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a b s t r a c t

First direct evidence for ongoing gas seepage activity on the abandoned well site 22/4b (Northern North

Sea, 57°55′ N, 01°38′ E) and discovery of neighboring seepage activity is provided from observations since

2005. A manned submersible dive in 2006 discovered several extraordinary intense seepage sites within

a 60 m wide and 20 m deep crater cut into the flat 96 m deep seafloor. Capture and (isotope) chem-

ical analyses of the gas bubbles near the seafloor revealed in situ concentrations of methane between

88 and 90%Vol. with δ13C–CH4 values around −74‰ VPDB, indicating a biogenic origin. Bulk methane

concentrations throughout the water column were assessed by 120 Niskin water samples showing up to

400.000 nM CH4 in the crater at depth. In contrast, concentrations above the thermocline were orders

of magnitude lower, with a median value of 20 nM. A dye tracer injection into the gas seeps revealed

upwelling bubble and water motion with gas plume rise velocities up to ∼1 ms−1 (determined near the

seabed). However, the dissolved dye did not pass the thermocline, but returned down to the seabed. Mea-

surements of direct bubble-mediated atmospheric flux revealed low values of 0.7 ± 0.3 kty−1, much less

than current state-of-the-art bubble dissolution models would predict for such a strong and upwelling in

situ gas bubble flux at shallow water depths (i.e. ∼100 m).

Acoustic multibeam water column imaging data indicate a pronounced 200 m lateral intrusion at the

thermocline together with high methane concentration at this layer. A partly downward-orientated bub-

ble plume motion is also visible in the acoustic data with potential short-circuiting in accordance to the

dye experiment. This observation could partly explain the observed trapping of most of the released gas

below the well-established thermocline in the North Sea. Moreover, 3D analyses of the multibeam wa-

ter column data reveal that the upwelling plume transforms into a spiral expanding vortex while rising

through the water column. Such a spiral vortex motion has never been reported before for marine gas

seepage and might represent an important process with strong implication on plume dynamics, dissolu-

tion behavior, gas escape to the atmosphere, and is considered very important for respective modeling

approaches.

© 2015 The Authors. Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

1.1. Natural and man-made subsea methane release in the North Sea

Natural methane release from the seafloor by seep processes

is observed virtually on all continental margins (Judd and Hov-

land, 2007). Estimates suggest marine seeps may contribute ∼10–

30 Tg yr−1 (Kvenvolden et al., 2001) to global geological methane
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missions of 30–45 Tg yr−1 (Etiope and Klusman, 2002). However,

he significance of marine methane seepage for the total atmo-

pheric methane budget and global warming is still under debate

Ciais et al., 2013).

Methane hosted in interstitial water of marine sediments can

nter the water column by diffusive porewater transport, convec-

ive fluid flow, or gas bubble release. The latter process is a com-

on phenomenon in the North Sea especially along its central geo-

ogical graben (Fig. 1), and is subject to research since decades (e.g.

ovland and Sommerville, 1985; Judd et al., 1997; Schroot et al.,

005; Schneider von Deimling et al., 2010, 2011). Methane trans-

orted into the water column by bubbles efficiently bypasses the
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. (a) Schematic main flow pattern in the North Sea adapted from Turrell et al.

(1992). Three gas seepage regions (purple polygons) surrounding the study area

22/4b were compiled from various sources (Judd et al., 1997; Judd, 2001; Schroot

et al., 2005). Shaded polygon with orange border shows the spatial extent of strong

stratification (�T 6K) between surface and bottom water in the North Sea modeled

for June–August after Holt and Umlauf (2008). (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this arti-

cle.).
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Fig. 2. 22/4b blowout image 1990. Inset shows blowout location. © MOBIL North

Sea Ltd. Rig is approximately 60 by 80 m wide.
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icrobial filter of the shallow seabed (e.g. Sommer et al., 2006).

hose bubbles subsequently undergo dissolution during transport

hrough the water column due to under saturation of methane in

he surrounding seawater.

Anthropogenic sources for methane gas release from the seabed

nclude pipeline and well leakages, which might be of consider-

ble magnitude if the number of potential leakages in an area of

ntense hydrocarbon exploration (i.e. North Sea) are taken into ac-

ount (Vielstaedte et al., in this issue). Judd and Hovland (2007)

ompiled a series of explosive offshore accidents beginning in 1964

or the North Sea; our study will concentrate on such a blowout

hat happened at the 22/4b well site in 1990 in the Northern North

ea. In this study, we deliver direct evidence of ongoing gas dis-

harge at site 22/4b since 2005 and provide a comprehensive geo-

hemical and hydroacoustic dataset about this exceptional site.

.2. History of the well 22/4b blowout and related scientific research

In May 1994, Rehder et al. (1998) identified a pronounced dis-

olved methane peak in surface waters near 58°N and 1°40′E,

bout 200 km east off the Scottish coast, with maximum concen-

rations more than 700 times atmospheric equilibrium. The area

as marked in nautical charts as a gas release hazard to marine

essels. Three years before, on the 20th of November 1990, Mo-

il North Sea Ltd. (MNSL) encountered shallow gas at 360 m be-

ow seabed while drilling into the Quaternary section of explo-

ation well UK22/4b. The well blew out, creating a crater on the

eafloor and a massive bubble plume (Fig. 2) that rapidly dimin-

shed over several days. From 1990 on, this crater and the vigor

f the gas plume were monitored by survey vessels and ROV (re-

otely operated vehicle) operations, showing decreasing plume in-

ensity (Fox, 1995). In 2000, the UK Dept. of Trade and Industry

DTI) determined that further monitoring was not required without

perceived safety threat or environmental harm, and a near fu-

ure depletion of the gas reservoir was predicted. However, fifteen
ears after the accident a revisit with R/V ALKOR in 2005 verified a

ersisting major methane anomaly at the sea surface and provided

irect visual and acoustic evidence of a ca. 25 m diameter bubble

lume arising from a 60 m wide conical crater at the seabed up to

he sea surface (Schneider von Deimling et al., 2007). After a sub-

ersible dive in 2006, a press release raised public awareness and

olitical interest for the still continuing massive methane discharge

6 years after the blowout incident. In light of enhanced sensitiv-

ty to offshore oil and gas leakage in the wake of the Deep Water

orizon blowout (Gulf of Mexico, 2010), a comprehensive survey

ith further measuring, monitoring and verification studies at the

2/4b location outlined in Leifer and Judd (in this issue) was initi-

ted by the U.K Department of Energy and Climate Change (DECC).

.3. Minor vs. major gas plume release

Marine gas seeps can be classified by their flux rate into mi-

or (mL min−1), major (L min−1) (Leifer and Boles, 2005), and

ega (106 L day−1) release sites (Leifer, in this issue). Minor seeps

re characterized by Gaussian-shaped bubble size spectra peaking

round 2–3 mm radii with potential spectra variation depending

n gas flux magnitude (Leifer, 2010). Major seeps produce broader

ubble size spectra characterized by a power law decrease of prob-

bility with bubble radius (Leifer, 2010). Modeling suggests that a

lean 3 mm radius bubble of methane would loose 95% of its ini-

ial amount of methane during a 100 m rise by dissolution into

he water column, while absorbing nitrogen and oxygen during

he initial part of its rise (Leifer and Patro, 2002). E.g. Schneider

on Deimling et al. (2011) demonstrate for a seep site in the Cen-

ral North Sea at 70 m water depth by modeling and field data

hat the release of small bubbles has a very limited vertical trans-

ort potential. In turn, larger bubbles released from major seeps

re far more efficient in regard to vertical gas transport due to

heir greater volume to surface area ratio and higher rise veloci-

ies (e.g. Leifer et al., in this issue). Leifer and Patro (2002) showed

hat larger bubbles (r > 5000 μm) released at about 100 m water

epth should transport more than 50% of their original CH4 con-

ent into the atmosphere.

Each rising bubble applies drag to the ambient water, induc-

ng a vertical momentum plume (Milgram, 1983). If sufficiently

igh, the total momentum can induce significant upwelling with

.3–2 m/s (Leifer et al., 2009), lifting e.g. denser ambient water

nd even particles upwards. Bubble rise and related methane gas

issolution/equilibration within an upwelling flow causes an en-

anced vertical transport due to reduced bubble retention time in
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seawater. Therefore, upwelling is considered so far to foster verti-

cal methane transport (Leifer et al., 2006, 2009; Clark et al., 2010).

In case of mega seeps, such as the 22/4b blowout, an interesting

question is whether enhanced vertical transport efficiency, that has

been observed at major seeps, further scales up with increases in

flux.

1.4. Fate of the released methane in the North Sea

Mid-to high-latitude areas like the North Sea are characterized

by summerly thermoclines hampering diapycnal mixing between

cold, dense water at depth, and warm, light surface water above

(Holt and Umlauf, 2008; Nauw et al., in this issue). Schneider von

Deimling et al. (2011) suggest trapping of seepage methane in the

Central and Northern North Sea underneath the thermocline re-

sulting in low atmospheric flux in summer, and predict enhanced

atmospheric CH4 input from depth with the onset of stratification

breakdown in late fall and during winter time. Methane dissolved

above the thermocline is considered to be quantitatively trans-

ferred to the atmosphere due to air–sea exchange caused by high

wind speeds in the North Sea even during summer (WASA, 1998).

While the strong thermocline in the Central and Northern North

Sea presents a barrier for diapycnal mixing and dissolved gas ex-

change, seep gas bubble transport across the thermocline is unaf-

fected (Schneider von Deimling et al., 2011).

In situ gas bubble release at our study site 22/4b has been char-

acterized as a mega gas bubble seep site with 90 L s−1 at in situ

pressure, which represents the strongest methane seep flux quan-

tified to date (Leifer, in this issue). Respective state-of-the-art mod-

eling of the vertical transport of 90 L s−1 methane by bubbles in-

cluding upwelling effects predict high methane fluxes into the up-

per layer and atmosphere (Leifer et al., in this issue). However,

a substantial mismatch between model results and independent

field assessments of fluxes at well 22/4b, presented in this issue

(this study, Gerilowski et al., Sommer et al., in this issue), point to-

wards possible unknown processes where vertical methane trans-

port through gas bubbles is suppressed.

1.5. Scope of the paper

The present paper provides a comprehensive description of ob-

servations at the well site 22/4b, including morphology of the

crater, gas bubble release characteristics, geochemical gas source,

and dissolved methane distribution to characterize the 22/4b

seepage behavior. A discussion on several observations over the

years since 2005 allows venturing into qualitative assessments of

changes in seep intensity and bottom expression. Finally, modern

multibeam acoustic imaging data of the water column is analyzed

in detail to identify gas bubble plume related processes, which

help elucidating the mismatch between modeling (Leifer et al., in

this issue) and field observation of a small methane fraction cross-

ing the thermocline.

2. Instrumentation, methods, and sampling

Most of the relevant data presented here were acquired during

the AL290 cruise (R/V ALKOR, Oct.–Nov., 2006) and M82-0 cruise

(R/V METEOR, June 2010). Supporting data originate from cruise

AL259 (2005), and cruise CE12010 (R/V CELTIC EXPLORER, 2012).

2.1. Continuous sea surface methane measurements

Sea surface methane concentrations were determined in

June 2005 (AL259) by using a continuously operating bubble-

type/laminar flow air–water equilibration system linked to a gas

chromatographic system (Rehder and Suess, 2001). A sequence
f 12 measurements, which include measurements of two differ-

nt calibration gases (approx. 2 ppm V and 10 ppm V in syn-

hetic air, Deuste Steiniger AG, fine calibrated in the Lab of Envi-

onmental Physics, Heidelberg), three ambient air measurements,

nd seven surface water measurements were analyzed every 2 h.

he sequence was slightly modified in areas of potentially high

ir/seawater methane gradients by manually injecting a 1 ml gas

ample from the extracted gas phase of the equilibration system

irectly into the GC. This allowed methane concentration measure-

ent intervals of about 5 min with a precision of approx. 2%.

.2. Manned submersible and ROV operations

The research submersible JAGO (http://www.geomar.de/en/

entre/central-facilities/tlz/jago/) and the ROV KIEL 6000 (http://

ww.geomar.de/en/centre/central-facilities/tlz/rovkiel6000/) were

sed for extensive video documentation, gas and plume water

ampling in and around the crater, and for fluorescent dye injec-

ion to track water motion out of the crater.

The research submersible JAGO, certified to a maximum op-

rating depth of 400 m, can accommodate two persons, the pi-

ot and a scientist/observer. The vehicle is equipped with Fluxgate

ompass, USBL navigation and tracking system, underwater tele-

hone, horizontal and vertical scanning sonar, video and still cam-

ras inside the submersible, storage CTD (Falmouth Scientific in-

truments), and an eight function manipulator arm for handling

arious sampling devices. Unfortunately, USBL navigation was not

vailable during cruise AL290. For dye release experiments, a latex

ag filled with 300 g of the colorant “uranin”, dissolved in 2 L of

eawater sampled from the planned release depth prior to the ex-

eriments, was attached to JAGO within reach of its manipulator

rm.

The work-class ROV KIEL 6000 is a 6000 m rated deep diving

latform (Schilling Robotics LLC, Davis, USA). For underwater nav-

gation, the ship-based Sonardyne system worked in conjunction

ith an autonomous transponder mounted on the light rack of the

OV. High-resolution video was recorded with an HD-SDI camera

Kongsberg OE14-500) and by 2 SD cameras (Kongsberg OE14-366

KII) mounted on pan/tilt units. Three 2 L Niskin water sampling

ottles were attached to the ROV frame for sampling of dissolved

ases. A modified 62.5 ml stainless steel container equipped with a

’ pressure-rated ball valve was used for high pressure gas bubble

ampling according to Pape et al. (2010).

.3. Free gas and dissolved gas sampling in the water column

A Seabird 911plus conductivity/temperature/depth (CTD) pro-

ler equipped with twelve 10 L Niskin bottles was used for wa-

er column sampling during AL290 cruise. Dissolved methane was

acuum-extracted from water samples (Rehder et al., 1999). As a

esult, seawater transferred from Niskin bottles into pre-evacuated

200 ml glass bottles spontaneously degassed. The residual gas

hase was recompressed to atmospheric pressure, and a 1 ml gas

liquot was injected into an onboard gas chromatograph equipped

ith FID. The methane content was calculated according to Keir

t al. (2009). The overall accuracy assessment of the analytical

ethod is ±5% based on replicate sample analysis. The remain-

ng gas was stored for further shore-based gas analysis into pre-

vacuated crimp-top glass vials containing 2 ml of supersatu-

ated salt solution for contamination-free storage. Selected samples

ere measured for the stable carbon isotopic signature of methane

δ13C–CH4) using a continuous flow ir-GC-MS as described by

chmale et al. (2010). δ13C–CH4 values are reported vs Vienna Pee

ee Belemnite (VPDB) with an overall precision > ±1‰.

http://www.geomar.de/en/centre/central-facilities/tlz/jago/
http://www.geomar.de/en/centre/central-facilities/tlz/rovkiel6000/
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Fig. 3. Surface methane concentration measurements from June 2005 (AL 259)

recorded using an equilibrator system with highest concentrations of 113 nM close

to 22/4b (note this value is above the color bar range). (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. Water column imaging and seafloor characterization by active

coustics

A hull-mounted KONGSBERG Simrad EK60 single split beam

chosounder at 38 kHz was operated aboard R/V ALKOR in 2006

or water column acoustic imaging. 2 kW transmission power via

1 ms pulse was set and the ping rate adjusted to avoid seafloor

ultiple echoes in the records. Acoustic absorption was tuned by

eferring to a salinity value of 35‰. The echosounding system has

n opening 3 dB half-power beam angle of 7° and 6.5° and was

alibrated 6 months before the survey start with a copper sphere.

olume backscattering strength values Sv were taken from the

oftware ECHOVIEW. No motion compensation was applied to the

K60 data.

Aboard R/V METEOR, several survey lines were run in 2010 at

he 22/4b site using the modern broadband KONGSBERG EM710

ultibeam echosounder for both, mapping the seabed and investi-

ating the water column in 3D with a 140° opening angle, traveling

t a speed of 2 knots. The 1°× 1° hull-mounted EM710 Mills-Cross

rray was operated with a continuous wave modulated pulse with

73–98 kHz frequency span for better transmit/receive sector sep-

ration performance. The transmit beams were electronically stabi-

ized for pitch and yaw, and the receive beams were stabilized for

oll. The target strength of this system was not calibrated, therefore

ultibeam backscatter investigations presented in this study rep-

esent relative values only. Water sound speed profiles were gener-

ted by a Valeport sound velocity probe. Generally, the vessel was

perated in a “silent mode” to optimize signal to noise ratio vital

or water column gas bubble detection. The datasets were post-

rocessed with MBSystem (Caress and Chayes, 2008; release 5.3)

nd the QPS-Fledermaus software package including FMMidwater

version 7.2). To obtain a useful bathymetric chart of the crater, a

ing-by-ping analyses and 3D inspection with manual editing was

ecessary to reject bad soundings caused from scattering within

he water column (e.g. gas bubbles).

The full three dimensional extent of the gas bubble plume scat-

er was extracted by setting a threshold filter (−20 to −26.5 dB).

recise georeferencing of bubble locations was achieved by raytrac-

ng travel-time-angle-amplitude data of each beam with respect to

he vertical sound velocity profile. Those georeferenced soundings

re presented in a 3D point cloud for spatial analyses and inter-

retation (Fig. 10 ). For better visualization of spatiotemporal

hanges of filtered backscattering strength, the point cloud was in-

erpolated with a 3D near neighbor interpolation run in MATLAB

R2013a) to generate a 3D cube (Supplemental S6, S7, S8 and S9).

Supplementary video related to this article can be found at

ttp://dx.doi.org/10.1016/j.marpetgeo.2015.07.026.

. Results

.1. Surface methane concentration survey and surface bubble flux

Concentrations of sea surface methane sampled during AL259

n June 2005 display the same trends as presented by Rehder

t al. (1998). Methane concentrations in the Central North Sea

ere slightly above atmospheric equilibrium (2.73 nM in June

005; Schneider von Deimling et al., 2011) with the bulk of the

ata between 2.8 and 3.7 nM. Higher surface concentrations were

ecorded in the Kattegat region, close to the coast in the Skager-

ak, at the Dogger Bank, and when approaching the Elbe River

Fig. 3). Concentrations slightly above 15 nM were encountered in

n area close to the blowout site between 57°48′N and 58°18′N,

°6′–1°45′E. Concentrations close to 100 nM are clustered in two

atches, one at the blowout site, and the other one at about

8°7′N, 1°13′E (16.7 km NW of well 22/4b), with a maximum

ethane concentration of 113 nM. Despite methane concentrations
n order of magnitude lower, and a smaller area of influence com-

ared to the observations made in 1994 (Rehder et al., 1998), mea-

ured data suggest that the blowout site remained a dominant

ethane source in the open Central and Northern North Sea in

005.

Bubbles entering the atmosphere (Fig. 5a) were captured at

.5 m water depth with an inverted funnel during a ZODIAC sur-

ey and analyzed with 25% mole fraction CH4 (Table 1). An upper

stimate of the gas bubble surface flux is presented by the follow-

ng calculation based on our observations in October 2006. Bubble

urst events at the sea surface were counted from video analyses

o assess the flux rate per second for a count of 500 bubbles per
2. An average bubble diameter of 1 cm (Fig. 5a) was optically de-

ermined with 25 Vol% of methane based on our measurements

Table 1). Multiplication by the bubble plume surface area of 25 m

estimated from the observation deck of R/V ALKOR), encircling ar-

as of homogeneous bubble flux intensities, yields an integrated

tmospheric bubble surface CH4 flux of 32 ± 12 L s−1 correspond-

ng to a best estimate of 0.7 ± 0.3 kt y−1 (calculated after the ideal

as law at atmospheric pressure).

.2. Manned submersible and ROV investigations

.2.1. Visual observations on crater morphology

In 2006, 16 years after the drilling hazard, the first of the two

AGO dives started with a transect from SE towards the crater cov-

ring approximately 100 m distance. NW coarsening sediment with

hell debris and stones of approximately 20 cm size colonized by

ea anemones was observed (Fig. 4a). Inside the crater rim, a dense

ayer of empty clam shells (Arctica islandica) was observed in ap-

rox. 20 cm sediment depth (Fig. 4b). The rim itself was colonized

ith suspension feeders, which benefit from the higher currents at

his exposed habitat (Fig. 4c). On the way into the crater, a large

umber of coalfish (Pollachius virens) surrounded and followed the

ubmersible. Occasionally, we observed some individual species of

od (Gadus morhua) and haddock (Melanogrammus aeglefinus) at-

racted by the bubbles (and the submersible). Inside the crater, a

mall terrace became visible (Fig. 4c), whereas the deeper part of

he crater below 110 m water depth was formed by steep, almost

doi:10.1016/j.marpetgeo.2015.07.026
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Fig. 4. Schematic drawing of the very first 22/4b crater investigation during the 2006 dives with embedded pictures taken from JAGO illustrating: the crater rim with coarser

material (a). colonized by suspension feeders (b), funnel-shaped crater wall with a small terrace (c), steep and eroded crater walls (d), and two out of three major bubble

plumes rising from two small basins covered by clam shells at the bottom of the crater (e, f). Water and gas sampling as well as the dye release experiment were conducted

from a position on the left hand side of the big bolder on the small ridge between the basins, where intermediate and smaller gas vents emerged (marked by “X”).
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vertical flanks of prominent sediments with erosive scars (Fig. 4d)

generated by vigorous gas and water flow emerging from the cen-

ter of the crater (Fig. 4e and f). The base of the crater at 120.6 m

water depth was divided by a small ridge into two sub-basins, each

approx. 5 m in diameter and 1 m in depth (Fig. 4). The bottoms of

both basins were covered with large empty shells of A. islandica

(Fig. 4e) and there was no evidence of any soft sediment within

the crater. At the edges of the basins some minor gas streams were

visible, where small patches of sulfide-oxidizing bacteria colonized.

In the other areas, no signs of chemo-autotrophic fauna were vis-

ible. Compared to these visual observations in 2006, the situation

in 2012 was different with sediments covering the clam shells and

the two basins at the base of the crater (Supplemental S10).

3.2.2. Visual observations of bubble plume behavior

Visual investigation with JAGO revealed that the gas discharge

mainly originated from the center of the crater (Fig. 4). During

the observation dives, an inflow current directed towards the cen-

ter of the crater consistently dragged the submersible into the

gas plume. Descending the funnel-shaped crater wall (inclination

40–60°, Fig. 4c), at 112 m water depth, the crater wall appeared

vertical, showing signs of erosion and vertical scarps (Fig. 4d).

Here, the main bubble plume is visible and video data indicates

some spiral rotation of the 4–6 m diameter plume (Supplemental

S1). This plume lifted the submersible from 110 m to 72 m wa-

ter depth within 4 min (15 cm s−1). JAGO finally landed in the

center of the crater, at 120.6 m water depth, where three major

gas vents approximately 50 cm in diameter with opaque appear-

ance (Fig. 4e and f) and suspended sediment particles in the wa-

ter column were found. Additionally, many minor gas seeps were

identified at the bottom of the crater. The motions of the bubbles

were analyzed in more detail for plume uplift and rotary motions

while the submersible sat on the seabed (Fig. 5c and d; Supple-

mental S2). Slow motion video replay revealed that bubbles in the
trongest opaque gas jets were released under high pressure with

pprox. 1 m s−1 higher rise velocities compared to bubbles ema-

ating from minor vents. Within the opaque bubble plume some

pheroidal clusters of several centimeters to decimeters in diame-

er occasionally emerged, outpacing the bulk gas jet. Some of the

arge and clustered bubbles fragmented into smaller individuals af-

er a very short travel time of approximately 1 s. The interface be-

ween the gas bubble plume and the ambient water is character-

zed by unsteady motion with large structural unconformities on a

eter scale. The motion of the plume’s visible surface is charac-

erized by helical flow (Supplemental S2). The estimated frequency

f rotation 1 m above the vent was 2–4 Hz, which is higher than

bserved 11 m above the vent.

ROV KIEL 6000 observations in 2012 indicate reduced major

lume gas releases compared to 2006. However, a new major

lume was discovered venting from a jagged scar in the crater

all at 118 m water depth (Fig. 5f). The bubble release intensity

ppeared at the same order of magnitude as one of three major

lumes observed in 2006 and gas release was again characterized

y broad bubble size spectra, rotary motion, and strong turbulence

Supplemental S3).

Supplementary video related to this article can be found at

ttp://dx.doi.org/10.1016/j.marpetgeo.2015.07.026.

.2.3. In situ bubble capturing and dye injection experiment

Gas bubbles captured within the 22/4b crater and from the

ew crater discovered 2.2 km southeast of 22/4b in 2011 (Leifer,

n this issue) mainly contain methane (85–90% Vol.) and some mi-

or components like nitrogen (5–7%), and oxygen (1–2%). Traces

<1 ppm) of higher hydrocarbons (C2–C6) also were determined

n the gas samples. The measured CO2-concentrations ranged be-

ween 250 and 400 ppm (Table 1). No hydrogen sulfide could

e detected in the gas phase. Stable carbon isotope analyses of

doi:10.1016/j.marpetgeo.2015.07.026
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Fig. 5. Pictures showing (a) the bubble plume at the sea surface in 2006 and (b) in 2012, (c) minor seep bubbles in front of the spiral opaque mega plume (Supplemental S2

showing rotation), (d) the uranin dye tracer release within the mega plume showing vertical upwelling, (e) the almost vertical wall of the crater, and (f) a new major/mega

seep found in the crater wall in 2012 with a small scale spiral vortex (Supplemental S3).
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ethane derived from gas bubble samples revealed δ13C-values of

bout −75‰ VPDB (Table 1; Supplemental S5).

The dye injected into the major gas plume during the 2006

AGO operations was immediately taken up by a rising momentum

lume and subsequently disappeared from JAGO’s field of view

Fig. 5d). The sea surface was continuously observed from the top

eck of R/V ALKOR during calm sea and good visibility. However,

o dye could be seen at the sea surface within 8 min after the

ye was injected at the seafloor. Instead, the dye re-emerged at the

rater bottom near JAGO’s station 2 min and 11 s after the release.

.3. Nearfield dissolved methane concentrations

Dissolved methane concentrations determined in Niskin sam-

les taken by the submersible JAGO within the blowout crater

howed highest concentrations of 400.000 nM (Fig. 6a). A CTD cast

nto the center of the crater showed highly elevated concentrations

round 20,000–60,000 nM in Niskin samples triggered below the

hermocline (Fig. 6a). Seawater from 0.5 m water depth sampled

rom the ZODIAC boat within the surface plume (but without cap-

uring gas bubbles in the Niskin) revealed only 157 nM (Fig. 6a).
.4. Farfield dissolved methane plume sampling

The hydrographic setting of the water column during the Octo-

er 2006 survey dates was characterized by a strong thermocline,

ausing a potential density difference shift of 0.75 kg−3 from 38 to

5 m water depth (Fig. 6b) with temperature and salinity values

f 12.7°C/35.2 and 9.5°C/35.3, respectively. Advection in the North

ea is controlled by the M2 tide (Otto et al., 1990; Nauw et al.,

n this issue) and may cause omnidirectional dispersion by tidal

ixing of dissolved constituents such as methane over time, de-

ending on meteorological and tidal situation (see model results

n Hainbucher et al., 1987; Rehder et al., 1998; Nauw et al., in this

ssue).

In addition to the CTD cast in the crater (see 3.3), 96 methane

easurements from 8 CTD/Rosette water sampling casts were per-

ormed nearby the crater and up to 180 m away. One CTD cast,

.6 km north of 22/4b served as reference station to assess the

ocal hydrography and local dissolved methane concentration back-

round (Fig. 6a). The reference sample site selection was guided by

K60 sonar monitoring of the water column to avoid Niskin bottle

as bubble capture.
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Fig. 6. (a) Methane concentration profiles from 9 CTD casts conducted in the vicinity of (0–180 m; blue dots), at (green), and 5.6 km away (black) from the 22/4b crater

center, respectively. Median values were calculated for 10 m bin depth intervals (red). Green dots show values sampled within the upwelling plume in the crater and at the

sea surface, respectively. Note logarithmic x-scale methane concentration in nM. (b) CTD density profiles gathered in the vicinity of and 5.6 km away from the 22/4b site.

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

Fig. 7. 1.5 m gridded bathymetry (cruise M82, 2010) of the 22/4b crater, illumi-

nation from northwest. Depth profile is taken from A (NW) across the crater to B

(SE). Rim scars are indicated by arrows. Profile additionally includes AL 259 data

from 2005 (Schneider von Deimling et al., 2007).

t

t

c

d

w

t

l

3

p

l

o

d

T

t

5

m

t

m

t

d

p

d

1

s

a

t

v

T

a

n

h

t

5

t

The vertical density profiles recorded by the CTD in the vicinity

of and 5.6 km away from well site 22/4b are basically identical

(Fig. 6b). The minimum methane concentration of 3.2 nM at 28 m

water depth falls within the range of background concentrations of

inflowing waters from the North Atlantic (Rehder et al., 1998) and

reported background data for the Central North Sea (Schneider von

Deimling et al., 2011).

To better constrain the vertical methane distribution, concentra-

tion data from all stations except the reference station were binned

into 10 m intervals and the median methane concentration in each

hydrographic layer was calculated (Fig. 6a, red circles). The bulk

methane concentration profile shows a general trend with concen-
rations one to two orders of magnitude higher at depth compared

o the surface layer. The steepest gradient in the median methane

oncentration profile occurs within the thermocline, with a distinct

ecrease between 50 and 40 m (200 nM) and 40–30 m (20 nM)

ater depth.

Background methane values gathered 5.6 km (3 nmi) north of

he blowout site generally show a similar trend, but with much

ower methane values.

.5. Crater bathymetry and acoustic water column imaging of gas

lumes

A comparison between bathymetry from Schneider von Deim-

ing et al. (2007) and bathymetric data gathered in 2010 reveals

nly minor differences (Fig. 7). The 2010 dataset shows three 1 m

eep scars on the rim of the crater pointing towards the center.

he average slope between the top rim towards the crater cen-

er is 35° with a peak in the lower third of the crater wall with

6° (Fig. 7). Gradients of the crater wall bathymetry occasionally

ismatch visual observations, the latter showing an almost ver-

ical crater wall at some locations (e.g. Fig. 5e). Those differences

ay arise from measurements with different beam angles and bot-

om detection algorithms of the respective multibeam systems and

ata gridding limitations with smoothing effects for extreme mor-

hologies such as crater walls. The maximum acoustic sounding

epth was determined at 118.6 m, which roughly agrees with the

20.6 m JAGO pressure measurement at the center of the crater.

Water column analyses with single beam echosounder mea-

urements in the blowout area in 2006 (Fig. 8a) reveal elevated

coustic backscatter vertically extending from the seafloor up to

he hull-mounted transducer at about 4 mbsl (Fig. 8b). The high

olume backscattering pattern achieves horizontal extents of 20 m.

o the left, the acoustic bubble plume is enclosed by a weaker

nd narrower enhanced backscattering, (blue) slightly above the

oise level of ∼ −80 dB re 1 μPa being aligned parallel to the

igh intensities. Wavy patterns emerge e.g. on the left side of

he acoustic plume in Fig. 8b on a meter to tens of meters scale.

0 m to the right of the main plume, a second vertical fea-

ure with high backscattering appears between 10 and 50 mbsl
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Fig. 8. (a) Cruise track chart with seepage sites (b) single beam echogram recorded in 2006 of the 22/4b seep and (c) showing minor seepage at Seep A (d). Echogram

at 22/4b from 2010 representing a slice through the multibeam water column data (beam #63) from the crater towards southeast. Note the top plume loss at t2 due to

geometrical constraints (inlet fan view). (e) Multibeam echogram showing acoustic traces of minor seepage at Seep B. Uniform color code is used in (a) to (e) representing

echo volume backscattering strength with increasing intensity from blue, over yellow, to red in dB re 1 m−1. (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. 8b). The highest acoustic volume backscattering Sv values in

he calibrated single beam system were found 30 m above the

eabed with −19 dB re 1 m−1. Approximately 500 m to the west

1°37′18.03′′E; 57°55′23.93′′N; Fig. 8a: Seep A) of well site 22/4b,

ome weaker acoustic bubble backscattering was found over a dis-

ance of 135 m reaching −45 dB re 1 m−1 (Fig. 8c).

With advances in high resolution water column imaging multi-

eam sonar, the plume was re-visited in June 2010 with a slightly

ifferent thermocline depth. The multibeam survey line runs from

W to SE (Fig. 8a) and elevated acoustic backscattering in the wa-

er column data first show up at t1 right above the 22/4b crater

Fig. 8d). The along-track width of the high intensity plume (red

oundings) was up to 22 m, similar to the plume width reported

n Schneider von Deimling et al. (2007). The acoustic gas bubble

lume extends vertically to the upper thermocline (∼20 m) and

arther extends laterally at t2. The topmost part of the plume was

ost at this location due to geometrical cut off (Fig. 8d inset). The

ultibeam image displays a wavy pattern, especially on the up-

tream (left) and top margin of the acoustic bubble plume, on a

eter to dekameter scale. The wavy pattern clearly appears on

he lee-side in Supplemental S4, S6, and S9. The multibeam image

s similar to single beam observations in Fig. 8b, but has greater

patial resolution. From t2 until t4, elevated backscattering values

isperse below the thermocline and form an intrusion and down-

elling pattern (Fig. 8d). Between t2 and t3, a second vertical fea-
ure of unknown source is visible between 50 m and 80 m water
o

epth in Fig. 8b. The total width of the plume from t1 to t4 was

00 m.

Supplementary video related to this article can be found at

ttp://dx.doi.org/10.1016/j.marpetgeo.2015.07.026.

At 1330 m distance from the crater around the position

°38′43′′ W and 57°54′43′′ N, another seep site was identified by

ts backscatter pattern, i.e. tall and narrow enhanced acoustic scat-

er originating at the seabed, extending through the water column,

nd deflected by the currents (Fig. 8e).

. Discussion

.1. Ongoing gas discharge at 22/4b

Near-term depletion of gas discharge from the abandoned

lowout site 22/4b was postulated more than 20 years ago by for-

er drilling operator Mobil North Sea Ltd. However, based on hy-

roacoustic (Fig. 8), geochemical (Fig. 6), and visual observations

Fig. 5), a persistent vigorous gas release between 2005 and 2012

s verified by this study. The ongoing high methane discharge ac-

ivity of well 22/4b maintains the highest known methane surface

eak in the open North Sea (Fig. 3) as found more than 10 years

arlier (Rehder et al., 1998), and extraordinary dissolved methane

oncentrations up to 400.000 nM at depth.

Episodic visual observation of the sea surface above well 22/4b

ver seven years indicate a declining surface bubble diameter area

doi:10.1016/j.marpetgeo.2015.07.026
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Fig. 9. (a) Schematic sketch indicating mega plume related processes and pathways of gaseous and dissolved methane in response to various cross-flow velocities (Cf1 and

Cf2, respectively). Inlet shows experimental results about a multiphase air and oil plume in water with distinct separation processes due to cross-flows. Note this laboratory

work operates on different scales (1 m range horizontally). Inlet is taken from Socolofsky and Adams (2005) with permission of Prof. Socolofsky.

Fig. 10. (a) Extracted water column soundings with high backscatter values plotted in a perspective 3D view. The orientation of the spiral (red) goes towards northwest/up

into the field of view (b) 90° degree azimuthal offset presentation (c) Color-coded slope gradient draped onto the bathymetry presented in Fig. 7. Red color indicated a spiral

pattern. Note different scaling between the plume and the crater chart. See also supplemental plume video (Supplemental S4). (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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from about 30 m in 2005 and 2006, to about 15–20 m diameter in

June 2010 (Fig. 5a and b; and pers. observation P. Linke, 2006, 2011,

2012; J. Schneider von Deimling in 2005, 2006, 2010). Aircraft-

based image analyses revealed a 25 m wide surface plume expres-

sion in June 2011 (Gerilowsky et al., in this issue). Although surface

bubble plume expressions are influenced by oceanographic param-

eters and weather conditions, observational snapshots of the bub-
le plume surface expression between 2005 and 2012 may indicate

decay of blowout activity over the years. This is also supported

y much lower surface concentrations measured in 2005 and a

maller lateral extent of elevated surface concentrations compared

o 1994 (Rehder et al., 1998).

Currently, discharge of gas and water is still high enough to

ontrol distinct morphological features on the seabed with signif-
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Table 1

Gas composition of free gas bubbles captured at various depths from the main blowout crater (CE12010_Sta.32, AL290), and from the smaller crater located 1300 m southeast

of well 22/4b (CE12010_Sta.41_ROV11).

Station Depth CH4 N2 O2 CO2 � C2..C6 δ13C–CH4 Mass balance

(mbsl) (ppmv) (ppmv) (ppmv) (ppmv) (ppmV) (‰ VPDB) (%)

CE12010_Sta.32_ROV9 121.5 852,385 55,316 16,558 384 <1 −74.8 92

CE12010_Sta.41_ROV11 106.9 894,514 72,810 20,775 247 <1 −74.9 99

ALK_290_ST_1511_Zodiac_1 0.5 246,808 nm nm nm nm −71.6 nm

ALK_290_ST_1511_Zodiac_2 0.5 245,783 nm nm nm nm −71.8 nm

ALK_290_St1529_JAGO 120 886,085 nm nm nm nm nm nm
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cant changes observed in surface sediment characteristics of the

rater center in 2012 (Supplement S10) compared to 2006 (Fig. 4e).

he visual observations in 2006 show two sub-basins containing

lam shells and barely any soft sediment at the base of the crater

Fig. 4), whereas in 2012, soft sediment covered the clam shells

nd the two basins (Supplemental S10). Relatively rapid sedimen-

ation and crater infill is expected as observed by Tathje et al.

1999) for a blowout crater in the southern North Sea at 65 m wa-

er depth. With an average crater wall slope of 53° in a sandy shal-

ow environment influenced by severe storms and lateral sediment

ransport, we predict rapid sedimentation infill of the 22/4b crater

fter the gas release falls below an undetermined threshold. How-

ver, until 2012, gas emission with upwelling flow, formation of a

ew crater (Fig. 5f), and erratic, explosive events (Wiggins et al.,

n this issue) witness ongoing geological activity at 22/4b and ap-

arently provide transport mechanisms that maintain particle dis-

harge compensating sedimentary infill processes.

.2. Evidence for low methane transport across the thermocline

Leifer (in this issue) reports 50–142 L s−1 in situ gas flux at

2 bar total pressure with a best estimate of 90 L s−1 from obser-

ations made in 2011 (25 kt CH4 yr−1). Compared to this value,

ur 32 L s−1 (0.7 kt CH4 yr−1) sea surface flux estimate from

006 (see 3.1) represent only 2.7% of the molar in situ CH4 gas

ux at depth, even though strong upwelling flow was observed.

ontrary, state-of-the-art modeling suggests much more efficient

ertical gas bubble transport and methane fluxes (Leifer et al., in

his issue). It has to be noted also that our molar methane sur-

ace flux estimate is based on data from 2006 when strong up-

elling was observed in the water column, and when surface bub-

le plume extension exceeded the more recent visual observation

f the plume surface expression (yr 2012, Fig. 5b). Thus, the 2.7%

0.7 kt CH4 yr−1) value given here represents a possible maximum,

till lower and therefore in agreement with the threshold detec-

ion flux estimate by Gerilowsky et al. (in this issue), who pro-

ose surface fluxes less than 5 to 10 kt CH4 yr−1. Moreover, our

.7% value corresponds very well with the 3% CH4 inventory de-

ermined in the mixed surface water layer at the blowout in 2011

Sommer et al., in this issue). The latter was determined by con-

inuous dissolved gas measurements during towed CTD tracks and

s related to the total dissolved methane inventory at the blowout

ite. Sommer et al. (in this issue) could demonstrate that most

f the dissolved methane inventory of the blowout remains be-

ow the thermocline in June 2011. Our data supported this (mea-

ured by discrete hydrocast sampling) resolving dissolved methane

oncentrations above the thermocline one to two orders of magni-

ude lower than at depth (Fig. 6a). The concentration in the mixed

ayer at the background CTD station as well as the bulk (binned

edian) of the samples gathered immediately above the thermo-

line, measured close to the blowout, are in the range of 20 nM

Fig. 6a). Although this represents a factor of 7.5 times oversatu-

ation with respect to equilibrium with the atmosphere (Cequi at

mbient temperature was 2.73 nM) and thus results in a net sea-
ir flux from the dissolved surface methane pool (i.e. not mediated

y direct bubble escape), the gradient across the thermocline con-

iderably limits direct loss from the dissolved methane pool. The

even samples >500 nM above the thermocline (Fig. 6a) could be

nterpreted by an accidental capturing of bubbles in the Niskin bot-

les. It is also possible that enhanced concentrations are a result

f sampling during a time of very low current velocities (i.e. slack

ater during tidal change); as discussed later, we suggest that the

urrent-induced separation of the gas plume and the upwelling

lume, at this survey location, are a key limit on vertical transport

f methane towards the sea surface.

.3. Acoustic characterization of discharge from well 22/4b

.3.1. Limits of backscattering strength evaluation

Sonar is very well suited for remote sensing of seep gas bub-

le scatter due to the large impedance contrast between water and

as, and bubble resonance phenomena (Minnaert, 1933). Therefore,

coustic water column records from 22/4b clearly demonstrate

ree gas bubble release by enhanced scattering. However, acous-

ic quantification of gas seep flux is extremely challenging and re-

uires knowledge of depth-specific bubble size distributions to ac-

ount for the highly non-linear ‘backscattering strength’ – ‘bubble

ize’ relationship (Anderson, 1950), and rise velocities. Moreover,

hape variation of gas-filled objects like bubbles (Stanton, 1989),

cattering and attenuation from internal structures, and multiple

cattering effects (Clay and Medwin, 1977) strongly modulate the

ackscattering strength. Additionally, non-uniform plume occur-

ence within the sonar beam complicates discrimination between

olume and single target scattering. Given those complications to-

ether with uncertainties of bubble rise and upwelling velocities,

e consider acoustic inversion of backscattering strength from ma-

or or mega plumes into gas flux using the given setup as unrealis-

ic. This is supported by maximum volume backscattering strength

t 22/4b measured (up to −18 dB re 1 m−1) at 30 m water depth,

hich is not in line with the expected maximum fluxes occurring

elow the thermocline. Moreover, analyses of the backscattering

trength over depth variation do not reveal a systematic decay of

ackscattering strength towards the sea surface. Nevertheless, the

olume backscattering strengths at 22/4b of up to −18 dB re 1m
1 strongly exceed the ones measured with the same system at

he minor natural seep field Tommeliten at similar water depths

Schneider von Deimling et al., 2011). Assuming a linear trend be-

ween flux and acoustic backscattering strength after Foote (1983),

e consider the very high backscattering strength found at 22/4b

easured in 2006 with singlebeam and 2010 with multibeam in-

trumentation as indicative for mega gas bubble discharge, in con-

ert with video and geochemical records.

.3.2. Backscattering from the gas bubble plume core

Strongest backscattering values are interpreted to present the

ell confined inner core of the gas bubble plume (Fig. 8b and d:

ellow-red; Supplemental S6, S7, S8 and S9) rising from the crater.

he high resolution multibeam data (1.6 m beam resolution at
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90 mbsl) demonstrate that individual gas bubble sources, visually

identified several meters apart on the seabed (Fig. 4; Leifer, this is-

sue), merge into one acoustic bubble plume farther up in the wa-

ter column. The interface between the inner core and the ambient

water is characterized by a wavy appearance (Fig. 8d, supplemen-

tal video S9) in contrast to the interface imaged at minor seep sites

(Fig. 8c and e). The formation of these patterns is suggested to be

caused by decimeter to meter scale fluid motion eddies observed

by video at depth (Supplemental S2, S3). Although not quantifiable,

we consider the high resolution imaging of those marginal eddies,

possibly for the first time, a potentially very important finding in

regard to enhanced turbulence and dissolution processes as sug-

gested in Leifer et al. (in this issue).

4.3.3. Off-plume backscattering features

Weaker scattering outside the inner core of the gas bub-

ble plume broadens towards the current lee-side (Fig. 8b and

d, Supplemental Fig. S6). We speculate that small bubbles with

<0.5 mm radius (microbubbles) might have been split off the in-

ner core by marginal eddies and are subsequently transported lat-

erally by cross-flow of ambient water. The field data suggest that

the majority of the gas bubbles dissolve during their rise. There-

fore, the appearance of small bubbles <0.5 mm radius that may

behave neutrally buoyant under turbulence, is considered likely in

our measurements (resonance radius at 100 m water depth for

70 kHz after Minnaert (1933) is 150 μm). Because turbulence it-

self is reported a contributor to backscattering at high frequencies

(Ross and Lueck, 2003), enclosing much weaker scattering to the

luff- and leeside also may be enhanced by turbulence scattering

at the interfaces between the inner core of the gas bubble plume,

the enclosing momentum plume, and ambient water. An additional

explanation for elevated backscatter arises from sediment particle

discharge as observed during the JAGO flight (see 3.2) at 22/4b,

that would contribute to backscattering, depending mainly on par-

ticle size and their number per volume. A future multi frequency

measurement could assist discriminating between suggested con-

tributors to enhanced backscattering, i.e. particles, microbubbles,

and turbulence.

4.3.4. Upwelling, cross-flow, intrusion, and short-circuiting

Upwelling phenomena were observed by dye tracer injection

with JAGO (Fig. 5d) for the initial moments of the plume in the

crater with entrainment of ambient water and found to extend into

the water column by acoustic Doppler measurements (Wiggins

et al., in this issue). When a plume lifts denser water from depth,

energy supply and mass replacement are required. Accordingly, a

radial water inflow towards the crater was reported from the JAGO

dives. We interpret the three crater rim scars (Fig. 7, arrows) as

former and recent erosive radial inflow channels cut into the sedi-

ment by the suction of water to compensate for mass loss caused

by plume upwelling.

During upwelling, continuous dissolution of methane and thus

loss of free gas phase lowers the bulk density gradient between

the plume and the ambient water. If vertical momentum no longer

can lift denser upwelled water against a density gradient (Fig. 6b),

the plume will detrain, resulting in the formation of an intrusion

layer (Asaeda and Imberger, 1993), as shown by McGinnis et al.

(2004) for a stratified freshwater system leading to methane ac-

cumulation in this layer. Subsequently, farther rise of gas bubbles

may induce a secondary plume above the intrusion layer as de-

scribed in laboratory experiments (Socolofsky and Rehmann, 2013),

likely persisting at 22/4b due to the rise of bubbles up to the sea

surface (Figs. 5a,b and 8b). Intrusion at the thermocline occurred

at the 22/4b plume as indicated in Fig. 8d and Supplement S6 cor-

responding to high methane median concentrations (Fig. 6a). The

strong methane concentration decrease above 50 m indicates that
he methane charged fluid momentum plume only reaches this hy-

rographic barrier, but does not overcome the strong density gra-

ient at the thermocline (Fig. 6b). However, local breakthrough by

pwelling water has been acoustically identified by Wiggins et al.

in this issue), and upwelling up to the sea surface is likely to occur

uring the unstratified winter time with enhanced methane fluxes

o the atmosphere, as predicted for Central and Northern North Sea

eep sites (Schneider von Deimling et al., 2011).

If a strong cross-flow bears on an upwelling fluid/gas multi-

hase plume, the fluid momentum plume may migrate horizon-

ally out of the rising plume (Fig. 9), where trapped bubbles, parti-

les, and turbulence structures maintain acoustic scattering in the

isplaced water mass imaged in Fig. 8d. This can happen if the lee-

ide suction force overcomes entrainment flow toward the plume

enter (Socolofsky and Rehmann, 2013) and heretofore dissolved

ethane is removed laterally. As a hypothesis, we suggest that

he potential cross-flow methane loss may occur as a controlling

rocess in terms of vertical transport efficiency modulated by an

ourly tidal timescale. Consequently, we predict maximum vertical

ransport efficiency of the 22/4b gas plume during the slack water

idal phase.

A downward-orientated pattern is apparent in Fig. 8d in accor-

ance with Wilson et al. (in this issue) and is interpreted as a re-

irculation of deep, dense upwelled water (Fig. 6b), that migrates

oward its neutral buoyancy depth. McGinnis et al. (2004) indi-

cate that such a setting may cause short-circuiting of the plume.

The downwelling feature (Fig. 8d) and the path of the dye tracer,

which first upwelled from and later returned to JAGO while the

submersible remained stationary on the seabed, strongly supports

that short-circuiting by a recirculation cell is present at site 22/4b.

4.3.5. Spiral vortex plume

Published models for major subsea gas bubble release sites sug-

gest straight vertical upwelling of gas plumes as a process enhanc-

ing seepage-mediated atmospheric methane flux even from greater

water depths (Leifer et al., 2006; Solomon et al., 2009). Evalua-

tion of sonar and video data of the 22/4b mega plume gas re-

lease draws a different picture. Slow motion video replay of the

mega plume released from site 22/4b expose a spiral upward bub-

ble plume motion close to the crater bottom (Supplemental S2).

A much broader spiral with increasing diameter, was observed far-

ther up at the crater rim. From video inspection, a high initial rota-

tion velocity at the bottom of the crater is evident. Due to conser-

vation of angular momentum, this spiral vortex is likely to extend

farther up into the water column with reduced rotational speed

as it broadens. We hypothesize a direct link between the visually

recognized rotary motions in the crater and sonar indications of

continuing spiral motion farther up in the water column. For ver-

ification, high resolution multibeam water column data were fil-

tered for high backscattering values spanning −20 and −26.5 dB to

suppress scattering from small bubbles, side-lobe cross-talk, noise,

sediment particles, and turbulence scattering. Raypath-corrected

data are presented in 3D (Fig. 10, Supplemental S4). Despite the

igh acoustic scattering of gas bubbles in general, the 70 kHz sig-

als allow for efficient transmission through the bubble cloud, thus

ermitting not only imaging of the plume envelope as in Schneider

on Deimling et al. (2007), but also imaging of its internal struc-

ures, like bubble clusters (Supplemental S8). The perspective view

n the acoustic plume in Fig. 10 supports observations showing an

lliptical spiral extending throughout the water column (Supple-

ental S4, S9) with minor and major diameter of 10 and 20 m,

espectively. 8–10 rotations of the spiral may be estimated from

ig. 10. This corresponds to a circumferential travel path of 400–

00 m between the seafloor and sea surface. If bubbles are trapped

ithin the spiral motion, e.g. by strong internal turbulence, their

ravel time and thus dissolution would be highly enhanced com-
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ared to a 90 m vertically upwelled bubble path, especially as tur-

ulence (eddies) may increase gas transfer velocity.

To date, gas bubble driven spiral motions have been observed in

ngineered plumes in bubble column reactor experiments. Those

aboratory experiments were conducted on much smaller scales

ncluding wall effects while investigating plume transitions from

aminar, to spiral, and to more turbulent (Ulbrecht et al., 1985)

odes. Asaeda and Imberger (1993) presented the complexity of

ngineered bubble plumes of larger scale for environmental appli-

ations like lake de-stratification and observed a weak meandering

ehavior in a gas plume under stratified conditions. Their experi-

ents showed different plume modes controlled by buoyancy fre-

uency, gas flow rate, entrainment coefficient, pressure, and slip

elocity as introduced by McDougall (1978). However, the North

ea is characterized by significant ocean currents that might have

very large impact on plume dynamics and fluid motions.

Socolofsky and Adams (2005) discuss the importance of cross-

ow strength on plumes. Given the strong tidal control on cross-

ow as well as annual build-up and destruction of stratification

eading to buoyancy frequency changes in the working area, we

ccordingly expect complex plume dynamics at site 22/4b with

trong modulation of the overall extent on tidal and seasonal time

cales.

Most likely, the plume mode has strong implications on the

ormation of marginal eddies, bubble size evolution and potential

ubble fragmentation, effects on dissolution, ambient mixing, bulk

ertical rise speed, local detrainment and intrusion, and hold-up

imes. Therefore, we suggest that the plume mode will strongly

ffect overall tempo-spatial methane transfer from 22/4b into the

ater column and atmosphere. We consider an understanding into

hich mode the plume develops, and how this mode may change

ue to the cross-flow currents (tides) and seasonal stratification

hanges, as essential to predict the near and far field methane dis-

ribution pattern. Future investigations should consider whether or

ot spiral evolution of a gas or oil-driven plume might present a

ypical process. If valid, it further complicates quantitative assess-

ents of gas flux by geochemical or hydroacoustic approaches, but

ould also provide an explanation for hitherto enigmatic findings

t major seep sites, e.g. for the methane peak trapped at depth re-

orted for the Deep Water Horizon Oil Spill (Camilli et al., 2010).

owever, such very deep gas releases are also strongly controlled

y the formation of gas hydrate.

First model attempts accounting for the spiral seep vortex mo-

ions described here are presented in Leifer et al. (in this is-

ue). Together with enhanced gas transfer velocity it was found to

artly explain the unexpected gas dissolution behavior at 22/4b.

uture modeling of 22/4b requires quantitative assessments of spi-

al plume motions when present. Possibly, this could be realized

y future ROV surveys using short range acoustic velocimetry ap-

roaches as suggested by Schneider von Deimling and Papenberg

2012).

. Conclusion

The abandoned well 22/4b, located in the UK North Sea eco-

omic zone, is one of the few accessible gas blowout sites in shal-

ow water (∼100 m depth) and represents an ideal location to

tudy intense bubble release from the seafloor into the water col-

mn and related gas dissolution and plume transport processes.

requent surveying of near- and farfield blowout site since 2005

haracterizes “well 22/4b” to be the most pronounced methane

oint source in the North Sea. Three mega and dozens of minor

nd major seeps (first identified at the bottom of the blowout

rater in 2006) are mainly releasing methane, formed in shallow

ediments by microbial processes. All discovered seeps and an ad-

itional major seep found to be active within the crater wall in
012 demonstrated ongoing gas ebullition until the most recent

bservations in 2012.

Vigorous gas bubble discharge with upwelling was observed in

he blowout crater transporting large quantities of methane bub-

les into the water column. However, only a minor fraction of the

ubble flux at depth is released into the atmosphere via gas bub-

le transport, as constrained from visual and hydroacoustic ob-

ervations. Dissolved methane concentration profiles of the wa-

er column support these findings, demonstrating that most ema-

ating gas bubbles efficiently dissolve below the thermocline, al-

hough upwelling identified at the seabed may impart a strong

plifting force to the gas plume. However, this massive upwelling

as merely found to penetrate the strong thermocline. In contrast,

ased on acoustic and geochemical data, upwelled waters later-

lly intruded below the thermocline and partially fall back to the

eabed.

Modern high resolution multibeam water column backscat-

er analyses reveal that one gas plume fed by numerous bub-

le streams in the crater is rising from depth as an inclined spi-

al vortex with marginal eddies on a meter scale. The discovered

ortex morphology has never been observed at marine gas seeps

efore, which raises many new questions concerning fluid mo-

ion, methane dissolution, and mixing patterns. We expect various

lume modes to exist with external controls by tides and annual

tratification changes, with a strong overall impact on the fate of

ethane released from site 22/4b. Mega plumes with observed up-

elling do not necessarily give rise to enhanced vertical methane

ransport through the water column. The existence of strong strati-

cation and/or formation of a spiral vortex potentially linked to en-

anced marginal mixing and intrusion, might counteract upwelling

echanisms, but seep investigations performed so far did not ac-

ount for such complex spiral plume flow.
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