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In 1964, exploration drilling in the German Sector of the North Sea hit a gas pocket
at ~2900m depth below the seafloor and triggered a blowout, which formed a 550m-
wide and up to 38m deep seafloor crater now known as Figge Maar. Although seafloor
craters formed by fluid flow are very common structures, little is known about their
formation dynamics. Here, we present 2D reflection seismic, sediment echosounder,
and multibeam echosounder data from three geoscientific surveys of the Figge Maar
blowout crater, which are used to reconstruct its formation. Reflection seismic data
support a scenario in which overpressured gas ascended first through the lower part of
the borehole and then migrated along steeply inclined strata and faults towards the
seafloor. The focused discharge of gas at the seafloor removed up to 4.8 Mt of
sediments in the following weeks of vigorous venting. Eyewitness accounts document
that the initial phase of crater formation was characterized by the eruptive expulsion of
fluids and sediments cutting deep into the substrate. This was followed by a prolonged
phase of sediment fluidization and redistribution widening the crater. After fluid
discharge ceased, the Figge Maar acted as a sediment trap reducing the crater
depth to ~12m relative to the surrounding seafloor in 2018, which corresponds to
an average sedimentation rate of ~22,000m3/yr between 1995 and 2018.
Hydroacoustic and geochemical data indicate that the Figge Maar nowadays emits
primarily biogenic methane, predominantly during low tide. The formation of Figge
Maar illustrates hazards related to the formation of secondary fluid pathways, which
can bypass safety measures at the wellhead and are thus difficult to control.

Keywords: blowout, figge maar, seafloor crater, focused fluid flow, drilling accident, sediment trap

INTRODUCTION

Drilling-induced blowouts have the potential to cause devastating environmental catastrophes
like the 2010 Deepwater Horizon oil spill in the Gulf of Mexico (McNutt et al., 2012; Reddy et al.,
2012). Blowout events are related to the uncontrolled upward flow of formation fluids in a well
caused by the uncontrolled pressurization of the borehole by formation fluids entering the drill
string due to too low mud weight or to mud loss (Holland, 1997). Blowout preventers represent a
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second blowout barrier (in addition to the drill mud), which
allow mechanical closing of the well and ultimately stopping
fluid flow from below (Holland, 1997). However, at time of
activation of a blowout preventer, shallow parts of the well may
already be pressured sufficiently to cause a breakout of fluids
from the well along weak points of the well’s casing or along
faults or permeable layers in the non-cased interval of the well
(Holland, 1997). This process may result in underground
blowouts, which may connect a deep reservoir with a
shallower subsurface reservoir like the 2/4-14 underground
blowout in the Norwegian Sector of the North Sea (Landrø
et al., 2019) or the formation of secondary pathways reaching
the seafloor (e.g., B1 blowout, this study; Lusi mud volcano;
Davies et al., 2007).

The North Sea Basin and the NorwegianMargin are Europe’s
most prolific hydrocarbon provinces, where several minor and
three major blowout events took place in 1964, 1985, and 1990
(Judd and Hovland, 2009). The 1985 West Vanguard blowout
occurred on the Haltenbanken on the Norwegian Margin, when
an exploration well (6407/6-2) encountered gas-charged
glaciomarine sand layers about 240 m below the seafloor in
243 m water depth (NOU, 1986; Ottesen et al., 2012). An
uncontrolled gas discharge caused a fire onboard, leading to
the abandonment of the rig and one casualty (NOU, 1986;
Ottesen et al., 2012). The uncontrolled gas discharge
continued for months (Ottesen et al., 2012), but there is no
information regarding the formation of a seafloor crater. The
22/4b blowout occurred in the British Sector of the North Sea
during exploration in 1990, when the drill string hit a shallow
gas pocket at 360 m below the seafloor at a water depth of
95 m (Leifer, 2015). The blowout created a 23 m-deep crater on
the seafloor with a diameter of 70 m and resulted in long-lived

vigorous methane release, which continues until today albeit
with reduced flux (Leifer and Judd, 2015; Schneider von
Deimling et al., 2015). However, this blowout is dwarfed by
the B1 blowout event in 1964 presented here, which occurred in
the German sector of the North Sea during drilling of one of the
first-ever offshore wells in the North Sea (Figure 1A; Kornfeld,
1964). The sparsely available information about this accident
suggests that the drilling operation halted after the drill string
hit an overpressured gas pocket in a dolomite layer ~2900 m
below the seafloor in water depth of 35 m (Kornfeld, 1964). The
borehole became overpressured and was closed by blowout
preventers. Pressurized gas escaped the borehole sideways
and migrated to the seafloor forming a crater ~400 m
northeast of the platform, called “Figge Maar” (Figure 1C).
There are no eyewitness accounts for the initiation of the
blowout, but gas and sediment gushes at the sea surface
were observed off the drill rig the next morning (Kornfeld,
1964). Attempts to stop the uncontrolled gas release were
unsuccessful, but gas emissions ceased in the following
weeks, and the drill site was abandoned.

The Figge Maar received little attention in the following
decades and was only surveyed for the abundance of benthic
species as well as sedimentological analysis (Thatje and
Gerdes, 1997; Thatje et al., 1999). In 2017, 2018, and 2020,
we revisited the Figge Maar crater during three research
cruises and collected various data sets, including reflection
seismic, sediment echosounder, and multibeam echosounder
data, as well as gas samples and sediment probes from the
crater floor using an ROV (Karstens et al., 2018; Linke and
Haeckel, 2018; Ehrhardt et al., 2021). Based on these datasets,
we provide the first integrated geoscientific analysis of the
Figge Maar seafloor crater to determine its morphological

FIGURE 1 | (A) Map of the North Sea with rectangular indicating study area. (B) Map showing the location of the Figge Maar in the
southeastern North Sea. (C) Bathymetric map of the Figge Maar referenced to mean sea level with seismic profiles (black lines).
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evolution and the fluid pathways from the gas reservoir to the
seafloor during the blowout. Our first objective is to
reconstruct the processes leading to the blowout of
exploration well B1. We analyze reflection seismic data to
constrain the fluid pathway in the subsurface and compare
these data with the available information about the events in
1964. Our second objective is to constrain the formation of
the Figge Maar seafloor crater during the B1 blowout. Finally,
we compare the Figge Maar with other seafloor depressions
formed by natural processes (known as pockmarks; Judd
and Hovland, 2009) and the 22/4b blowout crater to assess
the processes controlling sediment removal and
redistribution during crater formation.

GEOLOGICAL BACKGROUND

The Figge Maar is located in the southeastern part of the North
Sea and it is part of the Southern Permian Basin, which is a
hydrocarbon province extending from the United Kingdom to
the central Baltic Sea (e.g., Glennie and Provan, 1990; Ziegler,
1990; Breunese et al., 2010). Halokinesis of Upper Permian
Zechstein evaporites was key for the creation of most
hydrocarbon reservoirs by forming traps in post-Permian
strata or directly sealing Lower Permian Rotliegend
reservoirs (Glennie and Provan, 1990; Grassmann et al.,
2005; Breunese et al., 2010; Harding and Huuse, 2015;
Müller et al., 2020). In the study area, the transition from the

FIGURE 2 | (A) Tectono-stratigraphy of the West Schleswig Block based on Jakobsen et al. (2020). Salt-tectonic controlled Quaternary
erosion above the salt diapir is not included. (B) 3D view on key stratigraphic horizons above the Helga salt diapir with seismic profile (Figure 4)
and well head position of borehole B1. Stratigraphic horizons are from the TUNB 3D model (gst.bgr.de).
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Upper Permian Zechstein to the Lower Triassic Buntsandstein
is associated with a marked change in sedimentary facies.
Zechstein clay- and siltstones with anhydrite intercalations are
overlain by small-scale fining-upward cycles of fine-grained
sandstones, carbonate sandstones (containing oolites)
carbonates and anhydrite layers of the Lower Buntsandstein
(i.e., Bernburg and Calvörde Folge). This marks a transition
from the evaporitic sabkha facies of the Upper Permian
Zechstein to a facies characterised by mainly playa lake and
fluvial to lacustrine or alluvial sediments of the Lower Triassic
Buntsandstein (Figure 2; Geluk and Röhling 1997; Lepper et al.,
2013). Triassic salt tectonics resulted in the formation of
peripheral sinks. At the Figge Maar, this sink has been filled
by up to 1.8 km of sediments (Bachmann et al., 2010). Regional
tectonic subsidence resulted in marine conditions leading to
the accumulation of argillaceous marly deposits and
sandstone beds in the Early Cretaceous and marine
carbonates and limestones of the Chalk Group in the Late
Cretaceous (Van Dalfsen et al., 2006; Harding and Huuse,
2015). Salt tectonics continued during the Cenozoic forming
complex salt structures and faults (Harding and Huuse, 2015).
Since the Middle Paleocene, eustatic sea-level variations
controlled the deposition of silicic sediments (Clemmensen
and Thomsen, 2005) and led to the deposition of marine muds
during the Late Paleocene to the Miocene and marine sands in
the Early Pliocene (Figure 2; Knox et al., 2010).

The Quaternary in the southern North Seawas dominated by
the change between marine, glaciomarine, and terrestrial
conditions. Ice advances during Marine Isotope Stage 6
(MIS6; ~200 ka) and MIS12 (~500 ka; Coughlan et al., 2018)
affected the study area. Subglacial erosion and salt tectonics
caused localized uplift, which formed a pronounced
unconformity between MIS 6 and 12 till layers (Coughlan
et al., 2018) and older strata which are most likely Miocene
age at the location of the Figge Maar. The over-consolidated,
fine-grained tills deposited by grounded ice are covered by
tens-of-meter-thick fluvial sand and gravel layers, as well as
interglacial clay and silt deposits (Coughlan et al., 2018). At the
end of the last glaciation, glaciofluvial or glaciomarine muddy
sands and glaciolacustrine clay layers were deposited in the
study area (Coughlan et al., 2018). During the Holocene, fine
sands and silts were deposited (Unnithan and Rossi, 2018) on
top of subaerial peat layers (Hepp et al., 2012). The North Sea
Basin hosts several natural gas seep sites (Judd and Hovland,
2009), which either emit deep thermogenic hydrocarbons (e.g.,
Tommeliten seep; Niemann et al., 2005; Schneider von
Deimling et al., 2011) or methane formed by the microbial
degradation of organic matter in shallow sediments
(Floodgate and Judd, 1992; Römer et al., 2017; Böttner
et al., 2019).

MATERIALS AND METHODS

We surveyed the Figge Maar blowout crater in 2017 with RV
Poseidon, in 2018 with RV Alkor, and in 2020 with RV Maria S.
Merian. During an ROV dive in 2017, we collected gas bubbles

released from the seabed at Figge Maar using a dedicated gas
sampler (Linke and Haeckel, 2018). Gas composition was
analysed by gas chromatography and methane was
analysed for its stable carbon-isotope signature with a
Thermo MAT253 isotope ratio mass spectrometer
(Vielstädte et al., 2015). In 2018, we acquired bathymetric
data with a horizontal resolution of 0.5 m using a 400 kHz
NORBIT iWBMSe chirp multibeam system. In addition, the area
was surveyed with a 8 kHz Innomar SES-2000 medium
parametric echosounder and a 2D multi-channel reflection
seismic system consisting of a GI-airgun (15 in³ generator
and 15 in³ injector) and a 212.5 m-long streamer with 136
hydrophone groups with a group spacing of 1.56 m (Karstens

FIGURE 3 | (A) 3D view of three bathymetric grids from the
Figge Maar illustrating the temporal evolution of the northern half
of the crater. The 1964 grid is based on sediment echosounder
interpretations using a seismic velocity of 1750 m/s, the 1995
grid is based on bathymetric measurements in Thatje et al., 1999
and the 2018 grid is based on bathymetric measurements in 2018.
(B) Sediment echosounder profile showing gas bubble streams
above the crater during low tide. (C) Sediment echosounder profile
with reflections indicating the initial crater geometry (dashed
purple line) and no gas emissions (high tide). Profile locations are
shown in Figure 1C.
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et al., 2018). Seismic data processing included normal-move-
out-correction, trace interpolation, bandpass filtering (corner
frequencies: 50, 92, 680, and 800 Hz), multiple attenuation, and
Stolt migration with a constant velocity of 1500 m/s (Kühn,
2020). The resulting seismic data have a horizontal resolution
of about 1.56 m (common midpoint spacing) and a vertical
resolution of ~6 m at the seafloor (λ/2 criterion with dominant
frequency of 125 Hz), decreasing downwards.

In 2020, additional seismic profiles were acquired by the
German Federal Institute for Geosciences and Natural
Resources (BGR) using two GI-Guns with 45 in³ generator
and 105 in³ injector volume and a 1200 m-long streamer
(192 channels with a channel spacing of 6.25 m), allowing
much deeper penetration compared to the 2018 survey
(Ehrhardt et al., 2021). Seismic data processing included
normal-move-out-correction, trace-editing, velocity analysis,
bandpass filtering, post-stack predictive deconvolution, and
post-stack Kirchhoff time migration. The resulting seismic
data have a horizontal resolution of about 3 m (common
midpoint spacing) and a vertical resolution of ~12 m at the
seafloor (λ/2 criterion with dominant frequency of 60 Hz),
decreasing downwards.

In addition, we compared the bathymetric grid of the Figge
Maar with results from Thatje et al. (1999) and with
bathymetric grids from the 22/4b blowout (Schneider von
Deimling et al., 2015) and the Scanner Pockmark (Böttner
et al., 2019). For each of these, we estimated crater
volumes by calculating the crater depth compared to the
surrounding seafloor by summing the grid values within the
crater and multiplying these with the grid cell size in the
geophysical interpretation software Petrel.

RESULTS

Morphological Evolution of the Figge Maar
and Present-Day Gas Escape
The first survey showed a crater depth of 31 m relative to the
surrounding seafloor and was measured shortly after the
blowout in 1964 (Thatje et al., 1999). Bathymetric mapping
in 1995 indicated that the crater depth had shoaled
significantly with a maximum depth of only 15 m
(Figure 3A; Thatje et al., 1999). Our measurements in
2018 revealed a crater depth of 12 m and an elliptical
shape with a major axis of ~550 m and a minor axis of
~450 m (Figures 1C, 3A). The present-day crater has a
maximum slope of 3–7° (Figure 1C), while sediment
echosounder profiles reveal buried reflectors with a slope
of 10°, most likely representing the buried crater wall before
slumping and sediment deposition began infilling the crater
(Figure 3C). Extrapolating the reflections in echosounder
profiles allows constraining a maximum crater depth of
33–38 m, assuming a seismic velocity of 1,500–1,750 m/
s. Based on this, the initial crater had a volume of 2.0–2.3 ×
106 m3, which was reduced to 1.2 × 106 m3 in 1995 (Thatje
et al., 1999) and 0.7 × 106 m3 in 2018 due to the entrapment
of sediments. This corresponds to an average

sedimentation rate of ~22,000 m3/yr between 1995 and
2018. The Figge Maar is surrounded by up to 2 m-thick
sediment lobes (Figures 1C, 3B), which have been
deposited by the blowout itself or by sediment
redistribution due to strong (tidal) bottom currents.
Assuming a sediment density (ρ) of 1,600—2,100 kg/m³
for glacial sediments (Clarke et al., 2008) and based on
the crater volume (V) calculation (2.0–2.3 × 106 m3), the
Figge Maar blowout removed a total mass (m) of 3.2–4.8 Mt
of material (m = V *ρ).

Hydroacoustic surveying over a tidal cycle revealed that gas
bubbles are released from the Figge Maar preferentially during
low tide (Figure 3B), indicating a gas reservoir which is
sensitive to pressure variations (e.g., Schneider von Deimling
et al., 2010). No release of free gas was observed outside the
crater during the surveying. Gas sampling with an ROV during
the 2017 Poseidon cruise revealed that present-day seepage is
dominated bymethane with a δ13C value of −64‰ compared to
the Vienna Pee Dee Belemnite (VPDB) standard (Jürchott,
2018; Linke and Haeckel, 2018). Sediments in the crater
contain free gas, which causes a phase-reversal of the
crater floor reflection in the seismic data (Figures 4, 5A).

Reflection Seismic Interpretation
The seismic stratigraphy of the study site is characterised
by the interaction of a Zechstein salt diapir and the overlying
well-stratified sediments (Figure 4). In areas not affected by
salt tectonics, the Zechstein interval is located between 1.9
and 2.3 s two-way travel time (TWT), and it is covered by a
~1.8 ms TWT interval of well-stratified sediments. Layers of
this interval (key stratigraphic horizons are marked with
dashed lines in Figure 4) are shoaling towards the salt
dome with subunits showing different inclinations,
indicating repeated phases of salt tectonic deformation.
As a result, Miocene sediments are present as shallow as
50 m below the seafloor, assuming a seismic velocity of
1,750 m/s for shallow sediments. These uplifted sediments
are truncated by the Quaternary unconformity, which
represents repeated fluvial and glacial erosion (Figure 5A;
Coughlan et al., 2018). The unconformity forms a nearly
horizontal boundary between the well-stratified sediments
and the overlying Quaternary deposits, which show a more
complex internal seismic structure with less continuous
reflections (Figure 5). The well was cased down to
~1140 m below seafloor (Kornfeld, 1964), i.e., within the
steeply inclined layers of the Upper Zechstein, and it
terminated within the salt diapir (Figure 4).

The strong, reversed polarity amplitude of the seafloor
reflection strongly suggests the presence of significant
amounts of free gas and hinders imaging of underlying
geological structures (Figure 5A). Furthermore, the shallow
water depth combined with the high-amplitude seafloor
reflection causes strong multiples, which overprint
reflections from deeper geological structures. Although
multiple attenuation during processing was generally
successful for both seismic datasets, it further decreased
the imaging capacities directly beneath the Figge Maar
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crater. Consequently, neither the long streamer (Figure 4) nor
the short streamer (Figure 5A) configuration allowed direct
imaging of the fluid pathway and the interpretation that the
fault controlled the fluid ascent is based on the spatial
relationship between the seafloor crater and the crestal faults.

The seismic data reveal that deformation of strata overlying
the N-S striking salt diapir is asymmetric with an east-dipping
main fault controlling crestal extension at the top of the salt
diapir (Figures 2B, 4, 5). Similar structural deformation has
been observed in many salt provinces and has been attributed
to strain focus to accommodate for sag in the sedimentary
basins adjacent to the salt diapirs and bending of competent
strata at the crest of a diapir (e.g., Judd and Hovland, 2009;
Harding and Huuse, 2015; Müller et al., 2018). The Figge Maar
crater is located, where the projected path of the main fault
intersects the Quaternary unconformity. Crestal fault systems
above salt diapirs have been shown to provide pathways for
deep fluids to shallower stratigraphic layers or even the
seafloor, where they control fluid seepage (Schneider von
Deimling et al., 2011; Müller et al., 2018). While free gas
blanks the seismic data directly beneath Figge Maar, the
seismic data north and south of Figge Maar document the
presence of a complex fault system consisting of a primary,
eastward-dipping detachment fault and minor antithetic and
synthetic faults that connect to the detachment fault
(Figures 5B,C).

DISCUSSION

Reconstruction of the B1 Blowout
Due to legal restrictions in Germany, the official reports of
the B1 blowout are only available for personal inspection at
the BGR archive. The following account of the events draws
on reading these documents and the brief summary
published by Kornfeld (1964). Drilling operation by the
American self-elevating drill rig “Mr. Louie” began on May
23rd, 1964, about 50 km north of the island of Juist and
~55 km west of the island of Heligoland and represented the
first exploration well in the German North Sea. The well was
drilled to a total depth of ~2900 m beneath seafloor and
cased down to ~1140 m depth. When the well passed from
an anhydrite formation into a porous dolomite layer,
overpressured gas entered and pressurized the borehole.
Subsequently, the blowout preventers shut off the well
(Kornfeld, 1964). Pressure had built up to 25 MPa
(measured at the choke manifold), and the B1 blowout
released the pressure in the night from June 22nd to
23rd, 1964. There are reports of two blowout sites; one
~425 m northwest of the borehole and a second ~365 m
southeast of the drill site (Kornfeld, 1964). However, none of
these directions correspond to the actual position of the
Figge Maar located northeast of the drill site and there are
no indications for a second release point in our datasets

FIGURE 4 | Long-streamer (2020 BGR survey) profile showing the drilling location of B1with approximate drill path (black line) and the extent
of casing (thick yellow line) through steeply inclined strata above a Zechstein salt diapir, prominent stratigraphic boundaries (dotted lines) and
the crestal fault system (blue line). Profile location is shown in Figure 1C.
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(i.e., neither a bathymetric expression in Figure 1C nor in
seismic profiles crossing this area). The drill rig was then
moved off-site for safety reasons and specialized
companies tried to kill the blowout by pumping heavy
drilling mud into the borehole. While Thatje et al. (1999)
stated that the released gas mainly consisted of carbon
dioxide, the contemporary newspaper reports and internal
reports noted that the released gas was nitrogen, which is
typical for many reservoirs in the North German Basin
(Mingram et al., 2003), but the 1964 gas composition
cannot be confirmed any longer for lack of samples.

Noteworthy is that the B1 blowout did not occur at the
wellhead but several hundred meters away. This clearly
indicates that the pressurized gas deviated from the
borehole and migrated along the pathway shown in
Figure 6. Seismic imaging below the rig site shows
continuous reflections below the base of the
Buntsandstein (Figure 4), which consists of alternating

layers of mud rocks, anhydrite and salt according to well
reports from nearby wells B2 and H15-2. There is no
seismic evidence indicating whether the breakout
occurred in uncased Zechstein evaporates or in the
cased segment of the well further up (yellow line in
Figure 4). There are no direct seismic indications of
remnant gas accumulations along the pathway within
the Zechstein evaporates, such as bright or dimmed
spots (Løseth et al., 2009). Regardless, the location of
the Figge Maar with respect to the borehole makes it
likely that the gas has migrated up-dip along permeable
layers within the Lower Buntsandstein or Upper Zechstein
towards the main fault that bounds the salt diapir in the
east (Figures 4, 6). Upon reaching the bounding fault, the
gas likely has migrated upward to and through the crestal
faults above the salt diapir as it formed the Figge Maar at
the location, where the main crestal fault intersects the
Quaternary unconformity (Figures 5, 6). This final part of

FIGURE 5 | (A)High-resolution (2018 GEOMAR survey) 2D reflection seismic profiles showing the FiggeMaar blowout crater drilling location
of B1 with approximate drill path (black line). High-resolution (2018 GEOMAR survey) 2D reflection seismic profiles north (B) and south (C) of the
Figge Maar blowout crater revealing prominent stratigraphic boundaries (dotted lines) and the crestal fault system (blue line). Profile locations
are shown in Figure 1C.
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the fluid pathway is characterized by dimming of seismic
reflection amplitudes, which we attribute to the presence of
remnant gas in the surface sediments impeding seismic
imaging immediately below the Figge Maar. The
reconstruction of fluid pathways during the B1 blowout
highlight the complexity of the formation or reactivation
of secondary fluid pathways during blowout events, which
have the potential to partly or entirely bypass technical
safety measures.

Reconstruction of Crater Formation During
the B1 Blowout
Seafloor craters formed by natural fluid discharge have been
studied in various geological settings around the world and
are the result of prolonged seepage or focused release of
pulses of liquids or gases (Judd and Hovland, 2009). While
the dynamics and controlling factors of pockmark formation
are still a matter of debate, it is likely that fluid type and
overpressure, the discharge rate and duration, as well as the
structural integrity and type of sediments are important
factors (Judd and Hovland, 2009; Løseth et al., 2011;
Hoffmann et al., 2020). Seafloor crater formation by
prolonged fluid flow is controlled by mobilization of poorly
consolidated sediments, which become suspended by the
upward flow of fluids and then removed by currents (Rocha
et al., 1993; Nichols et al., 1994). Sediment fluidization
occurs when the dragging force of a moving fluid
becomes more significant than the weight of the particles
affected by the flow (Nichols et al., 1994). This process
depends on grain size, shape and density, fluid density, and
porosity. It becomesmore effective with increasing flow rate
and with decreasing degree of sediment cohesion and
consolidation (Rocha et al., 1993; Nichols et al., 1994).
Prolonged sediment fluidization may be the dominant
process during the formation of craters as for example
reported for the SLN-02 blowout, onshore Netherlands
(Schout et al., 2018). Crater formation by focused fluid
pulses is less understood, but the rapid expansion of gas
close to the seafloor causing the eruptive expulsion of fluids
and sediments is considered the dominant process for
seafloor craters formed in substrate with high resistance

FIGURE 6 | Reconstruction of fluid pathway during the B1
blowout. Overpressured gas escaped the closed well along steeply
inclined layers, reached the crestal fault system of the
neighbouring salt diapir and ascended to the seafloor.

FIGURE 7 |Morphological and depth comparison between (A) the Figge Maar (this study, see Figure 1C). (B) the 22/4B blowout (Schneider
von Deimling et al., 2015), and (C) the Scanner Pockmark (Böttner et al., 2019) showing relative depthwith respect to the surrounding seafloor. All
models have the same scale. Vertical profiles are 10 times exaggerated.
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against fluidization. Examples are pockmarks in the Barents
Sea (Andreassen et al., 2017; Waage et al., 2020) or the 22/
4b blowout in the British North Sea (Figure 7B; Leifer and
Judd, 2015; Schneider von Deimling et al., 2015).

The formation of the 500 m-wide and 18 m-deep Scanner
Pockmark in the British North Sea is characterized by an
initial expulsion of overpressured gas from a gas pocket
~50 m below seafloor (Figure 7C; Böttner et al., 2019;
Callow et al., 2021). This was followed by prolonged
moderately intense, capillary-dominated seepage over a
long period from at least 13 to 26.6 ka and tidally
controlled bubble release at present-day (Böttner et al.,
2019; Callow et al., 2021). The depth of the Scanner
Pockmark base coincides with the boundary between
consolidated glacial tills and the overlying
unconsolidated, glaciomarine sediments (Böttner et al.,
2019). The Figge Maar and the Scanner Pockmark
morphologies are strikingly similar, with diameters of
~500 m and crater slopes of ~6° (Böttner et al., 2019).
Comparable to the Scanner Pockmark, we propose a
hybrid model for the Figge Maar crater formation that fits
the observed dimensions and the crater’s shape (Figure 7).

The blowout caused the rapid release of highly
overpressured fluids along secondary fluid pathways
towards the seafloor. We expect that violent gas
expansion caused an explosive removal of sediments
forming an initial crater (Figure 8B) which is consistent
with eyewitness reports of sediment gushes on the sea
surface (Kornfeld, 1964). This initial release was followed
by vigorous fluid discharge from the crater floor, fluidizing
the sand-rich Quaternary sediments (Figure 8C). Upward
flux and strong tidal currents transported suspended
sediments outside the crater depositing the sediment
lobes. The initial explosive expulsion, subsequent
fluidization, and mobilization removed the top 38 of
sediments from the 500 m-wide crater. It mobilized up to
3.2–4.8 Mt of sediments, which requires a substantial
energy release during the B1 blowout.

After the vigorous fluid discharge ceased, the Figge Maar
became a sediment trap (Figure 8D). About 22,000 m3 of
sediments accumulate in the Figge Maar every year. The
material is mainly transported by the strong tidal currents.
About 3 m of sediments were deposited in the Figge Maar
between 1995 and 2018, resulting in an average
sedimentation rate of 13 cm per year. This is significantly
less than the sedimentation rate of 50 cm per year reported
for the time interval between 1964 and 1995 by Thatje et al.
(1999) but corresponds to a similar yearly deposited mass
within the conical crater geometry.

Present-Day Gas Emissions From the Figge
Maar
While it is likely that the primary B1 blowout released mainly
nitrogen, our 2017 Figge Maar ROV survey showed that
present-day gas emission consists primarily of microbial
methane (>98% vol.) with a δ13C isotope ratio of −64‰
(VPDB; Jürchott, 2018). We attribute the high methane
content and low stable carbon isotope ratio to rapid post-
blowout sedimentation of organic material and its in-situ
degradation by methanogens. Together with potential
contributions from biogenic methane trapped in the
sediments below, they likely fuel the present-day lower-
intensity gas emissions (Figures 3B, 8D). Some of the gas
may be formed in the crater, while some may migrate from the
surrounding shallow subsurface through secondary fluid
pathways caused by the blowout. The released gas may
also include carbon dioxide or methane sourced from e.g.,
Holocene peat deposits surrounding the blowout (McGinnis
et al., 2011; Hepp et al., 2012; Coughlan et al., 2018). The
present-day lower-intensity gas emissions occur
predominantly during low tide, indicating the gas reservoir’s
sensitivity to hydrostatic pressure variations induced by tides
and storms (Schneider von Deimling et al., 2010; Abegunrin
et al., 2020). These low-intensity present-day emissions are
unlikely to contribute significantly to greenhouse gas budgets.

FIGURE 8 | Conceptual reconstruction of the formation of the Figge Maar blowout crater, with Quaternary stratigraphy after Coughlan et al.
(2018).
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CONCLUSION

The first geophysical analysis of the B1 blowout reveals that an
underground blowout formed or reactivated existing
secondary pathways to the seafloor and the associated
Figge Maar seafloor crater. Overpressured gas (likely
nitrogen) from a ~2900 m-deep reservoir must have
escaped the well likely beneath the cased section and
probably migrated along inclined layers towards the crestal
fault system of the salt diapir. The underground blowout
initiated after the blowout preventers shut the well, and
overpressure resulted in the opening of secondary fluid
pathways. The blowout created a ~550 m-wide and up to
38 m deep crater removing up to 4.8 Mt of sediments. The
large dimensions of the Figge Maar crater can be explained by
a combination of an initial eruptive expulsion followed by
prolonged fluidization of mainly sand-rich sediments in the
Quaternary succession transported away through currents.

Unlike blowouts involving the discharge of oil like the 2010
Deepwater Horizon and the 1979 Ixtoc 1 in the Gulf of Mexico
(Jernelöv and Linden, 1981; McNutt et al., 2012; Reddy et al.,
2012), the environmental pollution caused by the B1 blowout was
minimal. However, gas blowouts like the B1 blowout represent a
major threat to the drilling rig and its personnel, as seen for the
1988 Piper Alpha accident in the North Sea or the 1985 West
Vanguard blowout (NOU, 1986; Drysdale and Sylvester-Evans,
1998; Ottesen et al., 2012). In addition, gas blowouts can result
in decade-long vigorous gas discharge affecting the regional
carbon budget (Leifer and Judd, 2015; Schneider von Deimling
et al., 2015). Althoughnot closelymonitored in the past decades, it
seemsunlikely that theB1blowout caused a similar long-lived gas
discharge as the Figge Maar crater was filled in significantly
during the 30 years after the blowout (Thatje et al., 1999), and
there were no reports about sea surface disturbances in the
decades after the blowout. As the blowout was charged most
likely by nitrogen and present day lower-intensity gas emissions
are unlikely to contribute significantly to greenhouse gas budgets,
the overall environmental impact of the B1 blowout and its crater
may be considered insignificant.

The B1 blowout offers the unique opportunity to study the
processes governing evolution of a seafloor crater in fast
motion. The formation of the Figge Maar resembles that of
the Scanner Pockmark, resulting in comparable dimensions
and morphologies, while strong bottoms currents filling up the
depression with more than 22,000 m3 per year define a unique
laboratory to study sedimentological, biological, and
geochemical processes under highly dynamic conditions.
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