 < r < 5000 μm grow to 5000 < r < 10,000 μm by the

sea surface. For the smallest seabed bubbles (r0 < 300 μm),

complete dissolution occurs in a few tens of meters, while for

400 < r0 < 2000 μm, shrinkage shifts to growth at z∼20 m as

decreasing hydrostatic pressure and air inflow overwhelm CH4 out-

flow (which continues, albeit more slowly as the internal pressure

that drives CH4 outflow decreases (Eqn. (2)).

Small (r0 < 500 μm) bubbles rapidly lose CH4 (Fig. 10A and

B), largely dissolving within the crater. These bubbles are unim-

portant to the overall plume mass and the fate of plume CH4. The

largest contribution, both to CH4 transport (Fig. 10A) and dissolu-

tion (Fig. 10B) is from bubbles in the range 3000 < r0 < 5000 μm,

which still retain significant CH4 at the sea surface. These bubbles

have slightly less than doubled in size by the sea surface (Fig. 9A).

In all (non-dissolving) bubbles, nitrogen increases (Fig. 10C), al-

though the increase is gradual (near vertical contours) as bubbles

were initialized with a few percent nitrogen (Supp. Figs. S7–S15).

To understand better the factors driving air uptake, argon was sim-

ulated for trace initial bubble partial pressure and minimal wa-

ter column concentration. In the simulation, bubble Ar increases

rapidly, with inflow (absorption) strongest for r0 ∼ 4000 μm in

the upper water column (Supp. Fig. S17). The peak in r0 in dissolu-

tion flux and in molar content was similar for all the other gases.

However, N2 uptake, which also was greatest at the sea surface,

was far less strongly depth-dependent than for Ar (Fig. 10C).

The importance of solubility is illustrated by comparison with

the more soluble gas CO2, whose bubble content decreases far

faster than that of CH4 (Fig. 10D). Although dominant CO2 plumes

are not relevant for 22/4b, they are investigated in Supp. Figs. S20–

S22.

The profile total plume dissolution rate, FL_CH4(z), for � can be

compared to the near-field, vertical CH4 profile (Fig. 3B, CTD-5) if

one assumes depth-invariant currents and minimal upwelling fluid

transport. Whether this is a realistic assumption depends on cur-
Fig. 9. Global bubble size emission distribution, �(r), where r is bubble radius, A)

at the seabed, thermocline (40 m), and sea surface. B) �(r, z), where z is depth.

Data key on figure.
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ent strength, among other aspects. For strong currents, the length

f time that fluid remains in the plume is short, and thus the

pwelling flow distortion or lifting of deeper water towards shal-

ower depths is minimal. For example, for a 1 m s−1 current and

15-m diameter momentum plume, an upwelling flow of 1 m s−1

ill lift fluid on average ∼10 m (RMS of 15 m) – i.e., downcur-

ent water-column concentrations reflect bubble plume dissolu-

ion from ∼10-m deeper. Obviously, this assumption is less ap-

ropriate for weaker currents and larger megaplumes. In principle,

he downcurrent concentration profile, C(z) can be calculated from

L_CH4 (z) if the current and aqueous plume eddy diffusion rates are

nown; however, herein we simply compare qualitatively.

For high upwelling flow, FL_CH4 decreased an order of magni-

ude from the seabed to the sea surface (Fig. 11B); however, less

han a third of the seabed bubble NCH4 was lost during transit to

he sea surface (Fig. 11A), with a fraction transported to the sea

urface of  = 58% (run3000, Table 2). FL_CH4 decreases suddenly at

50 m depth, corresponding to where bubbles in the important �

eak at r0 ∼ 3500 μm have lost most of their CH4 (Fig. 10A) and

o longer contribute significantly to FL_CH4 or NCH4. The only ob-

erved CH4 depth profile, C(z), that even bears some resemblance

o the predicted outflow is CTD-5 (Fig. 2B), where C(z) decreases

xponentially by two orders of magnitude by 70-m depth, in con-

rast to the approximately linear decrease in FL by a factor of ∼2

or this simulation (Fig. 11B).

Sensitivity of the fate of bubble CH4 to Vup was investigated by

imulating � for Vup = 25 cm s−1 (run3001). Note, this scenario

s unsupported by upwelling flow observations (Supp. Fig. S5) near

he bubble plume (momentum plume), which likely were slower

han fluid motions in the bubble plume (Wiggins et al., 2015).

The slower Vup decreased CH4 transport to the upper water-

olumn greatly (Fig. 12A) compared to the higher Vup (Fig. 10A),

ransporting  = 36% to the atmosphere (run3001, Table 2). Trans-

ort and dissolution are driven primarily by the dominant bubble

eak, 3000 < r0 < 5000 μm, although there is greater skew to-

ards larger r0 in CH4 dissolution and mass content (Fig. 12) com-

ared to strong upwelling (Fig. 10). Significant CH4 still is trans-

orted to the upper water column; however, the relative impor-

ance of large and very large bubbles is enhanced compared to

he simulation with a stronger upwelling flow (Fig. 12A versus

ig. 10A). The decreased CH4 transport to the upper water col-

mn is matched by the greater overall dissolution flux (Fig. 12D)

ompared to the higher upwelling flow simulation (Fig. 11B). The

lower rising bubbles also allow more time for air gases to diffuse

nto the bubble, leading to higher air gas molar content at the sea-

urface (Fig. 10C versus Fig. 12C; Supp. Fig. S17 versus S18C).

In the total absence of an upwelling flow, Vup = 0 m s−1

run3009), transport to the atmosphere decreases dramatically, to

= 19% (run3009, Table 2) with far greater sensitivity to Vup be-

ween 0 cm s−1 and 25 cm s−1 than between 25 cm s−1 and

00 cm s−1. This arises because although increasing Vup from

cm s−1 to 25 cm s−1 significantly impacts on bubbles in the most

mportant size range, 3000 < r0 < 7000 μm, it only minimally af-

ects very large bubbles, while Vup = 100 cm s−1 strongly affects

ven very large bubbles (Supp. Fig. S19 compares mass content and

ransport for Vup = 0, 25, and 100 cm s−1).

.5. Bubble megaplume vortical motions

Hydroacoustic and visual observations indicate the presence of

arge and strong vortical (spiral) motions in the plume with an ap-

roximate tilt of ∼45° (Schneider von Deimling et al., 2015). These

piral motions increase the water-column transit time of bubbles,

hich continue rising at their normal speed while trapped in the

ortical motions. This process was simulated by reducing the bub-

le rise velocity to V /k , where k is the slow-rise scaling factor,
B S S
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Fig. 10. A) Bubble plume methane, CH4 molar content at depth, z, and dissolution rate (mass per second per radius unit deposited in a 1-m thick layer) with respect to

seabed radius, r0 , and depth, z, for global bubble plume �, and strong upwelling flow. B) CH4 dissolution rate. C) Nitrogen, N2, content. D) Carbon dioxide, CO2, content.

Decadal contours are labeled, 10 color levels per decade. Data key on figure. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

Fig. 11. Size-integrated global 22/4b bubble plume for a strong upwelling flow of 100 cm s−1. A) Plume molar content, N. B) Plume gas outflow (dissolution), FL . Outflow

(dissolution) is positive, inflow (absorption) is negative. Data key on figure. run3000.

Fig. 12. A) Bubble plume methane, CH4 molar content at depth, z, and dissolution rate (mass per second per radius unit deposited in a 1-m thick layer) with respect to

seabed radius, r0 , and depth, z, for global bubble plume �, and a 25 cm s−1 upwelling flow. B) CH4 dissolution flux. C) Size-integrated z-profile of bubble molar content, N.

D) Size-integrated, z profile of plume gas flux, FL . Decadal contours are labeled, 10 color levels per decade. Data key on figure. run3001. Molar content of Ar, N2, and CO2 in

Supp. Fig. S17. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

w

r

u

t

V

f

e

m

T

(

hile maintaining their normal rise speed-dependent gas transfer

ate – i.e., kB remains a function of VB not VB/kS. In addition, the

pwelling flow lifts the vortices and their trapped bubbles. Thus,

he bubble vertical velocity, VZ, is:

Z(r) = Vup + VB(r)

kS

(10)
Simulations were conducted for a range of kS = 1, 2, 3, 4 and

or Vup = 25 cm s−1 to investigate for emphasized conditions the

ffect of slow rise from large vortices on CH4 fate (Fig. 13). Also a

ore realistic simulation was run for kS = 4 and Vup = 100 cm s−1.

he slow rise process is distinct from the slower Vup simulation

Fig. 12), as slow rise affects different bubble sizes differently than
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Fig. 13. A) Bubble plume methane, CH4 molar content at depth, z, and dissolution rate (mass per second per radius unit deposited in a 1-m thick layer) with respect to

seabed radius, r0 , and depth, z for global bubble plume �, and upwelling flow, Vup = 25 cm s−1 with slow rise factor kS = 2, B) CH4 dissolution flux. C) Nitrogen, N2, bubble

molar content. Decadal contours are labeled, 10 color levels per decade. D) Size-integrated z-profile of bubble molar content, N, for kS = 2 and Vup = 25 cm s−1. E) and

dissolution rate, FL , for kS = 1, 2, 3, 4, and Vup = 25 and 100 cms−1 for CH4 (red) and O2 (blue). See data key. Only dissolving gases shown. See Supp. Fig. S23 for CH4 and

N2 molar content for all slow rise simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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slower Vup, skewing importance towards larger bubbles.

A comparison of simulations for kS = 2 (Fig. 13, Supp. Fig. S23A)

with kS = 1 (i.e., run3001, Fig. 12) shows that slow rise decreases

significantly sea surface bubble CH4 molar content while enhanc-

ing overall CH4 dissolution primarily in the deeper water col-

umn. The slow rise impact is greatest for smaller bubbles with

higher dissolution across the water column. Nitrogen inflow (Supp.

Figs. S23E-S23G) decreases with increasing kS (slower rise), with

changes primarily for bubbles in the range, 3000 < r0 < 6000 μm.

For a stronger implementation of slow rise (i.e., slower slow rise

or greater kS) the importance decreases because bubble rise still

includes the upwelling flow (Fig. 13E). As a result, the impact is

greatest on smaller bubbles, which dissolve at deeper depths than

for no slow rise (run3001, Fig. 12). Still, the larger bubble popu-

lation is decreased significantly compared to the same upwelling

flow and no slow rise (Fig. 14A). In this simulation, smaller bub-

ble concentrations (r < 1000 μm) are comparable at the seabed

and sea surface; however, larger bubbles decrease by an order of

magnitude for strong enhanced slow rise (kS = 4) compared to no

slow rise (kS = 1). Thus, slow rise shrinks intermediate to large
Fig. 14. Global bubble size emission distribution, �(r), for strong slow rise (kS = 4)

and slow upwelling flow (Vup = 25 cm s−1), where r is radius A) at seabed, ther-

mocline, and for no slow rise (kS = 0) same Vup . B) �(r, z), where z is depth across

the water column for kS = 4 and Vup = 25 cm s−1. Data key on figure. run3031,

run3001.
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3000 < r0 < 5000 μm) bubbles that would have grown from de-

reasing hydrostatic pressure in its absence.

Bubble CH4 molar content decreased by a factor of about three

or kS = 2 between the seabed and sea-surface (Fig. 13D), trans-

orting just  = 29% of seabed CH4 to the sea surface compared

o an absence of slow rise, where  = 36% (run3030, run3001,

able 2) for weak upwelling flow, Vup = 25 cm s−1. As kS in-

reases, dissolution increases, depositing more CH4 in the deeper

ater column (Fig. 13E); however, reasonable kS values (kS = 2,

, implying approximate spiral trajectories of 45° and 22.5°, re-

pectively) cannot reproduce observations. Although slow rise en-

ances greatly small bubble dissolution, it only slightly enhances

arge bubble dissolution.

These simulations were conducted with a slow upwelling flow

Vup = 25 cm s−1) to magnify the effect of the slow rise process. A

omparison for kS = 4 with Vup = 25 and 100 cm s−1 (run3031 and

un3033) shows the higher Vup increases CH4 molar transport to

he sea surface  = 54% compared to  = 23%. Thus the strong Vup

t 22/4b largely overwhelms slow rise even for kS = 4 (Fig. 13E;

upp. Fig. S23C versus S23D) – i.e., strong Vup ameliorates the im-

act of spiral motions.

.6. Enhanced megaplume bubble gas exchange

Other possible explanations for the unexpectedly poor transport

f seabed CH4 to the mixed layer and atmosphere were consid-

red and rejected, such as an unidentified highly soluble gas (not

O2) or significant bubble fragmentation and then massive detrain-

ent of small fragmented bubbles at the thermocline. Bubble frag-

entation requires intense turbulence (Ravelet et al., 2011), which

as been identified only for turbulence jets such as during wave

reaking (Deane and Stokes, 2002) or high flow emissions from a

ent orifice (Leifer and Culling, 2010). However, such turbulence

ets were not observed in the sonar data (Wilson et al., 2015).

Thus, an alternate hypothesis was developed, based on assum-

ng that bubble mass loss in very intense bubble plumes is greater

han in normal (smaller) plumes due to externally imposed turbu-

ence. Specifically, bubble wakes can persist for up to minutes, and

s a result, in a megaplume, bubbles rise through a tangle of tur-

ulence from persistent wakes, which have size scales comparable

o the bubble boundary layer. We hypothesize that the turbulence

eld then enhances kB above that for bubble self-ventilation from

ise in stagnant water.

The enhanced bubble gas exchange hypothesis was investigated
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n numerical simulations by introducing an enhanced individual

ubble gas exchange coefficient, kBE, which was simulated as r-

ndependent and was added to kB(r). For each gas, the product of

BE and the maximum value of kB(r) was added to kB(r) to gener-

te a new bubble gas transfer coefficient, kBNi, for gas i, for use in

qn. (2) in the model:

BNi = kBE ∗ max{kBi(r)} + kBi(r) (11)

For k BE = 2, the effect on the vertical profile is dramatic, with

ignificant mass loss well below the thermocline by all bubble

izes including very large bubbles (Fig. 15). The bubble size range

or complete dissolution extends to far larger bubbles (∼3000 μm)

han in its absence (∼500 μm, Fig. 10). Interestingly, air gases

oth inflow and then outflow the bubble far more rapidly (Supp.

ig. S24). Specifically, N2 initially rapidly inflows larger (r0 ∼
000 μm) bubbles, but shifts to outflow at z ∼ 55 m as rapid CH4

utflow forces bubble shrinkage. The effect of bubble size change

s significant for kBE = 2, with subsurface dissolution of bubbles

ith r0 < 3000 μm and is dramatic for kBE = 6, with a several

rder of magnitude decrease across the entire bubble size distri-

ution at the sea surface (Supp. Fig. S25). For kBE = 2, bubbles as

arge as 500 μm dissolve within the crater, while larger bubbles

r0 ∼ 5000 μm) first shrink significantly before growing in the up-

er water column.

Based on the bubble molar content depth profiles (Fig. 15D),

BE ∼ 6 predicts direct bubble-mediated transport to the sea sur-

ace to levels comparable observational constraints, i.e.,  = 0.9%

run3023, Table 2). Interestingly, nitrogen first inflows then out-

ows bubbles in the range 3000 < r0 < 6000 μm in the bottom

ater column, forming an enhanced layer between 80 and 100 m

epth (Supp. Fig. S24B). The same enhanced layer is observed in

he argon simulation (Supp. Fig. S26C).

A simulation for moderate kBE = 2 and kS = 2, i.e., extended

esidence time from vortex trapping combined with turbulence-

nhanced bubble gas exchange and strong Vup also constrained

H4 sufficiently to the lower water column (Fig. 16). Sea surface

H4 is reduced dramatically with respect to simulations absent

hese megaplume processes (Fig. 16C) by about an order of mag-

itude ( = 8%). For stronger kBE = 4 and kS = 2, further sig-

ificant reductions in CH4 upper water-column transport occurs,

ith only  = 2.1% (run3041, Table 2). This reduction in trans-

ort efficiency; however, is not accompanied by a similar reduc-

ion in the sea surface bubble size distribution for larger bubbles

ecause faster air absorption largely compensates for faster CH4

issolution (Supp. Fig. S27). Interestingly, thermocline bubble con-

entrations are lower than at the sea surface in the size range

000 < r0 < 12,000 μm (Supp. Fig. S27A). Specifically, the over-

ll plume buoyancy, Q, decreased to 20% of the seabed value at

0-m depth, before growing back to 80% of the seabed Q at the

ea surface.

. Discussion

.1. Upper-water column and atmospheric observations

Remote sensing constraints on the atmospheric plume

Gerilowski et al., 2015) and water-column data (Fig. 3) indi-

ate that the 22/4b seabed CH4 emissions largely were constrained

elow the thermocline during the fall field campaign – very little

H4 was observed in the upper water-column. Although water-

olumn data are sparse, they are consistent with the extensive

tmospheric data (Supp. Figs. S3 and S4) that limits CH4 transport

o the upper water column (direct and indirect) and to the atmo-

phere. They also are consistent with other survey observations

or the 22/4b site (Schneider von Deimling et al., 2015), although
eabed bubble emissions only were characterized during the fall

011 campaign.

Lower water-column CH4 profiles were fairly uniform in charac-

er (Fig. 3) and significantly lower above the thermocline than be-

ow. This could indicate strong vertical mixing of detrained plume

uid, with thermocline detrainment forming an intrusion layer, a

onceptual model that is consistent with the sonar bubble obser-

ations (Schneider von Deimling et al., 2015; Wilson et al., 2015).

iven the sharpness (∼10 m) of the thermocline, the thinness of

he sonar bubble-outlined intrusion layer, and the coarseness of

he profile sample depths, other profiles could have missed the in-

rusion layer (Fig. 3).

Upper water-column CH4 concentrations from 30 to 50 m deep

or CTD-2 were elevated significantly compared to the similar

ackground depth measurements – e.g., CTD-1, 3, 4 (Fig. 3). This

ould result from transport of plume-deposited CH4 in shallower

epths followed by advection towards the CTD cast. Overall, even

ear-field shallow water-column enrichment was minimal.

The pervasive trace propane and n-butane throughout the study

rea (despite CH4 spanning a very wide range of concentrations)

uggests thermogenic gas sources (natural seepage or anthro-

ogenic) outside the 22/4b site. Such additional sources also could

xplain the elevated “background” CH4 concentrations for the

2/4b site compared to typical ocean values of 2–4 nM (Reeburgh,

007; Solomon et al., 2009; Watanabe et al., 1995) and for the

orth Sea (Rehder et al., 1998).

.2. Numerical simulations to explain observational constraints

Bubble plume CH4 transport occurs by two mechanisms, di-

ectly in bubbles and indirectly in plume-transported or upwelled

uid that is enriched by bubble CH4 dissolution (Leifer et al.,

009). Observations indicate that neither mechanism significantly

ransported CH4 vertically to the upper water column or atmo-

phere. In terms of indirect transport, stratification can lead to

assive plume detrainment, depositing much of the CH4 in an

ntrusion layer (Asaeda and Imberger, 1993). The intrusion layer

hould form in or at the base of the (very strong) thermocline

Fig. 4) that is typical for the Central and Northern North Sea con-

itions in the summer and fall (Nauw et al., 2015a; Otto et al.,

990). However, stratification does not affect direct, i.e., bubble-

ediated, CH4 transport.

Thus, for this megaplume rising from fairly shallow water,

he lack of a significant atmospheric CH4 plume or upper water-

olumn CH4 enhancements requires that the bubbles do not trans-

ort CH4 to the upper water-column. The lack of significant direct

ubble transport is consistent with acoustic observations show-

ng a strong diminution of the plume in upper waters compared

o near the seabed (Schneider von Deimling et al., 2015; Wilson

t al., 2015) and visual surface observations (Peter Linke, personal

bservation, 2013), which indicated only a weak and sparse bub-

le plume at the sea surface. Further supporting the interpretation

hat most bubbles did not reach near sea-surface waters for strati-

ed conditions in fall when the survey occurred, are the upwelling

ata (Supp. Fig. S5) that show the upwelling flow did not reach

he sea surface (Nauw et al., 2015b; Wiggins et al., 2015). Thus, the

rimary conclusion that bubbles are not directly transporting CH4

o the sea surface is supported by multiple datasets, yet appears

o be in contradiction with megaplume observations in the Coal

il Point seep field, where bubbles rise from comparable depths

∼70 m) and retain a significant fraction of their seabed CH4 at

he sea surface (Clark et al., 2010).

Also puzzling is that the seabed emissions estimate for the

2/4b megaplume shows it to be the strongest seabed bubble

egaplume quantified to date and that it was comprised of bub-

les spanning a wide size range at the seabed including many very
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Fig. 15. A) Bubble plume methane, CH4 molar content at depth, z, and dissolution rate (mass per second per radius unit deposited in a 1-m thick layer) with respect to

seabed radius, r0 , and z for global bubble plume �, upwelling flow, Vup = 100 cm s−1, and enhanced bubble gas exchange, kBE = 2. B) CH4 dissolution flux. Decadal contours

are labeled, 10 color levels per decade. C) Size-integrated z-profile of bubble molar content, N, and D) NCH4 for Vup = 100 cm s−1 and various values of kBE . Data key on

figure. run3000, run3020, run3021, run3022, run3023. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Fig. 16. Simulation output for the global 22/4b bubble plume with enhanced bubble gas exchange, kBE = 2, slow rise kS = 2, and 100 cm s−1 upwelling flow, A) Methane,

CH4, mass content with respect to seabed radius, r0 , and depth, z, and B) CH4 dissolution flux. Decadal contours are labeled, 10 color levels per decade. C) Size-integrated

z-profile of bubble molar content, N, for a same run for all gases, and a range of kBE for CH4, and D) bubble plume dissolution flux, FL , for the same range of kBE . Data key

on figure. run3000, run3040, run3041. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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large bubbles (Leifer, 2015). Seabed bubbles were almost entirely

CH4 (Supp. Table S4) and thus very large bubbles easily should

transport significant seabed CH4 to the upper water-column and

atmosphere (Leifer and Patro, 2002) given the moderate water

depth (∼120 m).

To explore the potential reasons for the observed low impact

of the 22/4b megaplume seepage on surface water concentrations

and sea-air fluxes, bubble plume simulations were conducted us-

ing a synthetic seabed global size distribution (Fig. 7) and ob-

served upwelling flows (Supp. Fig. S5). These simulations showed

that for the measured upwelling flows, only quite small bubbles

(r0 < 500 μm) failed to reach the sea surface (Fig. 6) while larger

bubbles retain a significant fraction of their seabed CH4 (Fig. 10).

Moreover, video observations clearly showed the presence of nu-

merous large (r0 > 5000 μm) and very large (r0 > 10,000 μm)

bubbles. Given that very small bubbles (r0 < 300 μm) appear

milky in video (Leifer, 2010) they clearly were unrepresentative of

the overall bubble size spectrum in the seabed video survey (Leifer,

2015). Thus, the attempt to produce sufficiently large deep-water

column loss rates based on current knowledge of bubble processes,
nly could constrain CH4 to the lower water column by assuming

nrealistically small bubble sizes that were inconsistent with ex-

ensive seabed video data.

Two hypothesized processes were proposed that could have

onstrained megaplume CH4 to the deeper water column: Vorti-

al plume motions causing a reduced effective vertical rise rate

Schneider von Deimling et al., 2015) and turbulence-induced en-

ancement of the individual bubble gas transfer velocity, kBE, pro-

osed in this work. Simple approximations for these hypothesized

rocesses were investigated in numerical simulations and found

ble to reproduce observations, particularly in combination. Both

rocesses decouple the strict dependency of the gas exchange co-

fficient on the bubble rise velocity.

.3. Vortical motions and slow rise

One phenomenon that was observed and proposed to explain

n part the constraint of CH4 to the deeper water-column was

he interaction between large vortical structures and rising bub-

les. Specifically, bubbles trapped in vortical structures rise slower,
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hereby losing additional mass in the deeper water-column. Such

istinct turbulence patterns were observed on a range of size

cales in video and hydroacoustic data from decimeters to several

eters (Schneider von Deimling et al., 2015).

Laminar spiral motions alone would not reduce the bubble

hold-up” time subsurface, because the bubble vertical buoyance

orce and rise velocity exists independent of laminar lateral dis-

lacement. Therefore, we hypothesize that large vortical turbu-

ence motions may have reduced significantly the bubble verti-

al velocity. Such phenomena have been noted in computation

ow studies due to the lift force, which slows bubble rise veloc-

ties more strongly with increasing turbulence intensity (Snyder

t al., 2007). The phenomenon manifest as a deceleration of the

ubble while it is trapped by a vortex, followed by acceleration

nce the vortex disintegrates (Spelt and Biesheuvel, 1997). The in-

eraction between vortices and bubble rise leads to positive or

egative-skew in velocity probability distributions, with the skew

ependent on the non-dimensional turbulence intensity. Although

nyder et al. (2007) only calculated this phenomenon for bub-

les up to r ∼ 1000 μm, Grimaldo et al. (2010) observed long-

erm bubble trapping (minute time-scale) for horizontal roll vor-

ices near the sea surface for larger (r ∼ 2000 μm) bubbles. Where

he vortice’s axis has a directional component in the rise direction,

ortex-trapping efficiency is reduced and bubble slow rise is less

ffective.

For illustrative purposes, the slow rise simulations assumed all

ubbles were entrained in the vortical fluid motions. In reality,

ome fraction of bubbles most likely would rise slowly in the vor-

ical fluid flows, while other bubbles would rise normally outside

hese fluid flow structures. Overall, small vortical tilt (or slow rise)

ad a significant effect, but for stronger slow rise (greater tilt), sen-

itivity decreases because the vortices were simulated as entrained

nd uplifted in the upwelling flow (Fig. 13E).

Although not addressed in this study, to some extent, down-

elling flows provide a negative slow rise, which would force

issolution of those bubbles trapped in such flows. Downwelling

ows at 22/4b were observed in sonar data (Wilson et al., 2015)

nd in recirculation flows in the crater (Schneider von Deimling

t al., 2015). An interesting possibility related to vortex trapping is

hat fluid detrainment at the thermocline and subsequent down-

ows (Schneider von Deimling et al., 2015) also enhances dissolu-

ion of trapped bubbles in the deeper water column and returns

pwelled CH4-enhanced fluids back to depth.

.4. Enhanced individual bubble gas exchange velocity

One proposed process that could explain observations, was that

ntense bubble megaplumes have enhanced individual bubble gas

xchange rates, kBE, compared to the stagnant water parameteri-

ations used in simulations of normal bubble plumes (Clift et al.,

978). For a bubble in stagnant water, kB is derived from the flow

eld in the bubble’s boundary layer and is generated by the rising

ubble’s buoyancy. Thus kB and VB are intimately linked.

In the case of “enhanced bubble gas exchange rate,” we pro-

ose that the high bubble concentration in the plume creates and

aintains an intense turbulence field with eddies down to size

cales comparable to the bubble boundary layer – i.e. 10 μm

nd smaller. Mechanistically, we propose that in sufficiently dense

lumes, this turbulence field is created by the mass of persistent

ubble wakes, which form turbulence on bubble size-scales (Shih-

an et al., 1990). These eddies then add turbulence to the bub-

le boundary layer, increasing gas transfer, simulated by an addi-

ive exchange rate parameterization. This formulation assumes that

ubble self-generated turbulence and gas exchange persists for all

evels of enhanced bubble gas exchange, with the imposed turbu-

ence field adding to gas exchange.
Simulations showed that even a moderate kBE strongly con-

trained CH4 emission to the lower water column (Fig. 15). Im-

ortantly, because kBE also enhanced air uptake (Fig. 15C and

upp. Fig. S24), it allowed very large bubbles to reach the sea

urface spanning approximately the same size range as at the

eabed (Supp. Fig. S25), although smaller bubbles dissolved, partic-

larly for the strongest enhancement (kBE = 6, run3023). It should

e noted that the simulation showed the surfacing bubbles were

ighly CH4-depleted. A simulation with kBE = 6 (Fig. 15) – where

lume turbulence overwhelms bubble-generated turbulence – re-

uced atmospheric CH4 fluxes to levels comparable to observa-

ions, i.e., two orders of magnitude. Interestingly, the simulations

how dissolution dramatically shrinks bubbles by the thermocline

efore they grow again due to air uptake in the upper water-

olumn. Such small bubbles at the thermocline could be suscep-

ible to detrainment and thus would no longer be in the plume to

row afterwards (as in the simulation).

The kBE formulation is simplistic and was chosen solely to ex-

lore the implications to bubble plume fate. In reality, there likely

ould be a radius dependency in kBE, with enhancement less ef-

ective on bubbles smaller than the imposed turbulence size-scales.

here also likely is an onset time during the plume’s acceleration

hase when the turbulence field had not yet become fully devel-

ped. Furthermore, if the plume disperses sufficiently, or loses suf-

cient volume so that the underlying driving Q decreases signif-

cantly – such as happened for strong kBE at about the thermo-

line – turbulence levels will decrease and kBE should approach

ero, leading to normal plume behavior. Also, currents are likely

o affect kBE, in part by advecting turbulence structures out of the

lume (into the downcurrent momentum plume).

Currents can lead to continuous small bubble detrainment, de-

reasing the volume flux slightly (Leifer et al., 2009) and increas-

ng dissolved plume gas loss to the ambient water column, al-

hough dissolved gases were not a significant factor for the 22/4b

egaplume. Strong currents can disrupt the bubble plume (Leifer

t al., 2015) reducing the upwelling flow. Thus, enhanced bubble

issolution and high currents both increase megaplume CH4 loss

o the water column. However, data show strong upwelling flows

ersisting across most of the water column (Supp. Fig. S5), thus

urrent disruption was insufficient to reduce the buoyancy driving

he upwelling flow.

Stratification disrupts upwelling flows by requiring more work

y the plume against a stronger density gradient, leading to en-

anced plume detrainment and momentum loss (Asaeda and Im-

erger, 1993). A vertical profile of Vup in the upper water column

or Trilogy Seep in the Coal Oil Point seep field demonstrated a

ow regime where stratification decreased Vup in the upper water

olumn (Leifer et al., 2009). Lower currents and the wave mixed

ayer’s shallowness (10 or so meters) in the Coal Oil Point seep

eld, may explain why Trilogy Seep surface bubbles (45 m depth)

ave an air content consistent with minimal CH4 loss to the water

olumn (Clark et al., 2010), in strong contrast to the fate of bubbles

t the 22/4b site.

.5. Enhanced bubble transfer hypothesis

The effect of enhanced bubble transfer is to cause CH4 and

ther gases to outflow the bubble far faster than normal and for

aster gas uptake than normal. Currently, although the model sim-

lations show it is consistent with observations and can explain

hem, in contrast to any other known mechanism, this does not

alidate the mechanism. Given its potential importance to pro-

esses such as the fate of anthropogenic and natural blowouts, vali-

ation clearly is merited. Simulations herein incorporated both ma-

or gases (O2, N2, CH4) and trace gases (CO2 and Ar).

The fate of each of the different gases is different in each bub-
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ble, thus data on the changing bubble composition, or for seep

gases, dissolution fluxes, provide a powerful modeling constraint,

if coupled with bubble size distribution measurements. Thus, hy-

pothesis validation – in the field or laboratory – should combine

in situ multi-component measurements at different heights above

the seabed/source with bubble size distribution measurements, fo-

cusing on the ratio between different gases for dissolved gas mea-

surements. Water-column measurements always have some uncer-

tainty due to dissolved plume transport; however, plume trans-

port does not discriminate between gases, unlike bubble-mediated

transport.

5.6. Broader implications

To date, these data are the most complete ever collected at a

blowout megaplume – including Deepwater Horizon (Leifer, per-

sonal observation, 2013) – and suggest unique megaplume pro-

cesses that affect our understanding of the fate of the CH4 in these

large bubble plumes. Megaplumes may occur due to anthropogenic

accidents, such as at the 22/4b site, or by natural processes where

shallow gas breaches to the seabed, such as occurred for the Seep

Tent Seep in the Coal Oil Point seep field (Boles et al., 2001).

The enhanced gas exchange megaplume hypothesis clearly requires

validation. If confirmed, this would suggest that in terms of at-

mospheric budgets from natural marine seepage, the role of non-

megaplume bubble plume gas transfer should be emphasized on a

global basis (Leifer and Patro, 2002). Data presented herein from

the 22/4b site show that the upscaling of current bubble plume

knowledge based on observations from strong seepage locations,

characterized by enhanced vertical CH4 transport due to stronger

upwelling flows, is inappropriate for megaplumes, presumably due

to unique fluid dynamic processes.

6. Conclusions

Data from air and water column surveys of the 22/4b site in-

dicate that under conditions of strong stratification common in

summer and fall, the megaplume transfers a very small fraction of

seabed CH4 to the upper water column or to the atmosphere, on

the order of 1% or less. This was unexpected, particularly because

of the observed very strong, upwelling flows, which should allow

all but the smallest bubbles to reach the sea surface with signif-

icant CH4 concentrations. A numerical bubble propagation model

was used to better understand the underlying mechanisms of this

disagreement between observations and theory. The model was

initialized with a bubble plume size distribution synthesized from

literature bubble plume size distributions and the video survey

plume class probability distributions. Investigation of the different

plume class types identified in the video surveys indicated that all

plume classes observed contained sufficiently large bubbles that

should transport far more CH4 to the sea surface than suggested

by observations.

To reconcile observations with model predictions, two new, hy-

pothesized megaplume fluid dynamic processes were simulated:

megaplume-enhanced individual bubble gas exchange rate and

slow bubble vertical rise due to large vortical motions, the later

revealed in hydroacoustic data. For enhanced bubble gas exchange,

plume turbulence is hypothesized to affect the bubble boundary

layer. Numerical simulations showed that this could explain obser-

vations. Slowed vertical rise also could have played a role but was

unable to explain observations on its own.

If validated, these processes have significant implications for

understanding the fate of CH4 from megaplume emissions (anthro-

pogenic or natural) and suggests focusing attention on smaller and

more dispersed bubble plumes with respect to assessing contribu-

tion of natural marine seepage to greenhouse gas budgets.
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: power law coefficient in equation Vup ∼ Qb (−)

: aqueous concentration (mol/cm3)
1: methane concentration (molar)

2: ethane concentration (molar)

3: propane concentration (molar)

4: butane concentration (molar)

Ni/dz : plume molar dissolution rate for gas i (mol/m/s)

: bubble mass flux (mol/s)

L: layer dissolution rate (plume dissolution flux) distribution (mol/m/s)

: gravitational constant (cm/s2)

: Henry’s Law constant (mol/cm3 / atm)

: gas index (−)

: plume class (−)

B: individual bubble gas exchange velocity (cm/s)

BE: enhanced individual bubble gas exchange rate (−)

BN: new individual bubble gas exchange rate (cm/s)

β : depth solubility correction from Henry’s Law (−)

S: slow rise factor (−)

j: number of plumes in bubble plume class j (#)

: total bubble molar content (mol)

i: bubble molar content of gas i (mol)

i: plume molar content of gas i (mol)

SS: plume moles at sea surface (flux to atmosphere) (mol/s)

A: atmospheric pressure (atm)

B: bubble pressure (atm)

i: bubble partial pressure of gas i (atm)

: volume flux (L/s)

: ideal gas constant (atm cm3 / Mol °C)

sample: sample isotope ratio (‰)

standard: standard isotope ratio (‰)

: bubble equivalent spherical radius (μm)

0: bubble radius at seabed (μm)

f: bubble radius at sea surface (μm)

Standard: 13C/12C the reference standard (−)

c: Schmidt number (−)

F: scaling factor from individual plume Q to global plume Q (−)

: temperature (°C)

: time (s)

B: bubble stagnant fluid rise velocity (cm/s)

F: fluid velocity (including Vup) (cm/s)

up: fluid upwelling velocity driven by bubble plume (cm/s)

: number of data points (−)

: depth coordinate (cm)

o: seabed depth (cm)

d: dissolution depth (cm)

: percent of seabed molar flux transported to sea surface (%)
13C: carbon 13 isotope fraction (‰)

: compressibility (–)

w: water density (g/cm3)

: surface tension (LaPlace pressure) (atm-cm)

: bubble plume size distribution (#/μm/cm3)

: global bubble size distribution (summed over vents) (#/μm/cm3)
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