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The processes preceding the genesis of pockmarks and their subsequent evolution has been rarely studied
since pockmarks were discovered in 1970. A high-resolution 3-D seismic survey from the continental slope
of the Lower Congo basin allows us to study in detail the structures that developed before the formation of
pockmarks, as well as their subsequent geometric evolution.
This paper aims at reporting new type of fluid-related structures that relate to pockmarks. The objective of
this research is to understand: 1) the evolution of these structures and their genetic relationship with pock-
marks, and 2) how their morphologies may be influenced by changes in venting intensity over time.
Pockmark and chimney structures in this survey are hosted within Late Miocene to Quaternary
hemipelagites, above clastic reservoirs in a petroliferous basin. They are all associated with positive high am-
plitude anomalies (PHAAs) on seismic data. PHAAs are interpreted from their dramatically higher acoustic
impedance relative to the background sedimentary values of the host units, and by their association with
seismic pull-up effects. From their planform and cross-sectional geometry, PHAAs are primarily interpreted
as being due to the development of methane-related carbonates but they may be associated with gas hy-
drates in one or two examples.
Methanogenic carbonates form either by authigenic accumulation or by anaerobic methane oxidation (AMO)
once upwardly migrating methane enters the sulfate-methane transition zone (SMTZ), typically within the
first few tens of meters below the seabed. Therefore, vertical accumulations of PHAAS are interpreted to re-
flect the temporal evolution of methane flux migrating upward to reach the paleo-seabed or SMTZ. Timing of
local scale fluid leakage can therefore be diagnosed by analyzing PHAAs at seep locations that occur in asso-
ciation with pockmark/chimney structures.
A conceptual model for the evolution of different fluid venting structures is proposed here, and is based on
the analysis of venting structures that we expressed by 3-D seismic reflections. In this model the main fea-
tures are linked into a process-based sequence, culminating in the infill and termination of the pockmarks
as fluid venting sites. Our model summarizes different rhythms of venting which are expressed by different
types of PHAAs along with venting structures. Linear PHAAs and conduits inferred slow seeps. They can be
succeeded by sub-circular PHAAs and shallow depressions which inferred slow to moderate seeps. Then
the seep can become either a fast vent and terminated into a pockmark crater; or it can become less active
and be sealed afterwards. Subsurface sediment fluidizations and remobilizations are likely to happen in the
last case and are probably caused by hydrate dissociations.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Pockmarks, chimney structures and interpreted methane-related
carbonates have been observed in the Late Neogene/Quaternary inter-
val of the Lower Congo Basin (Gay, 2002; Charlou et al., 2004; Olu-Le
Roy et al., 2007; Pierre and Fouquet, 2007). These types of structure rep-
resent different degrees of fluid flux and provide general indications of
fluid migration pathways in the subsurface (Hovland and Judd, 1988;
+33 5598 36382.
ail.com (S. Ho).
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Berndt, 2005; Gay et al., 2003; Cartwright et al., 2007; Andresen et al.,
2011), hence caprock leakage or underlying reservoir locations can be
detected (Heggland, 1997; Gay et al., 2003).

Once hydrocarbons breach a caprock, they can leave behind trails
that relate to themode of expulsion at the time of fluid escape. However,
the question of how the fluid migration phenomena evolve both at the
seabed and the immediate sub-surface over time, has only rarely been
addressed. The geometrical evolution of venting structures may poten-
tially reflect the longer term dynamics of fluid leakage, because each
fluid expulsion episode creates recognizable and characteristic topo-
graphic features at seep locations, thereby affecting later sediment
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accumulation. Thus overpressured fluid expulsion events can be
reconstructed at least qualitatively by analyzing in detail the architec-
tures of each venting structure. For this purpose, a basic framework for
surface and subsurface expressions offluid expulsion has beenpresented
by Roberts (2001) and Roberts et al. (2006). The general framework for
classifying surface expressions of fluid dynamics according to variations
in gas flux of Roberts (2001) and Roberts et al. (2006) will be used as a
starting point for our study.

Subsurface expressions of fluid escape in our survey are foundprinci-
pally in the Late Neogene/Quaternary interval in the Lower Congo Basin.
The following fluid escape features are recognized: (1) seismic chimneys
(cf. Løseth et al., 2001, 2011, Moss and Cartwright, 2010a, 2010b) are
considered to be an indicator of gas seepage from deeper reservoirs
(Heggland, 1997) and defined as a specific class of seal bypass system
by Cartwright et al. (2007); (2) pockmarks (cf. Hovland, 1981b; Gay et
al., 2003), they exhibit more elaborated internal organizations than the
simple v-shape pockmarks of King and MacLean (1970) in our survey;
(3) Positive high amplitude anomalies: the interpreted methanogenic
carbonates in our survey, they occur at pockmarks or seismic chimneys
locations.

The relationship of hydrocarbon leakage flux to different leakage in-
dicators and sedimentary structures, has become an increasingly popular
research theme in the last two decades (cf. Hovland, 1981b; Heggland,
1997; Roberts, 2001; Gay et al., 2003; Cartwright et al., 2007).
Methane-related carbonates (and fauna) at cold seep sites have also
been intensely studied since the eighties (cf. Hovland et al., 1984;
Campbell and Bottjer, 1993; Roberts, 2001; Aiello, 2005; De Boever et
al., 2006; Mazzini et al., 2008). The build-up of carbonate-rich benthic
chemosynthetic communities are manifestations of active fluid migra-
tion near the seabed (Hovland, 2008), and the quantity of carbonate in
the buried seepages reflects the intensity of fluid flux (Gay et al., 2007;
Naudts et al., 2010). Cold seep carbonates on pockmark floors were
first studied in the 1980's in the North Sea, where they appear as highly
reflective patches on side-scan sonar (Hovland and Judd, 1988). The first
pockmarks associated with methanogenic carbonate were discovered in
theNorth Sea in 1981 by side scan sonar (Hovland, 1985; Hovland, et al.,
1987), and by a remote-operated vehicle in 1983 (Hovland and
Sommerville, 1985; Hovland et al., 1987; Hovland and Judd, 1988;
Hovland and Thomsen, 1989; Judd and Hovland, 2007).

Both methanogenic carbonates and gas hydrates are high velocity
materials (Ecker et al., 1998; Hustoft et al., 2007; Westbrook et al.,
2008; Chand et al., 2009; Petersen et al., 2010). They create strong
acoustic impedance contrasts at their interface with the surrounding/
overlying softer layer, and result in positive high amplitude anomalies
(PHAAs) on reflection seismic data. PHAAs have been reported in a
number of recent publications, as high amplitudes (reflections) or
anomalies in the diverse settings: (1) within craters (Heggland, 1998);
(2) at a pockmark bottom (Cauquil et al., 2003), (3) at the seafloor
above pipe structures (Hustoft et al., 2007); (4) in the deeper lunate
part or in the central elevation of a pockmark (Andresen et al., 2008);
(5) on the seabed along a pockmark fringes (Chand et al., 2009); (6) im-
mediately adjacent to or within pipes (Moss and Cartwright, 2010a,
2010b); and (7) at the top of pipes (Petersen et al., 2010).

However, the detailed geometry of PHAA has barely been discussed:
their evolution at seep locations has not previously been analyzed using
seismic data, nor has their specific spatio-temporal relationship with
pockmarks or other venting structures been examined.

Wewill demonstrate in this paper, the vertical occurrence of PHAAs
within venting systems has considerable value for determining the
timing at which fluids reach the near the seabed. We will propose in
our conclusion, a conceptual model that exhibit the genetic relation-
ships and the evolutionary sequence, which are suggested by the geo-
metric complexity and the vertical position of PHAAs within different
venting systems.

Therefore in this study we aim to: 1) determine the role of PHAAs
during the evolution of venting structures; 2) reconstruct qualitatively
the steps that comprise the basic process of how a pockmark grows
from low flux seepage, by integrating the geometrical development of
PHAAs over time; 3) try to re-establish the relationships between flux
rates and the types of venting features and to develop a theoretical se-
quence for the evolution of venting structures.
2. Data and methods

A high-resolution 3-D seismic surveywas provided by Total S.A. The
3-D dataset covers an area of 425 km2 in water depths of ca. 1150–
1540 m with a bin size of 6.25×6.25 m. The acquisition direction
(NNW–SSE) is not aligned with the long axis of any studied fluid
venting structures, so there are no spatial aliasing problems with the
imaging of shallow features.

For the target interval of this study the average peak to trough dis-
tance is 8 ms TWT. This corresponds to a vertical resolution approxi-
mately 3–4 m at a near-seabed velocity of 1700 ms−1. The seismic
data are zero phased and the downward increase of acoustic imped-
ance is represented by positive amplitude values. The seismic data
were interpreted with the IESX GeoFrame© 4.0 software developed
by Schlumberger and the Sismage© software developed by Total.
Mapping of all fluid-related structures was carried out manually on
a line-by-line basis, to ensure the maximum resolution of the finer
structure and amplitude variation. These structures were examined
in arbitrary line transects in a full 360 degree pattern centered on
the fluid related structures using differently processed cubes of the
seismic volume (near, middle and far offset cubes). Seismic attributes
such as the dip of picked horizons, RMS amplitude, and minimum and
maximum amplitude within specific two-way time windows from a
mapped horizon were calculated and were used in our interpreta-
tions. Interpretation of windowed amplitude maps was undertaken
with careful calibration with the seismic data to ensure that tuning ef-
fects were correctly identified (Widess, 1973; Kallweit and Wood,
1982).
3. Regional geological setting

The study area is located offshore Angola, in the Lower Congo Basin
(Fig. 1). This basin results from the opening of the South Atlantic in the
Early Cretaceous (Mascle and Phillips, 1972; Larson and Ladd, 1973).
The interval of interest i.e. the Cenozoic succession, is dominated by ex-
tensional gravity tectonics over themobile salt (Duval et al., 1992), and
is constituted mainly by siliclastic deposits (Liro and Dawson, 2000;
Lavier et al., 2001; Séranne and Anka, 2005).

Major uplift of the hinterland occurred during the Late Oligocene/
Early Miocene (Walgenwitz et al., 1990), exposed the shelf and led to
redistribution of sediment into deeper parts of basin (Broucke et al.,
2004) in the form of turbidites and debris flow deposits (Droz et al.,
1996; Anderson et al., 2000; Cramez and Jackson, 2000; Anka and
Séranne, 2004; Anka et al., 2009; Savoye et al., 2009).

Abundant channel-levee systems transported coarser clastics across
the upper slope region of the margin during Early and Late Miocene
(Anderson et al., 2000), and thesewere interbeddedwith hemipelagites
and mass transport deposits (Anderson et al., 2000; Broucke et al.,
2004).

The Miocene/Pliocene boundary coincides with an accelerated mar-
gin uplift in the late Miocene (Frerichs and Shive, 1971; Lavier et al.,
2001). In addition to the salt tectonic instability, these conditions led to
the incision of the Congo Canyon which in turn restricted turbidite de-
posits to the lower slope and abyssal plain (Anka and Séranne, 2004;
Anka et al., 2009) while the shelf and upper slope above salt were
bypassed. As a result sedimentation on the outer shelf and slope are
dominated by hemipelagite deposition until the present time (Anka et
al., 2009).
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Fig. 1. Location map of the study survey in Lower Congo Basin, Offshore Angola.
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3.1. Stratigraphy of the study area

The study area is located in the extensional domain of the continen-
tal slope with a water depth of ca. 1300 m (Fig. 2). The stratigraphic in-
terval of interest is the Quaternary-Neogene,within the upper kilometer
of the basin fill, and is dominated by hemipelagites (Vignau et al., 2000).
When calibrated by biostratigraphy, seismic horizons were given a
name reflecting their age according to the Berggren chart (Berggren et
al., 1995; Vignau et al., 2000). Horizons without age calibration were
SSW                                                 NNE

Study interval

500ms
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3km

Turbidite channels

Hemipelagic

Hemipelagic

HD4

TS4

HD3

TS3

HD2
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Fig. 2. Seismic line from the 3-D survey (location see Fig. 1) and seismic stratigraphy, show
lithological context of fluid venting structures. HD: hemipelagic deposits; TS: turbiditic sys
named (e.g. 6 H, 6.3 H) to reflect the interpolated age estimated using
averaged sedimentation rates between the calibrated horizons.

The studied interval is divided into several units based on the oc-
currence of two main seismic facies: (1) moderate amplitude, paral-
lel, continuous reflections interpreted as hemipelagic deposits (HD4,
3, 2) (Broucke et al., 2004); and (2) high-amplitude, lower continuity
packages encased in low-amplitude intervals interpreted as turbidite
systems (TS4, 3) (Fig. 2) (Broucke et al., 2004).

The detailed lithostratigraphy for the Neogene is based on Vignau
et al. (2000). The studied interval is subdivided as follows (Fig. 2):

1. HD4, 0 Ma–5.2 Ma; two sub units have been distinguished. The unit
overlying the polygonal fault tier contains continuous internal reflec-
tions with low-to-moderate acoustic amplitudes. The interval has
been reported to comprise hemipelagites (Vignau et al., 2000) until
the base of the unit which occurs at the top of a polygonal fault tier
as defined by (Sensu Cartwright and Dewhurst, 1998). The base of
gas hydrate stability zone (GHSZ) observed locally in the area ap-
proximately coincides with the base of the polygonal fault tier, at
200 ms TWT below the seafloor, at a horizon dated as the Base Plio-
cene (5.2 Ma).

2. TS4, 5.2 Ma–11.5 Ma;was subdivided into three sub units, a) 5.2 Ma–
6 H (H: Horizon with interpolated age but no age calibration) very
continuous clay-rich sediments, b) 6 H–6.3 H deeper level polygonal
fault tier composed of claystones/fine-grained sandstones interval
which overlays locally fine-grained turbidites, c) 6.3 H–11.5 Ma silty
claystone units containing coarse-sand bodies.

3. HD3, 11.5 Ma–16 Ma; strongly layered claystone/fine-grained sand-
stone beds interbedded with fine to medium turbidites interbedded
with.

4. TS3, 16 Ma–20.5 Ma; well bedded fine-grained sandstone alter-
nating with claystone.

5. HD2, 20.5 Ma–23.8 Ma; claystone and well bedded fine-grained
sandstone.
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4. Seismic expression and interpretation of fluid venting structures

4.1. Types of fluid venting structures

All the fluid venting structures in this part of the Lower Congo
Basin are hosted in hemipelagic sediments of Late Miocene to Recent
age. They principally occur above or within the interval affected by
polygonal faults. Based on the morphology and seismic characteristics
of these structures, we have grouped them into three families: 1) pos-
itive high amplitude anomalies (PHAAs), 2) seismic pipes and 3)
pockmarks. PHAAs were observed to always be associated with the
last two features.

4.2. Positive high amplitude anomalies (PHAAs)

Two main types of PHAAs were distinguished on the basis of their
planforms: sub-circular and linear (Fig. 3A). They appear on ampli-
tude maps as strong, sharply bounded high amplitude regions in a
generally low background amplitude value. Both sub-circular PHAAs
and linear PHAAs are mainly observed within the interval from the
7.3 Ma marker to the seabed. Linear PHAAs usually occur at a single
high amplitude reflection in seismic sections and are associated
with acoustic pipes. In contrast, sub-circular PHAAs mainly occur as
stacked vertical successions, so that they will be described in this
context.

The dip horizon of Base Pliocene (TS4, Fig. 3B) shows the PHAAs
are distributed parallel to or along the strike of polygonal faults, or
in some cases coincide with the positions of deeper-seated tectonic
faults, in contrast to the context for chimneys reported by Gay et al.
(2004). However, no venting structures in the study area were ob-
served to lie above the triple junction of polygonal cells (Gay et al.,
2004).

4.2.1. Definition and description of sub-circular PHAAs
Sub-circular PHAAs can be regular or irregular, nearly circular or el-

liptical in planform. They can be morphologically flat but most of the
time they are associated with near-circular depressions.

A representative example of a series of sub-circular PHAAs stacked
up vertically to form a high amplitude sequence is presented in Fig. 4.
Stacked amplitude anomalies seen on seismic profiles (e.g. Fig. 4A) are
observed to consist of sub-circular to elliptical planforms in the set of
amplitude maps from this example (Fig. 4B). This stack of amplitude
anomalies is located at the top of deep-seated normal faults which are
larger than polygonal faults and which intersect the upper and lower
boundary of the polygonal fault tier. The larger faults are regarded as
being tectonic in origin as vertical extent and displacement cannot be
explained by the layer-bound compaction which formed the polygonal
faults. The anomalies terminate upwards in a circular depression 200 m
in diameter at the present day seabed. The anomalies are also associated
with a pockmark belowwith a chaotic infill, and are interpreted to pro-
duce an acoustic wipe-out zone below.

The size and diameter of sub-circular PHAAs vary from a few tens of
meters up to 100 m, and are often limitedwithin the area of sub-circular
depressions, whose diameter ranges from 100 to 200 m, with depth of
concave relief ranging from 5 to 10 m. These sub-circular depressions
are expressed by gently curved/concave upwards reflections, which
are offset slightly from the laterally correlative reflections (e.g. reflection
3, 4; Fig. 4A). Polarity reversals were observed in some cases within the
high amplitude succession.

This high amplitude series is divided vertically into an upper and
lower group (Fig. 4A). The diameter of sub-circular PHAAs within the
lower group increases upward, while those in the upper group decrease
upward (reflection 4–7, Fig. 4B), then increase again close to the seabed
(reflection 8–9, Fig. 4B). In addition, the PHAA associated depressions
mirror these size changes.
The two groups of amplitude anomalies are separated by a low am-
plitude interval where reflections become disorganised (between hori-
zons 5.5 and 5.2). The upper group occurs within the gas hydrate
stability zone (GHSZ), as identified by a discontinuous bottom simulating
reflector (BSR). The high amplitude reflections within the lower group
appear to sag downward around the central axis, and exhibit raised
flanks. This central axis corresponds to a narrow vertical, faulted zone
which exhibits minor reverse faulting. It appears in 3-D view as central
uplift inside depressions (e.g. reflection 3 & 5; Fig. 4B), and goes up
through a mounded PHAA at horizon 5.2 Ma (reflection 4; Fig. 4A & B).

The central prominent part located in the bottom of the lower
group (reflection 5 & 6; Fig. 4A) shows continuous, linear positive re-
lief in planform (horizon 5 & 6; Fig. 4B) and is linearly aligned with
the main fault beneath. The first PHAAs that appear at bottom of
this group are small sub-circular PHAAs that align along the linear
positive reliefs (horizon 5 & 6; Fig. 4B) and are not limited by
depressions.

4.2.2. Definition and description of linear PHAAs
Linear PHAAs are characterized by their long but narrow shape on

amplitude maps with aspect ratios of more 5, and ranges from ten(s)
to hundred(s) of meters in length with widths less than 50 m. Linear
PHAAs are associated with furrow-like shallow negative relief up to
2 m deep. These reflections are often horizontally discontinuous
with their laterally correlative reflections (Fig. 5A), and with minor
disruption of continuity beneath. All linear PHAAs are associated
with chimney structures that are invariably affected by pull-up effects
in this seismic survey.

Two types of linear PHAAs are observed lying above isolate linear
conduits or clustered linear conduits: individual and composite. They
occur within well-bedded sediments that overly the polygonal fault
tier, immediately below the seabed (reflection 3; Fig. 5A). They have
the same orientation as the polygonal faults below, and are often asso-
ciated with elliptical depressions at the seabed. These elliptical depres-
sions have maximum diameters ranging from 200 to 300 m.

(1) The Individual linear PHAAs (Horizon 4; Fig. 5B) are expressed
by a single high amplitude reflection with shallow negative re-
lief on seismic sections (reflections 4; Fig. 5A). Their length
ranges from 100 to 350 m. Individual linear PHAAs have the
same trends as polygonal faults below, and frequently have
similar orientations to tectonic faults to which they are often
linked.

(2) The composite linear PHAAs, are the second type of linear PHAAs,
and are found as positive high amplitude vertically stacked re-
flections. They are characterized by several individual linear pat-
terns that link or group together. They are associated with linear
conduits beneath that are adjacent to each other (Fig. 6A). The
composite linear PHAAs have the same character as the individ-
ual linear PHAAs but are geometrically more complex. In plan
view their length varies greatly between a few tens to several
hundreds of meters.

Fig. 6B shows in plan view that the shapes and lengths of these lin-
ear PHAAs varywithin the vertical succession. The lowest PHAAs exhib-
it elongate ring shapes and progressively change upwards into
composite linear PHAAs (horizons 4 & 6; Fig. 6B). Discontinuous areas
are observed below the linear PHAAs in certain locations (horizon 2,
3, 5; Fig. 6B), and are represented by disrupted reflections in seismic
sections.

4.3. Fluid venting structures with associated PHAAs

4.3.1. Linear conduits in seismic
Linear conduits are interpreted as being represented by linear low

amplitude zones (dimming) that contrast strongly with the positive
background amplitude of the horizons (e.g. horizon 1; Fig. 5B). The
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low amplitude zones in plan view have lengths (a hundred to several
hundred meters) larger than their widths (less than 50 m). They usu-
ally have the same sizes and orientations as the associated PHAAs at
their top.

In this survey, the seismic disturbance columns narrow upward
(depth ~350 ms TWT), and inside these zones internal reflections are
affected by pull-up effects (5–10 ms TWT). Polarity reversals are ob-
served at the top of disturbance zones in some cases. Linear conduits
are interpreted within the polygonal fault tier (Figs. 5A; 6A), and
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4.3.2. Vertical succession of the two types of PHAAs
Linear PHAAs have been observed to be succeeded vertically by a cir-

cular PHAA under the base of an “Advancing” pockmark (Ho et al.,
2012). They are expressed by several high amplitude reflections within
a turbiditic unit (Fig. 7A). The oldest PHAA is labelled as reflection 1
(horizon 1; Fig. 7B), shows a linear PHAA (diameter ~200 m) in plan
view, and is overlain by a longer linear PHAA (diameter 300 m) at re-
flection 2 (Fig. 7B). The dish-like high amplitude reflection (label 3)
cuts through the surface of the turbidite deposit, and has a diameter
of 400 m. It appears as a sub-circular PHAA in plan view (horizon 3;
Fig. 7B), and is directly overlain by a pockmark. This vertical succession
is suggestive of an evolutionary signature of the high amplitude anom-
alies in which PHAAs size increasing with time and vertically in space,
up to the base of this pockmark.
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stack vertically (3D horizon 4 to 6; Fig. 8B). The immediate sedimentary
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infill of the pockmarks consists of two reflections which sag asymmet-
rically downward (e.g. reflection 7, 8; Fig. 8A, left), whereas the lowest
reflection 7 is disrupted at the inflexion point. These reflection configu-
rations suggest that the pockmarks have gone through different stages
of evolution, therefore they are called “Polyphased pockmarks”.

Polyphased pockmarks occur within clay-dominated intervals, in
the stratigraphic interval between 5.5 Ma and 5.2 Ma, i.e. between
the two polygonal fault tiers. Their circular shapes in plan view mea-
sure approximately 150 m to 200 m, and the measured relief on seis-
mic sections is less than 50 ms TWT.

4.3.3.1. Internal structures associated with PHAAs in 3-D views. The low-
est elliptical PHAA with NW–SE orientation on horizon 1 and below
the polyphased pockmark represented in Fig. 8 is associated with
two small lower amplitude depressions at its two ends (horizon 1;
Fig. 8B).

A bigger elliptical PHAA on horizon 2 is located in the northwest of
this region where a small depression is observed (at dim point 1), and
is surrounded by a ‘horseshoe’ shaped PHAA (horizon 2; Fig. 8B).
Above the same location on horizon 3, a ‘hoof’ shaped PHAA (horizon
3; Fig. 8B) with the same orientation is observed. A structure compris-
ing a dome is found at reflection 3b (Fig. 8A). Similar features character-
ize the base of all polyphased pockmarks in this survey. This dome is
associated with a crescentic-shaped PHAA in the SE (horizon 3B;
Fig. 8B). A long gap is found along the NW side of the dome feature
and corresponds to the disruptions of reflection 3B (Fig. 8A). An elon-
gated discontinuous zone and an asymmetric circular discontinuous
zone oriented NW–SE are observed on horizons 4 and 5 (Fig. 8B).
They cross themiddle of pockmark and are located above the dome fea-
ture. A crescentic-shaped PHAA surrounds the elongated dim zone on
horizon 4. The asymmetric dim zone on horizon 5 is larger along the
SE side. Reflection 6 (Fig. 8A) crosses the topmost part of the v-shaped
crater and continues laterally into the pockmark in the NW, appearing
as a circular dim zone with extended edge depressions in NW in 3-D
view (horizon 6; Fig. 8B. The sediments (reflection 7, 8) which cover
the v-shaped crater and sagged downward, show the asymmetrical de-
pression centers in three dimensional view (horizon 7 & 8; Fig. 8B). The
disruption at the inflexion point of reflection 7, corresponds to a small
circular dim zone in the depression (horizon 7; Fig. 8B).

5. Discussion

No direct lithological calibration of PHAAs is available in this shallow
section. PHAAswere not sampled in the area, none of the availablewells
were penetrated the PHAAs. As a result, their interpretation has to rely
on their acoustic expression, their geometry, and on indirect evidence
from regional constraints on sedimentation in the area, from compari-
son with interpretation analogues of pockmarks at the seafloor in the
study area and elsewhere.

5.1. Relationship betweenmethane flux and positive amplitudes variations

Positive high amplitudes correspond to a downward increase of
acoustic impedance, and could indicate (1) a single ‘hard’ layer, or
(2) a (set of) thin hard layer beneath seismic resolution (Widess,
1973).

In the context of theNeogene of this study area, lithologies that could
account for the patches of high acoustic impedancewithin the high con-
tinuity seismic facies (clay rich hemipelagites with soft impedance), are
most likely to be hard carbonates or carbonate-cemented layers because
of their high interval velocity (Hanneman et al., 1994; Westbrook et al.,
2008) and resultant localized velocity pull-up effects (Woods, 1991).

Gas hydrates (hosting sediment) are another high impedance ma-
terial which could explain the high positive amplitudes, because they
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have high interval velocity compared to claystones (Westbrook et al.,
2008) and are observed to generate pull-up effects (Hustoft et al.,
2007). However they can only be present in the GHSZ. Only a small
number of reliably interpreted occurrences of hydrates were ob-
served in this area (250–275 mbsf, at the lower polygonal fault
boundary of HD4).

The possibility that the PHAAs result from sand injection or silica
diagenesis was also considered. Sand intrusions can exhibit a variety
of geometries, but none of the published examples of sandstone intru-
sions exhibit the three-dimensional geometry shown here for the
PHAAs (see reviews in Hurst and Cartwright, 2007). Many circular or
sub-circular sandstone intrusions have a conical geometrywith distinc-
tive, discordant margins dipping about 15° to 25°. In marked contrast,
PHAAs are flat-lying to gently mounded.

Silica diagenetic transformation from opal A-CT and opal CT-quartz
occurs in formations rich in depositional amorphous silica (Kastner
et al., 1977). The transformations result in increases in acoustic imped-
ance, and a strong positive reflection at the phase boundary (e.g. Davies
and Cartwright, 2002), commonly extending over many thousands of
square kilometers. Localized anomalies due to silica diagenesis have
been reported from northern Norway (Ireland et al., 2011) in associa-
tionwith a regionally extensive opal-A to CT phase boundary reflection.
However, these have a contrasting three-dimensional geometry to the
PHAAs as described here, and furthermore, there is no evidence in the
study area of a regional phase boundary reflection. Although ODP bore-
holes drilled in this region have documented that the interval contains
siliceous sediments (Wefer et al., 1998), reports state that their concen-
tration never reaches very high values (Wefer et al., 1998). Therefore,
we suggest this would not result in a major diagenetic transformation
zone, so that is visible in seismic data, and any seismic anomalies in
this interval must have another origin. Thus, we think it highly unlikely
that PHAAs are related to silica diagenesis.

The systematic restricted distribution of PHAAs below paleo-
pockmarks suggests a genetic relationship between the PHAAs and
the pockmarks, and points to an interpretation of a fluid-related origin
(i.e. methanogenic) for PHAAs. The geometry of the amplitude anoma-
lies does not resemble any known depositional carbonate sedimentary
features at this scale. Velocity pull-ups aremost frequently observed be-
neath isolated PHAA: this phenomenon occurs especially within the
GHSZ. In contrast, the vertically stacked PHAAs at the base of paleo
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pockmarks below the BSR, are not associated with any velocity pull up.
This suggests that the single PHAA occurring above a BSR may well be
associated with gas hydrates.

5.1.1. Methanogenic carbonates in Offshore Congo–Angola
According to previous studies of this basin (e.g. Gay, 2002; Charlou

et al., 2004; Olu-Le Roy et al., 2007; Pierre and Fouquet, 2007), the doc-
umented methane-related carbonates include principally four main
types of carbonates: authigenic carbonate pavements, cemented clastic
rocks or nodules, and cold seep carbonate communities (e.g. Hovland
and Judd, 1988). Therefore we use the term methanogenic carbonates
to describe all of these methane-related carbonates.

Methanogenic carbonates without seismic calibration are reported
in a drill location in this survey, and are found in clay rich facies
(hemipelagite or muddy turbidite deposits). They have a low isotopic
δ13C value (−34.4‰; Vignau et al., 2000) which is suggestive of meth-
ane as a carbon source (Hovland et al., 1985). Themeasured δ18O value
(3.9‰) indicates that the temperature at which the carbonate formed
was 5–10 °C and implies that these carbonateswould have precipitated
very early and close to the sediment-water column interface (Vignau et
al., 2000).

Cold seep communities and gas hydrates withmethane-rich plumes
are associated with active pockmarks on the Congo–Angola margin
(Gay, 2002; Charlou et al., 2004; Olu-Le Roy et al., 2007; Pierre and
Fouquet, 2007). Floating gas hydrates from the interface between mas-
sive carbonate crusts and reduced sediments were also observed by
remote-operated vehicle inside a giant pockmark in the same region
(Charlou et al., 2004).

Methanogenic carbonates format, or close to the seabed through the
production of cold seep communities or/andAnaerobicMethane Oxida-
tion (Hovland et al., 1987; Judd and Hovland, 2007). This oxidation can
only be completed within the first tens of meters of burial within the
sulfate-methane transition zone (SMTZ) (e.g. Borowski et al., 1996;
Snyder et al., 2007),which is 10–50 mbsf depth at present in this region
(Wefer et al., 1998). Below the seafloor,methanogenic carbonates result
from anaerobic oxidation of methane (AOM; Hovland et al., 1987),
while at the seabed they result from the development of chemosynthet-
ic communities (Bayon et al., 2007).
Therefore, we suggest that the horizons at which methanogenic
carbonates are inferred to occur, represent a shallow burial diage-
netic ‘datum’ near the paleo-seabed or paleo water-sediment
interface.

5.1.2. Timing of venting at the paleo-seabed
We propose that the timing of methane flow at the paleo-seabed

can be approximated by the stratigraphic age of the horizons in
which PHAAs occur when they are associated with pockmarks or de-
pressions. The interpreted carbonates are associated with topograph-
ic depressions that can only be produced bymoderate to fast methane
flux, and one that would be able to elevate the base of SMTZ to within
a few meters of the seabed (Hovland et al., 1987). Accumulation of
chemosynthetic carbonate faunas occurs within the seep depression
at the seabed (Hovland et al., 1987). The coincidence of a depression
and a PHAA argues strongly that the SMTZ was very close to the sea-
floor, well within the resolution of the available seismic. The approx-
imate timing of methane flow at the seabed would in this case be
indicated by the stratigraphic position of methanogenic carbonates
(PHAAs).

The duration of flow is suggested here to be reflected in the thick-
ness of methanogenic carbonate (PHAAs), which cannot be assessed
in detail without direct borehole calibration. PHAAs that are not associ-
atedwith pockmarks/depressions, are suggested to have formed deeper
below the seabed at different levels within the SMTZ (Regnier et al.,
2011).

We distinguish fossil methanogenic carbonates from the actively
forming systems, based on the fact that the fossil ones are buried by
continued deposition and are thus moved below the SMTZ. Therefore,
methanogenic carbonates (expressed by PHAAs here) that are found
beyond the sulfate reduction zone, are interpreted as fossil seeps
(cf. Paull et al., 1995).

5.1.3. Genetic model
The framework that we adopt here to interpret the significance of

PHAAs within different types of venting sites is based on a model pro-
posed by Roberts (2001) and Roberts et al. (2006). This model states
that the variation in quantity and in morphology of authigenic and
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chemoherm carbonates (or PHAAs in our interpretation) is related to
the dynamics of methane seepage. The model is in good agreement
with measurements of measured methane fluxes and with the types
of associated methane-derived formations at different venting sites
reported by other authors (e.g. Torres et al., 2002; Gay et al., 2006;
Naudts et al., 2010).
Roberts (2001) and Roberts et al. (2006) proposed the following
classification:

• Slowmethane flux is principally characterized by chimneys (Roberts,
2001; Cartwright et al., 2007), as well as carbonate cemented
hardgrounds or mounds (Roberts, 2001), and bacterial mats with
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near total absence of macrofauna (Roberts, 2001, Naudts et al., 2010);
• Moderate flux is expressed by small fluid expulsion features (Roberts,
2001; Roberts et al., 2006), which could be a pipe with a crater above
(Løseth et al., 2001; Cartwright et al., 2007; Moss and Cartwright,
2010a), isolated authigenic carbonates pavements, gas hydrate
mounds and dense chemosynthetic communities (Roberts, 2001,
Torres et al., 2002; Naudts et al., 2010);

• High flux is associated with conical structures (pockmarks) which are
considered as the result of dramatic and strong fluid releases (Pantin,
1980; Hovland, 1981b; Roberts et al., 2006; Cartwright et al., 2007),
and absence of chemosythesic carbonates (Roberts, 2001; Gay et al.,
2007).

This model is used to interpret the various types of venting struc-
tures observed in this study.

5.2. Methane fluxes and their subsurface expression

5.2.1. Relationship between sub-circular PHAAs and pockmarks
Sub-circular PHAAs associated with a series of vertically stacked

shallow depressions (Fig. 4A) are interpreted to be the result of mod-
erate methane flux, since the formation of methanogenic carbonate is
not favored at a rapid seep site (Roberts et al., 2006; Naudts et al.,
2010). Although the sub-circular, concave depressions exhibit a de-
gree of fluid venting dynamics, the overlying configuration suggests
that the flux is modest enough to inhibit crater development but dy-
namic enough to create shallow, seafloor depressions. These depres-
sions created by fluid expulsions can nonetheless be regarded as
pockmarks (Judd and Hovland, 2007).

The shallow pockmarks (e.g. reflection 3, 5; Fig. 4A & B) have prom-
inent centers and we interpret these as cylindrical zones of fracturing
(black dot lines in Fig. 4A), which most likely acted as conduits to feed
the youngest pockmarks. This central zone or conduit is interpreted to
grow from a sub-vertical fault below, whichwasmasked by the seismic
distortions. The upper tip of this fault is visible in deeper amplitude
maps (reflection 1 & 2; Fig. 4A & B).

We interpret the formation of this high amplitude succession as due
to gas leaking from the reservoirs below horizon 6.25 H (H: Horizon
with interpolated age but no age calibration), and the gas expulsion at
the paleo-seabed (6.1 H) is expressed by the gas-charged infilled pock-
mark (Fig. 4A). The lower amplitude interval above with low continu-
ous reflections suggested fluid flow decreased between 6 H to 6.1 H
(Fig. 4A). The widths of PHAAs progressively increase upwards (Fig. 4)
indicating that fluid flow was progressively reactivated at horizon 6 H.
The occurrence of horizontal deposits between horizon 5.5 H and
5.2 Ma suggests that fluid venting stopped during this period. The
mound shaped carbonate (PHAA) at 5.2 Ma indicates that seepage
restarted at the paleo-seafloor with a relatively moderate flux rate.
The PHAAs associated with pockmarks which occurred later decrease
in size upwards (reflection 8, 9; Fig. 4A), suggesting that thefluid expul-
sions decreased gradually and the methane flux slowed down progres-
sively (Fig. 4A).

The PHAAs associated with pockmarks become bigger and flatter at
50 ms TWT below the seabed, which likely indicates that the fluid flow
increased but remained in a relativelymoderate state of flux, because of
the observed flat morphologies and the absence of craters. Finally, this
high amplitude series terminated upward into a gently dipping pock-
mark at the current seabed, implying the seep site is still active.

5.2.2. Linear conduits and PHAA without pockmark
Acoustic pipes or columnar seismic disturbance zones are widely

recognized as gas conduits (Heggland, 1997; Løseth et al., 2001; Bünz
et al., 2003; Hustoft et al., 2007; Moss and Cartwright, 2010a). Linear
conduits associated with linear PHAAs are quite different from the
sub-circular PHAAs sequence, as no obvious pockmarks or expulsion
craters were observed within the vertical succession. So the linear
conduits are interpreted as a type of slow fluid venting feature, the
so-called ‘seepage-pipe’ (Cartwright et al., 2007).

The upwards bending of reflections commonly observed in pipes are
believed in some cases to represent the deformation of sedimentary
strata due to vertical fluid movement or episodic blow out events
(Bouriak et al., 2000; Løseth et al., 2001; Berndt et al., 2003; Gay et al.,
2007; Hustoft et al., 2007). An alternative interpretation is that these
upward bending zones are velocity pull-up anomalies due to the pres-
ence of high velocity material within the pipe above (Ecker et al.,
1998; Holbrook et al., 2002; Hustoft et al., 2007; Chand et al., 2009;
Hustoft et al., 2010). This material could be carbonates (Hustoft et al.,
2007; Westbrook et al., 2008) or gas hydrates within or directly above
the pipes (Ecker et al., 1998; Hustoft et al., 2007). The recent work of
Løseth et al. (2011) demonstrated that the ‘local anticline’ or the
pull-up structures within the pipes in the offshore Nigeria, are most
likely geophysical artifacts related to imaging complexity. Løseth et al.
(2011) also argued that hydraulic fractures should be present inside
the seismically disturbed zone of the pipes.

The pipes identified in the study area most likely represent highly
focused paleo-fluid-migration paths, and this inference is supported
by the occurrence of linear PHAAs at the top of pipes above the polyg-
onal fault tier. These are interpreted as methanogenic carbonates fed
by the methane that migrated through linear conduits which were
guided by polygonal faults beneath. The occurrences of pockmarks
(shallow depression on horizon 1; Fig. 5B) at the current seabed indi-
cate that the pipe conduits are still active, or were active very recently.

5.2.3. The origin of linear conduit geometries
The geometry of these linear conduits is interpreted to result from

the deformational exploitation by the overpressured fluid of pre-
existing fracture networks. The basal apex of polygonal fault graben
is likely to be the first weak zone that the fluid encountered. The
dim zones on the horizons that cross the seismic chimney (Fig. 5)
are compatible with the propagation of linear fractures upward
through the central axis of the graben from the base, since they
have the same length and orientation as the polygonal fault planes
(Figs. 3B; horizon 3 & 4; 5B).

Normal faulting in the polygonal fault system corresponds to an
extensional regime, with σ1 (stress 1) vertical and σ2 and σ3 identi-
cal (σ2=σ3=σH) regionally, with local modifications around fault
nucleation points. Along a given fault, σ3 is horizontal and perpendic-
ular to the fault strike whereas σ2 aligns with the fault strike. If fluid
pressure exceeds σ3, hydraulic fracture would occurs perpendicular
to σ3, i.e. in the vertical plane following the axis of the graben defined
by a point of conjugate faults in a polygon (Fig. 5).

Slow to moderate fluid flux was suggested to be transported by
the linear conduit and allowed the development of linear accumula-
tion of methanogenic carbonates above, as seen on the seismic data
as linear PHAAs occurring above the polygonal fault tier (Fig. 5).

Concentrated fluid leakage at multiple fault locations, is suggested
to allow the linear PHAAs to develop in clusters (Fig. 6), as the lateral
terminations of linear PHAAs extended until they connected to each
other.

The example shown in Fig. 7 demonstrates that linear PHAAs below
pockmarks can grow upwards and evolve into sub-circular PHAAs, and
then terminate upwards into a pockmark crater. Such a model of
methanogenic carbonates occurring prior to the formation of eruption
craters has previously been documented by Hovland et al. (1987). Our
preferred interpretation of the vertical succession of PHAAs is that
they represent an increase of flux over time, from slow to moderate
flux, followed by the rupture of sediment by an overpressured fluid
eruption that generated the initial pockmark crater (cf. some early ex-
amples, Worzel and Watkins, 1974; Sieck, 1975; Hovland and Judd,
1988) (Hovland, 1982, 1989; Judd and Hovland, 2007; Cathles et al.,
2010). Our interpretation is thus fully in agreementwith themodel pro-
posed byHovland et al. (1987) inwhich the formation of methanogenic
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carbonates is prior to the seal failure. Our examples presented here
show how one type of PHAA can grade into another over time.

5.3. Conceptual model for the formation of ‘Polyphased pockmarks’

The internal structures of polyphased pockmarks suggest the fluid
expulsion responsible for their genesis was episodic (cf. Hovland et al.,
2005; Hovland and Svensen, 2006; Andresen andHuuse, 2011). An evo-
lutionary sequence for polyphased pockmarks in our study area is pro-
posed in Fig. 9A, where the uppermost horizons represent the surfaces
that occurred at or close to the paleo-seabed, and where methanogenic
carbonates developed. The evolutionary stages in this model are as
follows:

(1) The occurrence of a near-elliptical PHAA on horizon 1 & 2
(Figs. 8B & 9B), below the pockmark (at seep point S0; Fig. 9A & B)
and without eruptional crater, suggests that the seepage started with a
slow flux. The small lower amplitude depressions (point 1 & 2) on hori-
zon 1 & 2 (Fig. 8B), are interpreted as paleo-seepage points (as S1 & S2;
Fig. 9A & B) left by small scale vents. (2) The occurrence of crescentic
methanogenic carbonates (PHAA) surrounding the elliptic one (horizon
2; Fig. 8B) most likely results from fluid at seep point 2 bypassing the
newly formed top seals (PHAA) and escaping via their outer boundary
(horizon 2; Fig. 9B). Just above, methanogenic carbonates were fed
and developed as open circular shapes. (3) The carbonates continued
to develop above the seal breach at the edge of the previous carbonate
zone, and moderate fluid escape from the only active seep point 2
formed a hoof-shaped PHAA (horizon 3; Figs. 8B & 9C). Levin (2005) ob-
served a similar shape of cold seep carbonate with smaller size (1 m di-
ameter) outcropped in the Monterey Bay bottom, and was called
‘seep-ring’.

The positive dome-shaped reflection (horizon 3b; Fig. 8A) shows a
localized PHAA in plan view, and appears as a dome in 3Dview (horizon
3b; Fig. 8B). It is interpreted as a dome-shaped carbonate pavement. Al-
ternatively, this dome-shaped structure could be a less permeable layer
which was domed upwards by the overpressured fluid beneath, and its
sidewalls were sufficiently strong to maintain the structural form, pos-
sibly because it was preferentially cemented by carbonate deposits
(Mazzini et al., 2008). Under the assumption that the pockmark was lo-
cated at the paleo-seabed andwithin GHSZ, at themoment of its forma-
tion (the present day depth of GHSZ is 200 ms TWT, approximately
180 mbsf). It is possible that the material that accumulated inside the
carbonate dome was gas hydrate by analogy with the case of a hydrate
dome covered by pelagic sediment in the Gulf of Mexico (Fisher, 1997;
in Penn State website http://www.science.psu.edu/news-and-events/
1997-news/iceworms.htm).

The hydrate dissociated afterwards: this may have been caused by
the pressure reduction at the paleo-seabed, and was probably due to
contemporary sea level fluctuations. As a result, the overpressured
fluid breached the lateral zone (along NW side) of the less permeable
dome structure, and we observe a long fracture (horizon 3B; Fig. 8B).
New sediments were deposited above the deformed dome-shape
(Fig. 9E), whilst the seep point 1 became inactive and seep point
0 reactivated with a strong flux. This would explain the occurrence of
carbonate developed above the edge of the dome and surrounding the
strong venting point which formed a shallow elliptical crater (horizon
4; Figs. 8B & 9E). Then fluid flow declined to the point where sediment
could drape the shallow crater beneath, and any subsequent flux may
have led to hydrate formation within later sediment deposits once
again (horizon 5; Fig. 9F).

The drape unit at reflection 6 is suggested to be deposited during the
period of fluid deactivation (Fig. 9G). Hydrate dissociation under reflec-
tion 6 would induce liquefaction of host sediment (Riedel et al., 2006),
during probably the events of contemporary sea level fluctuation. Sedi-
ments would be fluidized by the liberated methane becoming
overpressured below the sedimentary cover (reflection 6), and created
a circular carter on horizon 5 (Fig. 8). We suggest that liquefied
sediment along with the gas would have escaped through the margins
of the crater where the seal has been breached (Fig. 9H). Therefore, a
craterwas developed at the surface due to the volume loss in the under-
lying subsurface, and it is expressed by the bending downward reflec-
tion 6 on NW sidewall (Fig. 8A).

We caution that, the origin cause for the deformation of the sedi-
mentary cover represented by reflection 6 could be modified or origi-
nate from bottom current effects. But the clear circular edge of the
crater at reflection 6 (Fig. 8), suggests that it can only be created by
the fluid expulsion rather than by the local current activity. Likewise,
the collapsed feature within individual v-shaped craters has been ob-
served in different locations of this survey, and it supports this model.
Equally, fossil pockmarks associated with collapse features induced by
subsurface material removal has been reported firstly by Imbert et al.
(2008), who interpreted their origin to be related to hydrate dissocia-
tion. Actual lenticular gas hydrate inside an active Nigerian pockmark
was detected by an Autonomous Underwater Vehicle (AUV) seismic
survey (Tony-George and Cauquil, 2007). The model of collapse within
a pockmark, has been tested on the same Nigerian pockmark through
numerical modelling by Sultan et al. (2010), and supports the explana-
tion of hydrate dissociation. In our study area, it is plausible that hydrate
dissociation could have led to collapsed pockmark formation, since
there is clear evidence for the position of the GHSZ at the present day.

Finally, the vertical movements of fluidized sediment inside the
depression continued intermittently until final termination of the
venting site (Fig. 9I).

Moreover, all polyphased pockmarks are sealed at 5.2 Ma, at the
End Miocene/Early Pliocene and it is interesting that this coincides
with a eustatic sea level rise (Haq et al., 1987). It is suggested that
this may have stabilized the subsurface fluid pressure regime and
deactivated the fluid venting episode.
6. Conclusion

A conceptual model of a combination of vertical succession for
fluid venting structures summarizes our hypothesis (Fig. 10). The
uppermost horizons representing the surface close to or at the
paleo-seabed, are viewed here as the positions where methanogenic
carbonates resulted from AOM or activity of chemosynthesis commu-
nities. Because of the vertical seismic resolution limits of this survey,
and the close vertical separation between the PHAAs at the seabed
and below, we interpret these to be expressed by a single reflection.
The genetic relationship between all these fluid venting features is
found through the geometric and morphologic analyses on seismic,
coupled with the interpretation of amplitude variations. Our conclu-
sions for this study are:

1. The order of occurrence for methanogenic carbonates, pockmarks
or chimney structures within vertical successions, is dependent on
the fluid flux of episodic vents.

2. PHAAs are always associated with fluid flow structures, e.g. pock-
marks, chimney structures.

3. PHAAs occur within GHZS are often associated with seismic
structures that affected by pull-up effects.

4. PHAAs correspond to high impedance and material with high in-
terval velocity.

5. PHAAs are isolated and very localized features. They have two
main forms, circular and linear, and are associated with shallow,
linear or circular depressions (2 m depth).

6. PHAAs are sited above tectonic faults and this implies that gas mi-
grated from deeper sources.

7. Linear PHAAs follow always trends of polygonal faults or regional
faults underneath.

8. PHAAs are interpreted here as methanogenic carbonates and/or
gas hydrate in an acoustically soft host lithology (hemipelagites).
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Fig. 9. Theoretical model for step-wise genesis of polyphased pockmarks (see also Fig. 8A for the numbering scheme of reflections). (A) Slow methane seep is expressed by the small
methanogenic carbonate patches at the site. Fluid escape then bypassed the central carbonate seal and created two seep points (1 and 2 in red). (B) The elliptical carbonate patch continued
to develop at the central seep. Slowfluidflux at seep2bypassed the sealed locations, and fed thenewcarbonates surrounding thecentral patch. The small depression at seeppoint 1 suggests
a relatively fasterflux. (C) Lowfluid flux at seep point 2 bypassed the carbonate patches of reflection 1 and2 andescaped, to forma hoof-shaped PHAA/carbonate above the edge of previous
carbonate. (D) A less permeable layer, an interpreted carbonate dome, was deposited and covered the seep site during the lower fluid flux period. Overpressure fluid inside the carbonate
dome breached the NW internal edge of the dome. (E) Fast flux concentrated at seep point 0 where carbonate was unable to form. Fluid at seep 2 continued to by-pass the sealed location
andmigrated upward to form a crescentic PHAA (horizon 4; Fig. 8B) above the edge of the previous carbonate. (F) Sediment deposed above the seepage, during the fluid less active period.
Slowmethane flux is suggested to interactwith the later sedimentationwithin GSHZ. Gas hydrates veins or layerswere formedwithin the sediment layers, above the seep point andwithin
an elliptical perimeter. (G)Horizontal deposits (before their deformation) at reflection 6 suggest a fluid inactive period. Gas hydrate dissociation is probably induced by sealevel fluctuations
or erosional event,which is indicated by truncation surface (reflection 6; Fig. 8A). Overpressured, liquefied sedimentbelow the reflection 6 escaped to surfaceby cutting a crescenticwindow
(horizon 6; Fig. 8B). (H) Sediment cover collapsed. Verticalmovement of liquefied sediment (brown arrow) left the trace as a dim ring in the center of crater (horizon 6; Fig. 8B). Notice that,
the expulsive focus of this pockmark shifted from NW to SE, from above the gap of the dome to above the seep point 0. It is confirmed by the moderate-amplitude ring shape within the
crater and above the seep point 0. (I) Later sedimentation sealed the whole crater as the fluid flux waned and died. It is suggested by the geometries of horizon 7 and 8.
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9. Methanogenic carbonates formed either at the seabed by chemo-
synthesis communities, or in the very shallow seabed by AOM, at
the first tens meters below the seafloor in the SMTZ.

10. PHAAs indicate the location of where methane was released at the
paleo-seabed or within the shallow subsurface as methanogenic
carbonates (PHAAs) form within the SMTZ which is close to or at
the sea bed.

11. The dynamics of fluid expulsion is expressed by the venting
structures and by the geometries of associated PHAAs.

12. Linear PHAAs with associated linear shallow depressions are
interpreted as slow seep.

13. Sub-circular PHAAs with associated sub-circular depressions are
interpreted as moderate seep.

14. Sub-circular PHAAs within shallow depressions are potentially
the stage before proceeding into pockmarks, during an overall in-
creases of seepage rate.

15. PHAAs which terminate into pockmarks and craters, suggest the
increase of methane flux over time and changes from moderate
to a fast venting model (Fig. 7).

16. Vertical successions of PHAAs recorded the local fluid leakages, by
studying these successions, histories of fluid migration in basins
can be reconstructed.
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