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Abstract :

The seismic characteristics of focused fluid-related features such as pockmarks and carbonate build-
ups on the Nigerian continental slope have been investigated using complementary seismic data sets
(reprocessed 3D exploration data and 2D Very High Resolution hull-mounted and near-bottom seismic
data) coupled with the results of previous studies (sedimentological, geotechnical and geochemical
analyses).

The results show different types of fluid-related features within the hemipelagic phase of long duration
(~1 Myr) Turbidite/Hemipelagic cycles. They are the product of the disturbance of the hosting sediments
following two main distinct processes: (1) no or low sediment deposition caused by fluid escape
associated with seafloor settlement (benthic fauna, carbonate precipitation, gas hydrate formation) and
(2) post-depositional erosion, caused either by fluid release (dewatering from underlying features such
as channels and upward migration from a deep source) or by collapse (destabilisation of gas hydrates).
The temporal evolution reveals a decrease in fluid flow during the hemipelagic deposition as witnessed
by the decrease in methanogenic activity and by gas hydrate destabilisation. The spatial distribution of
fluid-related features seems to be controlled by the type of fault (small fault or structural lineament).

Highlights

» Pockmarks classification was defined using seismic datasets at various scales. » Use of
geophysical signature of both fluid flow trails and hosting sediments. » Depositional or erosional
sedimentary disturbances lead to pockmarks formation. » Implication of fluid flow and gas-hydrate
dynamics on the sedimentary morphology. » Control of faults and sedimentary cycles on spatio-
temporal evolution.
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1. Introduction

Since the 70s, fluid-related features such as pockmarks and carbonate mounds have
been discovered and increasingly explored through multidisciplinary approaches in a variety
of oceanographic and tectonic contexts. These surface and sub-surface features are
commonly linked to fluid flow as their inception, evolution and morphology are deeply
influenced by the mode, type and intensity of fluid expulsion (Arntsen et al., 2007; Bailey et
al., 2003; Bayon et al., 2007; Dumke et al., 2014; Gay et al., 2006; Gay et al., 2007;
Hjelstuen et al., 2010; Judd and Hovland, 2009; Karisiddaiah and Veerayya, 2002; Rollet et
al., 2006; Suess, 2014). The availability of numerous well-documented examples have
allowed to classify fluid-related features based on different criteria such as shape, size,
ground composition, spatial distribution and relationships with geology, fluid flux and the
nature of the seabed (Gay et al., 2007; Greinert et al., 2001; Judd and Hovland, 2009; Le6n
et al., 2006; Pilcher and Argent, 2007).

Several recent publications have focussed on the processes preceding the formation of
fluid-related features and their subsequent evolution through time (Gay et al. 2012; Ho et al.,
2012; Leduc et al., 2013; Pau et al., 2014; Riboulot et al, 2016; Sultan et al., 2010). On a
geological time scale, the recurrence of fluid-related features has been observed at different
stratigraphic levels and relationships have been established with global controlling factors

such as climate-driven sea level variations (e.g. Gay et al., 2007; Riboulot, 2011).



These studies emphasized the importance of a detailed qualitative analysis of the vertical
evolution of fluid-related features. However, the precise interaction between fluid flow,
sedimentary processes (syn and post depositional) and fault activity is still poorly
documented. With the aim to obtain further insights into the links between these processes,
this paper is focused on the detailed analysis of fluid-related features (pockmarks and
carbonate build-ups) and their relationships with the tectono-sedimentary environment in
deepwater Nigeria.

Reprocessed 3D exploration and 2D Very High Resolution (VHR) such as hull-mounted
and deep-towed seismic sources have provided high-resolution data to support the seismic
analysis. Attention was paid to both the geometry of the fluid-related features and their
associated seismic anomalies by integrating their evolution over time. This analysis has been
calibrated with the information provided by previous studies from cores (sedimentological,
geotechnical and geochemistry analyses) in order to improve discussions on the interplay

between fluid flow, sedimentary processes and fault activity.

2. Geological background and previous work

The study area is located in the Gulf of Guinea, south of Nigeria and seaward of the
modern Niger Delta (Fig. 1). The Niger delta is a sedimentary wedge of 12 km thick which
has prograded over 300 km since the late Eocene over a marine shale-rich formation in
response to the evolving drainage area, basement subsidence and sea-level changes
(Burke, 1972; Doust and Omatsola, 1990; Evamy et al., 1978; Short and Stauble, 1967,
Stacher, 1995; Whiteman, 1982). During the Plio-Pleistocene, the stacking patterns of
sedimentary sequences were mainly controlled by climate-driven sea level changes
(Jermannaud et al., 2010). The sedimentary accumulation was influenced by gravity-driven
tectonics rooted to regional detachments associated with over-pressured shales (Corredor et

al., 2005; Damuth, 1994; Hooper et al., 2002 among others). This regional deformation



formed a shallow-water extensional domain of growth faults (Doust and Omatsola, 1990;
Evamy et al., 1978; Knox and Omatsola, 1988; Weber and Daukoru, 1975) compensated by
a deep water compressional domain of fold and thrust belt and an intermediate zone slightly
affected by deformation (Damuth, 1994; Corredor et al., 2005; Morley and Guerin, 1996; Wu
and Bally, 2000). Numerous studies on the Nigerian continental slope have documented the
occurrence of a wide range of seafloor sedimentary features such as pockmarks, chimneys,
mud volcanoes and carbonate build-ups. They have been associated either with fluid flow
and/or gas hydrates and commonly occur on structural features such as folds and major
faults (Brooks et al., 2000; Cunningham and Lindholm, 2000; Graue, 2000; Haskell et al.,
1999; Heggland et al., 2001, Heggland, 2003; Kopf, 2002; Leduc et al., 2013; Loseth et al.,
2010; Riboulot et al., 2011, 2013; Ruffine et al., 2013; Sultan et al, 2007, 2010, 2011, 2014;
Yahaha, 2000) as well as on sedimentary features such as channels (Davies, 2003). Some
of these fluid-related features are related to small-scale deformation caused by overpressure
and sediment remobilisation, for instance fluid flow pipes and mud volcanoes (Graue, 2000;
Heggland et al., 2001; Kopf, 2002; Leduc 2013) and fluidization features (Davies, 2003).
This work is a continuity of several multidisciplinary studies on the study area (projects
Neris 2002-2006 and ERIG 3D 2008, joint collaborations between Total and Ifremer) which
provided a first description of the local tectono-sedimentary setting and numerous results on
the processes related to the gas hydrate dynamics and carbonate precipitation (Bayon et al.,
2007; George and Cauquil, 2007; Riboulot et al., 2011; Rongemaille et al., 2011; Ruffine et
al., 2013; Sultan et al, 2007, 2010, 2011, 2014). The contribution of this present work is to
highlight the implication of time varying fluid flow and gas hydrate dynamics and subsequent
seafloor settlement (carbonate precipitation, fauna activity, gas hydrate stability) on the
sedimentary disturbances (depositional or erosional) leading to the genesis of pockmarks.
This contribution is also to highlight the role of the fault network on fluid flow intensity and/or

continuity and the influence of the sedimentary pattern on pockmark re-occurrence.

3. Data and methods



The results presented in this paper are derived from the interpretation of several
geophysical data sets including:

(1) Bathymetric and sub-bottom Profiler data acquired using an Autonomous Underwater
Vehicle (AUV) (George and Cauquil, 2007) which provided a detailed map of the seafloor
from a dense grid of profiles. In addition, the dataset includes a map of the variations of echo
facies. The AUV system operated at an average altitude of 40 m above the seafloor. The
source produces frequency modulated or “chirped” pulses in the 2-16 kHz bandwidth. The
vertical resolution is in the order of 10 cm.

(2) 3D reprocessed seismic data made available by Total SA. The primary source of data
iIs conventional exploration 3D seismic reflection data. The data were collected using dual
air-gun sources (frequency bandwidth of 150 Hz) and four multi-channels streamers (trace
spacing of 15 m) with an acquisition array of 25 x 25 m. For an optimal study of shallow
hazards in deepwater, a 3D short offset reprocessing was carried out using patented
industrial processing software from Total. The reprocessed 3D block consists of a cube of
elementary cells (12.5x 125 min X x Y and 5 m in Z i.e. depth).

(3) A single 2D Very High Resolution (VHR) hull mounted Sub-Bottom Profiler (SBP)
seismic record acquired by Ifremer during the Neris survey with a frequency bandwidth of
1.8-5.2 kHz.

(4) Near-bottom SYSIF (SYsteme Slismique Fond) seismic data acquired by Ifremer
during the Neris and ERIG3D surveys. SYSIF is a deep-towed seismic apparatus hosting
one of two different low-frequency acoustic transducers and a single channel streamer in
order to provide High Resolution (transducer JH220-6000: HR 220-1050 Hz) or Very High
Resolution (transducer JH650-6000: VHR 650-2200 Hz) seismic sections of the upper
sedimentary layers (Ker et al., 2010; Marsset et al., 2010). SYSIF acquisition at an altitude of
50-100 m above the seafloor offers a vertical resolution of 0.5/1 m and horizontal resolution

of 6/15 m in water depths down to 6000 m.



The seismic interpretation is based on: (1) the analysis of the reflectors’' lateral
terminations (onlap, downlap, erosional truncation) according to the general principles of
seismic stratigraphy (Mitchum et al., 1977); and (2) characterisation of seismic facies and
correlation of distinctive reflectors between profiles. 3D seismic was used to define the
seismic units whereas SYSIF was used to define the sub-units within units with a higher
resolution.

The cross-correlation between the complementary datasets leads to a classification of the
depressions depending on: their morphologies at seafloor (using AUV bathymetry), their
detailed structures within the hosting sediments (using SYSIF and SBP data), their
stratigraphic location (using SYSIF data), their recurrence within the sediments (using SYSIF
and 3D seismic data) and their spatial distribution versus the location of faults and buried
channels (using 3D seismic data). The classification of depressions relies on the pair
correlation between the type of sedimentary depression and the type of High-Amplitude
seismic Anomalies (HAA). The HAA anomalies have been classified (using SYSIF seismic
facies) and mapped (using AUV echo-facies and their correlation with SYSIF and 3D facies)
in order to obtain their exhaustive spatial distribution and extent. The type of depression is
defined from different morpho-stratigraphic variables such as depression shape (e.g. V-
shape, irregular-shape), pattern of hosting sediments and sidewall characteristics (e.g.
bending or truncation of reflectors), internal structure (empty, filled). The type of HAA in the

depression bottom is defined by its shape (e.qg. flat-shaped) (Fig. 2).

4. Results

4.1. Structural framework

The study area covers a surface of around 6 x 5 km? and lies in water depths ranging from

1100 to 1250 m (Fig. 3A). The area corresponds to the top of a structural antiform generated



by folding. The collapsed summit of the anticline is bound by two main deep-rooted normal
faults. These two structural north and south lineaments (NL and SL) are oriented N130 (Fig.
3B) and delineate a crestal graben where faults are commonly observed (Sultan et al., 2007,
2010, 2014). In this study, two families of structures marked by vertical offsets of reflectors
(Fig. 4A) were distinguished in the area. The first one encompasses both deep and shallow
structures surrounding the graben (Fig. 4C). The second one consists of a grid pattern of

very small SW-NE and NW-SE oriented structures in the graben (Fig. 4B, Zoom).

4.2. Definition and characteristics of seismic units

From bottom to top, the sedimentary record in 3D lines consists of a recurrent motif of two
(lower and upper) units (Fig. 5). The lower unit, labelled UT (interpreted as Turbidite
deposits, see section 5.1), is characterised by poorly developed channel/levee systems that
laterally evolve to low-amplitude continuous reflectors. The youngest UT encompasses the
recent channels visible on the seafloor (Fig. 3A) while the older ones show buried channels
characterised by sinuous pathways on time slices (Fig. 4C). The upper unit, labelled UH
(interpreted as Hemipelagic deposits, see section 5.1), shows continuous internal reflections
and low-to-moderate acoustic amplitudes. The base of the youngest UH is marked by a
reflector R showing flat-shaped High Amplitude Anomalies (HAA) laterally connected to very
high amplitude cone-shaped seismic anomalies i.e. bright spots. Numerous stacked offsets
of reflectors and stacked seismic anomalies are also observed on the seismic section (Fig.
5).

On SYSIF profiles, the low seismic penetration allowed only to image the youngest UT
and UH units. From bottom to top, UH splits into seven distinct sub-units UH7 to UH1 (Fig.
6). These sub-units, except UH7, are bound at their top by a discontinuity related to
depressions (Fig. 6 and Fig. 7). UH7 is characterised by low-to-moderate amplitude chaotic

seismic facies and tends to smooth the topography inherited from channels (Fig. 6 and Fig.



7). UH6 to UH4 show low amplitude parallel undulated reflectors which pass locally to
seismic anomalies (patch or dome-shaped) where depressions occur (Fig. 6 and Fig. 7).
These sub-units are increasingly thick and the depressions are increasingly deep from UH6
to UH4 (Fig. 7). UH6 and UH5 tops are marked by very high-amplitude continuous reflectors
(Fig. 6) which merge into the R reflector on 3D lines (Fig. 5). UH3 to UH1 are increasingly
thick and stratified sub-units with low-amplitude reflectors. The top of UH2 is characterised
by very high-amplitude parallel continuous reflectors. The upper part of UH3 to UHL1 is locally
bound by various types of depressions usually characterised by seismic anomalies in their
centres (Fig. 6 and Fig. 7). It is worth noting that cone-shaped very high-amplitude seismic
anomalies are locally identified where they relate to the bright spots identified in the 3D

seismic data. The base of the cone occurs in UH6 and its top can reach UH1 (Fig. 6).

4.3. Morphology and distribution of depressions

Numerous circular to sub-circular depressions, with diameters and depths ranging from a
few meters to 700 meters and a few meters to 110 meters respectively, occur over both the
two structural lineaments that delineate the graben and within the graben (Fig. 3A) (George

and Cauquil, 2007; Sultan et al., 2007).

4.3.1. Types of depressions and associated seismic anomalies

4.3.1.1) Non depositional depression (NDD)

About 30 depressions of NDD type have been identified in the study area (Fig. 8B). The
sidewalls of the most simple NDD called the Single NDD-HAAF (one depression affecting
one sub-unit) are defined by the downward bending of the reflectors of the hosting sub-unit
(Fig. 2A; Fig. 8A). The sub-unit becomes very thin and terminates within the depression thus

generally leading to a depositional hiatus in the centre. This change in the stratal pattern



results in a discontinuity. The bottom of the depression is frequently associated with flat-
shaped High-Amplitude Anomalies (HAAF) (Fig. 8A case 1). These depressions are 100-800
m wide but only reach 10 m depth. They are buried and therefore not marked on the
bathymetry (Fig. 8B case 1). The Single NDD-HAAF are often stacked vertically from UH6 to
UH4 with a stacking pattern of anomalies forming the NDD-HAAF(Fig. 2A; Fig. 8A case 2).

NDD stacked from UH6 to UH4 also may be associated with dome-shaped High
Amplitude Anomalies (HAAD), about 15 m high, and present an acoustic mask underneath
(i.e. NDD-HAAD on Fig. 2A; Fig. 8A case 3). A few SYSIF sections crossing these buried
features along two orthogonal directions reveal a sub-circular shape (Fig. 8B case 3). Most of
the NDD-HAAF and NDD-HAAD appear within the graben (Fig. 8B). Several of them occur
above stacked offsets of reflectors (Fig. 6, Fig. 7).

On 3D seismic sections, cone-shaped High-Amplitude Anomalies (HAAC) can be
associated with NDD-type depressions (i.e. NDD-HAAC on Fig. 2A and Fig. 5). In these
cases, the Top of NDD-HAAC appears as a wide depression 1 km long and up to 50 m deep,
in relation to significant thinning of the UH unit. The NDD-HAAC are generally observed
above offsets of reflectors and the HAAC locally creates a bright spot (Fig. 5). On SYSIF, the
HAAC consist of chaotic facies enhanced by very high-amplitude parabolic reflections and
diffraction hyperbolae which result from the amalgamation of seismic anomalies. These
seismic anomalies cannot be differentiated for each of the stacked NDD from UH6 to UH1
(Fig. 8A case 4 and case 5 i.e. pockmark C2). On the AUV bathymetry, the tops of NDD-
HAAC appear on the seafloor as depressions with rough morphology (Fig. 8B). They show
irregular shapes within the graben (Fig. 8B case 4 and case 5) and an elongated shape

along a NW-SE oriented axis in the NE area (Fig. 8B case 6 and case 7, Fig. 9 case 6).

4.3.1.2) Erosional Depressions (ED)



These depressions are defined by an erosional unconformity due to the truncation of the
reflections of the hosting sub-unit (Fig. 2B; Fig. 10A case 8). The sediment of the sub-unit
can be partially or completely eroded.

ED can be buried and occur at UH3 and UH2 tops as 800 m wide and 15 m deep craters
(Fig. 10B). They are often associated with High-Amplitude Anomalies (HAAF on Fig. 10A
case 8, HAAD on Fig. 10A case 9). The ED-HAAF are onlapped by sediments. The ED
observed at the Top of UHL, i.e. the seabed, can be characterised by very irregular shapes
ranging from shallow to deep depressions: 1) On the AUV map, the shallow depressions are
ring-shaped with a set of intersecting rims and rough morphology in the centre (Fig. 10B
case 10 i.e. pockmark A). Patch-shaped HAA (HAAP) appear beneath the depression. The
ring-shaped ED-HAAP are not well expressed on 3D seismic data; however, numerous
offsets of reflectors are observed underneath these structures (Fig. 5, pockmark C1). On the
SYSIF profile these depressions present a pattern of high amplitude anomalies and the
hosting sediments are only partially eroded (Fig. 6 pockmark C1, Fig. 7 pockmark A and Fig.
10A case 10); 2) the deep depressions are craters, up to 45 m deep and 500 by 1000 m
wide, which cut shallow sub-surface reflectors. A set of chaotic deposits is observed at the
bottom of the crater (Fig. 11 case 11).

Another category of ED, the V-shaped depression, has been identified in the area. The
biggest one, 700 m wide and 110 m deep, is clearly visible in both 3D seismic lines (Fig. 4A)
and SYSIF profiles (Fig. 12A case 12 i.e. pockmark giant). The sidewalls of the depression
display a V-shaped structure and are defined by the truncation of hosting reflectors.
However, in contrast to the irregular-shaped ED, the V-shaped depression is regular in
shape and connected to a deep-rooted transparent anomaly (Fig. 4A).

Some smaller 100 m wide ED are aligned SW-NE (Fig. 13 case 13). Another type of NW-

SE ED train occurs in the western part of the area (Fig. 13A case 14).

4.3.1.3) Topographic lows related to underlying paleo-depressions

10



It is worth noting that 200 to 500 m wide depressions are observed on the seafloor and
are defined by basal conformity (Fig. 14A). They are due to the presence of a marked
underlying paleo-depression (buried NDD or ED), draped with sediment i.e. showing an
internal seismic configuration parallel to the underlying topography (Fig. 14B case 15 and
case 16, Fig. 15 case 17 i.e. pockmark C3). Enhanced reflections may occur within the
draping above the buried depression (Fig. 15 case 17 i.e. pockmark C3). As these
depressions are residual topographic lows related to underlying paleo-depressions, they

have not been classified.

4.3.2. Vertical sequence of different types of depressions

Two complex sequences of different types of vertically stacked depressions can be
distinguished. The first example (Fig. 11A case 11 i.e. pockmark peanut) consists of a NDD-
HAAD from UH6 to UH4, followed upward by two ED at the UH3 and UH2 tops which are
then partially filled and finally draped by sediment. This sequence terminates with a deep ED
at UH1 top which overcuts the sediment from UH1 to UH3 over a depth of 40 m. The slight
lateral shifts between the stacked depressions give a final complex shape on the seafloor
called the peanut shape. The sequence shows a morphological link between the
depressions. The second example (Fig. 15 case 17) displays the same NDD-HAAD from
UH6 to UH4, overlain by two ED (at UH3 and UH2 tops). It terminates with the draping of
sediment. A topographic low reflecting the sequence of underlying depressions is observed

on the seafloor.

4.3.3. Spatio-temporal distribution of depressions

Firstly, the results show the arrangement of depressions within the youngest UH with

respect to the tectonic structures, northern and southern structural lineaments and the major
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eastern fault (preferentially NDD-HAAC) but also with respect to the graben (all NDD and all
ED) (Fig. 16). Moreover, the results evidence the spatio-temporal link between them, in
particular the vertical sequences of several types of depressions (e.g. peanut, B, C1, C2 and
C3 among others) within the graben. It is worth noting that a possible confusion may be
made between the topographic lows related to a paleo-depression and the ring-shaped ED
that may present similar characteristics on the AUV seafloor map but different internal
structures on seismic profiles.

Secondly, the thickness map between R (see Fig. 5 for location), identified in 3D seismic
data, and the seafloor allowed to complete the identification of NDD-HAAC as they
correspond to the lowest values of thickness (in blue on Fig. 17C). The differences between
NDD-HAAC (e.g. pockmark C2) and other deep depressions such as deep irregular-shaped
ED (e.g. pockmark peanut) or V-shaped ED (e.g. pockmark giant) is made by checking the
presence of bright spots on small sections from the 3D lines. Zones corresponding to the
seafloor topographic trough related to underlying draped paleo-depressions (e.g. pockmark
B) have been distinguished (from light brown to green, depending on the burying depth of the
paleo-depression on Fig. 17C).

Thirdly, the comparison between the echo facies from AUV sub-bottom profiler data, with
the seismic facies on SYSIF and 3D lines shows that the echo facies map can be used to
emphasize the distribution of the different types of HAA. The HAAF and HAAD represent
zones of wide extent covering the eastern part of the study area. Most of the HAAC are
buried except for some spots which outcrop on the seafloor. Very few HAAP occur with a
small extent. These HAA pass laterally to the R reflector which covers the rest of the zone

(Fig. 18)

5. Interpretation and discussion

5.1. Hosting sediments: a record of variable duration sedimentary cycles
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Sediments at the seabed of the study area are composed of hemipelagic deposits (Bayon
et al., 2007, Sultan et al., 2007). These sedimentary facies appear on seismic sections as
high-continuity, low-amplitude stratified reflections.

The seismic characteristics of UT/UH suggest the occurrence of alternating
turbidite/hemipelagic sedimentary units (Fig. 5). Indeed, within the youngest UT/UH, the
turbidite phase encompasses a few channels within interpreted turbidite deposits. The
hemipelagic phase shows the transition from a basal filling sub-unit (low amplitude chaotic
facies interpreted as turbidite deposits) which marks the abandonment of channels (UH7), to
increasingly draping sub-units (low amplitude stratified reflectors attributed to hemipelagic
sediments) from UH6 to UH1 (Fig. 6).

The mean sedimentation rate of the hemipelagic sediments of the area has been
estimated at around 8 cm/1000 yr based on previous work (Fig. 17A) (10.6 m long N1-KSF39
core; Bayon et al., 2015). This value is in agreement with regional sedimentation rate values
of 1) Pastouret et al. (1980) i.e. 7.2 cm/1000 yr based on a 15 m long core of hemipelagic
sediments, located 140 km northwestwards at about 1300 m water depth and covering the
last 180 kyr and 2) Zabel et al. (2001) i.e. 8.3 cm/1000 yr based on a 20 m long core of clay
located 30 km southwards at 2200 m water-depth and covering the last 245 kyr. The total
thickness of UT/UH (up to ~100 m), outside the channels where UT correspond to
hemipelagic sediments, together with the estimated mean sedimentation rate, gives a
duration of around 1 Myr for UT/UH. This duration approximately equals sequence
stratigraphic third-order cycles (Haq et al., 1988; Hardenbold et al., 1998). As internal sub-
units UH6 to UH1 are 8-12 m thick, we interpreted them as related to fourth-order (100 kyr)
glacio-eustatic cycles. Long-duration (around 1 Myr) and short-duration (around 0.1-0.4 Myr)
sedimentary cycles attributed to climate-driven eustasy have been identified within deep-
water sediments of the Niger delta by other studies (Damuth, 1994; Riboulot et al., 2011 and

Jermannaud et al., 2012).
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5.2. Pockmarks: a product of fluid dynamic in hosting sediments

The morphological signature of depressions and their associated seismic anomalies
correlated to sedimentology, major element geochemistry, pore water chemistry,
petrography, mineralogy (Bayon et al., 2007), and in-situ geotechnical measurements such
as piezocone penetration (Sultan et al., 2007) allowed us to define these features as the

product of fluid escape.

5.2.1. Pockmarks with carbonate build-ups

During previous coring (e.g., core N1-KS22 in Fig. 17A) within NDD-HAAC aggregates of
cemented shells were recovered in the bottom of the depression (Bayon et al., 2007). These
aggregates were interpreted as dead chemoherm carbonates (based on Greinert et al.,
2001) indicative of strong past fluid activity (Bayon et al., 2007). Upward fluid migration
favours the development of chemosynthetic communities on the seafloor and precipitation of
authigenic carbonates such as aragonite which cements the sediment (Bayon et al., 2007).
The seismic characteristics of the NDD-HAAC, such as high reflectivity facies, acoustic
masking and bright spots, are consistent with the occurrence of consolidated sediments such
as carbonate build-ups. The shifts of seismic anomalies from one sub-unit to another suggest
that their growth over time is partly controlled by lateral shifts of fluid flows and therefore
polyphased (Fig. 8A case 4 and case 5). These carbonate build-ups appear as perdurable
structures from UH6 to UH1. However, most of them are abandoned features presently
sealed by the hemipelagic drape.

No direct geochemical information is available in NDD-HAAF and -HAAD to determine
their nature. However, the geometric dimension and the high-reflectivity bottom facies of
single NDD-HAAF are similar to the characteristics of the giant Regab pockmark observed at

the Lower Congo Basin. The active zone of the Regab pockmark shows thick carbonate
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mounds (authigenic materials) which can host abundant living fauna in areas with intense
gas emissions and gas hydrate occurrence (Gay et al., 2006; Marcon et al., 2014; Ondreas
et al, 2005; unpublished SBP data acquired during the WACS survey on Fig. 8). Therefore,
we advocate a similar fluid-related origin for HAAF and HAAD. NDD-HAAF and -HAAD are
interpreted as stacked pockmarks with authigenic carbonates and chemosynthetic
communities formed near the seafloor environment, resulting from methane-saturated fluid
expulsions (Bayon et al., 2007; Kastner et al., 2008; Niewthner et al., 1998; Reeburgh, 1976;
Snyder et al., 2007).

However, as HAAF are less developed than HAAC, the fluid escape is supposed to be
less intense and/or less continuous. HAAF may consist of fossil evidence (mineralogical,
chemical and/or biological) of small seafloor facies produced by upward fluid migration along
faults. The vertical alignment of the Single NDD-HAAF from UH6 to UH4 forming the NDD-
HAAF suggests genetically related pockmarks recording the variation of fluid flow intensity
and continuity (Fig. 8A case 2). For the case of NDD-HAAD, their formation could also be
caused by the local upward deformation created by the overpressured fluid beneath of a
poorly permeable layer. This deformation is followed by a consolidation of the dome by
carbonated cementation (Mazzini et al., 2008). This kind of structure can be filled with gas
hydrates if formed within the Gas Hydrate Stability Zone and may be analogue to hydrate
domes covered by hemipelagites (Fisher, 1997). Since both NDD-HAAF and -HAAD appear

only in the interval covering UH6 to UH4, they are considered ephemeral structures.

5.2.2. Pockmarks resulting from fluid release

Conical V-shaped depressions are usually interpreted as recent or active pockmarks
(Pilcher and Argent, 2007). The crater-like nature of these pockmarks suggests an erosional
action of fluid release, commonly related to an overpressured buried reservoir of gas, oil or
interstitial water, or a combination of the three (Hovland and Judd, 1988). According to Gay

et al. (2012, 2017), the fluid pipe induces a deformation of surrounding unconsolidated
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sediments during upward migration leading to the formation of a V-shaped structure (Gay et
al., 2012; 2017). Previous geochemical analyses revealed a very low methane content within
the giant V-shaped ED occurring in the study area (Fig. 12). In addition, carbonates are not
identified on the seabed (Bayon et al., 2007). This is consistent with low amplitudes at the
bottom of this structure possibly indicating a past or remnant activity of fluid venting.
Therefore, the giant V-shaped ED is interpreted as an abandoned giant pockmark. The
observed geometry can be explained by a strong fluid release from depth as suggested by
the presence of an underlying acoustic pipe (see Fig. 4A) followed by a collapse of the
structure.

The sinuous organization of ED pockmarks (case 13 on Fig. 13) is similar to pockmark
belts indicating an upward fluid escape from a shallow buried channel (Gay et al., 2006;
Haskell et al., 1999). Migration pathways may have originated along a weak interface that
formed at the channel margins due to differential compaction over time and dewatering (Gay
et al., 2003).

The ED pockmark train over the southern structural lineament has not been investigated
by seismic data; however, it may correspond to fault-strike pockmarks as described by
Hovland and Judd (1988) or by Gay et al. (2006). Such faults may create pathways for fluid
migration (Boe et al., 1998; Dimitrov and Woodside, 2003; Eichhubl et al., 2000; Soter, 1999;

Vogt et al., 1999).

5.2.3. Pockmarks with massive gas hydrates

Sultan et al. (2010) suggested that the ring-shaped depressions are the result of gas
hydrate dissolution. A local decrease in the gas flow at the base of the Gas Hydrate Stability
Zone combined with seawater inflow could explain the gas hydrate dissolution (gas hydrates
being dissolved in seawater) and the creation of a crater. The distribution of the very high-

amplitude facies in their centres is attributed to the saturation by gas hydrates of vertical and
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lateral fractures created by the migration of gas (Sultan et al., 2014). Massive gas hydrates
have been retrieved by coring from ring-shaped ED-HAAP, e.g. Pockmark A displayed in
Figure 8 of Sultan et al. (2010). The depressions are associated with authigenic carbonates
(Bayon et al., 2007) which could explain the occurrence of seismic amplitude anomalies on
the seafloor. The authigenic carbonates are often aragonite concretions, indicative of
methane release into the water column leading to high methane concentration near the
sediment seawater interface. At this interface, part of the methane is oxidized into carbonate
ions, and this relation triggers authigenic phase precipitations (Bayon et al., 2007).

Sultan et al. (2010) proposed an evolutionary sequence for pockmarks related to the
dissolution of gas hydrates from a morphologically immature pockmark to a mature pockmark
(respectively pockmarks A and B on Fig. 3). Note that, from this revised and detailed analysis
of pockmarks, we propose peanut as an example of a mature pockmark (Fig. 11 case 11).
Peanut shows an irregular morphology and the presence of collapsed sediments at the
bottom whereas pockmark B is a topographic low related to a paleo-depression (Fig. 14).
The few enhanced reflections observed within the draping sediments of pockmark B suggest
fluid migrates through the sedimentary cover from the fossil depression. The vertical stacking
pattern of depressions beneath peanut suggests a link between them as observed for C3
(Fig. 15). The pockmarks with gas hydrates appear over faults (e.g. Fig. 5 pockmark C1).
From these results, we interpret all ring-shaped ED-HAAP of the study area as immature gas
hydrate-bearing pockmarks (e.g. pockmark A Fig. 10A case 10).

The buried deep irregular-shaped ED are the most enigmatic features, as they have not
been sampled yet. However, taking into account the widespread gas hydrate occurrences in
the area and their stratigraphic location at the top of UH3, rich in NDD-HAAF and NDD-
HAAD), these features can be regarded as craters with relic carbonate crusts (HAAF) and
domes (HAAD). This may be due to sediment removal of an initial NDD after gas hydrate
dissociation related to a drastic change in temperature, pressure and/or salinity conditions
caused by a sea level fall for instance (MacDonald, 1990). This could also be due to collapse

of sediments after the dissolution of gas hydrates, caused by a volume loss. In both cases
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the missing or removed material left a HAAD relic as carbonates are probably too hard to

evacuate from the ED.

5.3. Temporal evolution

Two main chronological stages appear in fluid activity within the youngest UH. The first
stage is viewed as dominated by gas hydrate formation, chemosynthetic fauna
accumulations and the production of methane-derived authigenic carbonates that
corresponds to the genesis of pockmarks with carbonates forming the NDD-HAAF, -HAAD,
and -HAAC. The process involved in pockmark formation is differential sedimentation. When
fluids are expelled on the seafloor, they form a plume spreading out and preventing sediment
deposition (Chand et al., 2009; Gay, 2002; Leo6n et al., 2010; Moss et al., 2012; Ostanin et
al.,, 2013). The sediment winnowing would explain both the thinning of the hosting
sedimentary layers around the interpreted carbonate build-ups or crusts of NDD-HAAC, -
HAAD and -HAAF and the sediment hiatus in the centre of depressions (Fig. 5, Fig. 6, Fig. 7,
Fig. 8 case 1). Both, i) the high density of NDD-HAAF and -HAAD between UH6 and UH4
and their absence from UH3 to UH1 and ii) the scarcity of NDD-HAAC from UH6 to UH1 and
their present sealing by hemipelagic deposits, suggest that sediment winnowing would have
prevailed in the pockmark formation between units UH6 and UH4 and is no longer active.

The second stage in fluid activity is viewed as dominated by post-depositional sediment
reworking with a weak chemosynthetic fauna activity. It can be caused by the erosion of
surrounding sediments due to fluid release, as it is suggested for isolated conical
depressions (Hovland et al., 1984, 2005) or for pockmark trains associated with underlying
organized structures (Eichhulb et al., 2000; Forwick et al., 2009; Pilcher and Argent, 2007,
Gay et al., 2003; Casenave et al., 2017). This may be the case for the V-shaped ED i.e. our
giant pockmark (intense and short fluid release from a deep source) and for ED trains over

channels (fluid release due to overpressurized pore-fluids) or over faults (fluid migration

18



along fault planes). This may also be due to the collapse of sediments following the
dissolution of gas hydrates in underlying sedimentary layers and caused by a local decrease
in gas flow at the base of the Gas Hydrate Stability Zone (Bayon et al., 2015; Davy et al.,
2010; Riboulot, 2016; Sultan et al., 2010, 2014). The presence of erosional structures from
UH3 (deep irregular-shaped ED-HAAF and HAAD) to the seafloor (ring-shaped ED-HAAP, V-
shaped ED, ED trains), suggests that post-depositional sediment reworking has prevailed
since UH3. The decreasing trend in fluid activity from stage 1 to stage 2 is coherent with the
decrease in the density of pockmarks from UH6 to UH1. Two processes can explain this
change in fluid activity: the sealing of carbonate mounds, i.e. self sealing in the sense of
Hovland (2002) and/or a halt in the fluid supply related to fault leakage.

Time varying fluid activity is mainly constrained by short-duration (100 kyr) and long-
duration (around 1 Myr) sedimentary cycles as demonstrated by the occurence of pockmarks
at the sub-units (Fig. 6) and units (Fig. 5) scales. However, the interpretation of HAAF, HAAD
and HAAC in term of carbonate buildups with various degrees of developpement suggests
upward fluid flux variations. Regarding fluid flow, a detailed evolutionary sequence of fluid-
related features is proposed from an initial stage with various flux rates and the different
stages depending on the dynamics of fluid flow (Fig. 19); this hypothetical scenario integrates
the genetic relationship shown through geometric analysis on seismics coupled with the
interpretation of amplitude variations in the same way as proposed by other conceptual
models (Betzler et al., 2011; Gay et al., 2012; Ho et al., 2012; Sultan et al., 2007; Casenave
et al. 2017).

Low flux rate: Initiation of fluid flow with low flux rate (A) leads to the formation of
carbonate crusts (methane-derived authigenic precipitations with small chemosynthetic fauna
accumulations, i.e. HAAF) (B). Successive paleo-fluid flow locations and associated
depressions of non depositional type result from successive seep events from UH6 to UH4
(C). The lateral extent of these crusts suggests several seep points migrating laterally for gas
escape and linked to the same seep site. Then two alternatives are possible: (D1) some

drains dry up and lead to a halt in gas escape and consequently to the progressive sealing
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and burying of the NDD-HAAF by the overlying sub-unit; (D2) other drains continue to seep
with a constant but less active flux and lead to gas hydrate formation. Then (E2), and only in
some places, a decrease in fluid flux triggers gas hydrate destabilisation (dissolution) and the
sediment collapse as suggested by the presence of erosional depressions with relict HAAF
and sedimentary infill (i.e. at UH3 and UH2 tops). Finally (F2), the seep site is abandoned
and the ED-HAAF are progressively sealed by overlying sub-units.

Moderate flux rate. Moderate flow (A) leads to the genesis of carbonate domes formed by
authigenic and chemoherm accumulations (HAAD) which follow the same sequence (B to
F2) as for the HAAF. However, the inactive fluid period that follows (G2 to H2) may lead to
the dissolution of gas hydrates to form the shallow ring-shaped ED-HAAP on the seafloor
and then the deep irregular-shaped ED over time after sediment collapse. These gas
hydrates are supposedly to have formed above the buried NDD-HAAD as suggested by the
geometries (G2) and preserved until their dissolution (F2).

High flux rate: constant and moderate to high fluid flow and seepage into the water
column (A) generate high elevations of carbonate build-ups over time linked to a high rate of
authigenic and chemoherm accumulations (HAAC). These carbonate mounds terminate in
near seafloor pockmarks through non deposition of hemipelagic sediments (B to F2). Most of
these features tend to be currently buried, suggesting an overall decrease in fluid supply

from a deeper level

5.4. Spatial evolution

Faults and discontinuities are responsible for focused seepage at the seafloor and

pockmark formation (Abrams, 1992; Boe et al., 1998; Brown, 2000; Orange et al., 1999;
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Pilcher and Argent, 2007; De Prunelé et al., 2017) and seabed mound development (e.g.
Hovland et al., 1994; see in Judd and Hovland, 2009).

Vertical fluid conduits commonly occur on parts of the Nigerian continental slope
dominated by folding and faulting (Graue, 2000; Heegland et al., 2001; Leduc et al., 2013;
Loseth et al., 2010) in response to rapid sedimentation rate and shale remobilization (e.g.
Morley and Guerin, 1996). According to previous work in the study area (unpublished data),
a first compressional phase generated a series of NW-SE oriented fold/thrusts such as the
southern lineament. However, as evidenced by the presence of a graben, the top of the
antiform is marked by an extensive phase. The NW-SE oriented normal faults and northern
lineament are believed to accommodate the extrados of the folded layers above the thrust
(Fig. 3). The second compressional phase generated a system of SW-NE oriented normal
faults between the two thrusts crossing the region. From these observations, we interpret the
grid pattern of very small SW-NE and NW-SE oriented structures located in the graben (Fig.
4, Fig. 5) as a complex faulting pattern linked to the bi-axial compression. In the same way
that structural lineaments and major faults allow fluid migration, these small faults may play
the role of potential drains supplying fluids from a buried reservoir.

According to the relationships between the different types of depressions and the different
structures in the study area: the grid pattern of small faults and the larger faults in the graben
seem to act as a network of ephemeral feeder structures, from UH6 to UH4, for the genesis
of ephemeral pockmarks with carbonate crusts and gas hydrates and carbonate domes
(NDD-HAAF and -HAAD). Structural lineaments and major faults are regarded to act as
perennial feeder structures, from UH6 to UHL1, for the genesis of perennial pockmarks with
carbonate mounds (NDD-HAAC). Therefore, we propose that the type of fault controls the
variation of flux rate and consequently the type of pockmark (Fig. 19). The spatial distribution
of the different types of faults controls the spatial arrangement of the different types of

pockmarks.
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Regarding the activity of faults, the short (100 kyr) and long (1 Myr) term cyclic evolution

of fluid

flux implies a cyclic fracturing/resealing process as reactivation of fracturing is

necessary to provoke the occurrence of a new generation of seep features after sealing.

6. Conclusion

The

ground

analyses of multi-scale and complementary geophysical datasets, coupled with

information, have provided insights into the origin, subsequent flow and sedimentary

dynamics, and role of faults on fluid-related features and their spatio-temporal distribution in

deep water Nigeria.

The fluid-related features show a set of depressions of varied morphology and

associated seismic anomalies. They result in the disturbance of hosting sediments

through two main processes: (1) no or low deposition of sediments, caused by
upward fluid seapage into the water column and subsequent seafloor settlement

(benthic faunal activity, carbonate precipitation, gas hydrate formation) and (2)

post-depositional erosion, caused either by fluid release (e.g. dewatering from

underlying features such as channels) or by collapse (destabilisation of gas
hydrates).

* The various degrees of flux intensity may explain the different categories of
fluid-related features such as ephemeral or perennial methane-derived carbonates
(authigenic precipitations or chemosynthetis fauna accumulations). The additional
effect of gas hydrate dynamics may explain the formation of depressions related to a
hypothetical destabilisation of gas hydrates, likely dissolution in response to changes
in the rate of fluid flow.

» The subsurface network of faults, in relation to deep structures, is an important

factor in the determination of the nature of fluid-related features. Depressions with
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carbonate build-ups are mainly concentrated above major faults (mainly fold or thrust
faults) whereas most of the depressions related to gas hydrate dissolution are
observed above small faults.

e The rate of fluid flow is suspected to be constrained by long term
Turbidite/Hemipelagic cycles (i.e. long duration stratigraphic sequence of
Jermannaud et al., 2010). The fluid seeps develop almost exclusively during the
hemipelagic phase and in accordance with a precise chronology of occurrence and
growth. This non-random stratigraphic distribution defines two main stages: (1) a first
stage corresponding to the most active "methane window”. This period is
characterised by strong fluid activity along fault planes with the formation of
numerous pockmarks and carbonate build-ups; (2) a second stage marked by a
decrease in fluid activity accompanied by increasingly scarce carbonate build-ups
and destabilisation of gas hydrates. Other sedimentary processes occur such as
dewatering from the channel-levees interface which can also generate pockmarks on

the seafloor.
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Figure captions

Fig. 1. Tectono-sedimentary context of the Niger Delta. (A) Structural map of the Niger Delta.
The study area is located in the black box. (B) Location of the Niger Delta and progradation
of the delta over the Cenozoic; LME = Lower Middle Eocene; UME = Upper Middle Eocene;
UUE = Upper Upper Eocene; Oli = Oligocene; O/M = Oligo-Miocene; Mio = Miocene; UM/P=
Upper Miocene-Pliocene; P/P = Plio-Pleistocene. (C) Synthetic cross-section C of the Niger
Delta. B is from Short and Stauble (1967). C is modified from Saugy and Eyer (2003).

Extracted from Rouby et al., 2011.

Fig. 2. Typology of depressions. The typology is based on the morphology and seismic
characteristics (geometry, facies) of depressions and their associated High Amplitude
Anomalies (HAA). A) Non Depositional Depression (NDD). The single NDD is associated
with HAA of flat shape (i.e. Single NDD-HAAF). The stacked NDD consist of a superposition
of several single NDD and either their associated HAAF (NDD-HAAF) or their HAA
amalgamated in a dome or a cone shape (NDD-HAAD or -HAAC). The NDD correspond to
the tops of sub-units. Note the downward bending of reflectors of sub-units that indicate the
thinning of hosting sediments around seismic anomalies and the depositional hiatus in the
depression centre B) Erosional Depression (ED). The irregular-shaped depressions are
either shallow and ring shaped and are associated with patch-shaped HAA (Ring ED-HAAP)
or deep and associated with HAA of flat or dome-shape (ED-HAAF or -HAAD). The V-
shaped ED is very deep and wide and the train ED are small and aligned. Note for all ED the
truncation of reflectors (dashed line) on sidewalls and the filling configuration over the HAA.

See detailed description in the text.

Fig . 3. Geomorphology of the study area. A) Bathymetric map of the study area based on

Autonomous Underwater Vehicle (AUV) data (George and Cauquil, 2007), with location of
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SYSIF (SYstéme Slsmique Fond) profiles. Note the distribution of fluid flow features within a
NW-SE trending graben bound by the two structural northern (NL) and southern (SL)
lineaments. The recent N-S trending buried channels recognized between 80 and 180 ms
two-way travel time (ms twt) below the seabed and the major faults are projected on the map
(extracted from Sultan et al., 2014). Pockmarks A, B, C1, C2, C3, Peanut and giant are
labelled in accordance with previous studies. B) 3D line corresponding to the hull mounted
sub-bottom profiler line N1-CHO5 (see location on Fig. 3A) showing a graben, with faults,

bound by NL and SL at the top of the structural antiform. Modified from Sultan et al., 2007.

Fig. 4. Tectonic and sedimentary features in the study area A) Random line extracted from
the 3D volume showing the location of layers at respectively 150, 300 and 450 ms twt below
seafloor (bsf). Note the location of the giant pockmark and the deep-rooted transparent
anomalies underneath. B) Seabed seismic bathymetry and the three layers (coherence
attribute) in orange, blue and green. C) Synthetic map showing the main features observed
at the different depths with corresponding colour. Note the network of structures in red, blue
and green (interpreted faults) around the graben and the grid pattern of very small SW-NE

and NW-SE oriented structures (interpreted faulting pattern) within the graben.

Fig. 5. Seismic units, facies and structures identified in the sediment record along the graben
axis. A) 3D line (for location see Fig. 3) corresponding to the SYSIF profile SYS01-HR-Pr02
(Fig. 6) and B) interpretative line drawing showing the main types of seismic units (UH,
interpreted Hemipelagic phase, and UT, interpreted Turbidite phase), the high amplitude R
reflector, high amplitude seismic anomalies (e.g. bright spots) and their location above
seismic structures including superposed offsets of reflectors (interpreted faults) and stacked
seismic anomalies. Note the draping seismic facies within UH except at the bright spot
locations where a thinning of unit is observed. Note the three Pockmarks B (topographic low

related to a paleo-depression), C1 (shallow ring-shaped ED) and C2 (NDD-HAAC). Note the
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two recent channels within UT (see Fig. 3A) and the oldest channels within UT (see Fig. 4C).

Note the re-occurrence of bright spots within UH units.

Fig. 6. Seismic sub-units and depressions within the youngest UH unit. A) SYSIF profile
SYS01-HR-Pr02 (for location see Fig. 3) and B) Interpretative line drawing showing the
seismic sub-units and the different types of depressions and their associated seismic
anomalies (ED-HAAD, NDD-HAAC etc.) with reference to the figure number for the definition

and description of acronyms used in this study.

Fig. 7. Relationships between hosting sub-units and depressions. The SYSIF profile SYS01-
HR-PrOl1 (for location see Fig. 3) and overlapped interpretative line drawing shows the
abundance of depressions between UH6 and UH4, the marked depressions of NDD-HAAF
tops at the top of UH4 and the lateral transition from the low-amplitude reflectors of hosting
sediments to the NDD-HAAF. Note the preferential occurrence of depressions within UH
units and the poor morphological expression of the channel. Note the possible stacked
offsets of reflectors (interpreted fluid migration pathways) beneath the NDD-HAAF and their

absence over these features.

Fig. 8. Non Depositional Depressions (NDD). A) SYSIF sections and their interpretative line
drawing illustrating the different types of NDD (NDD-HAAF, -HAAD and -HAAC). Dotted
colored lines on the seismic sections correspond to the sub-units tops. The Single NDD-
HAAF shows the depression related to the thinning of hosting sediments around seismic
anomalies and draping facies (reflectors parallel to the underlying topography) above the
depression (case 1). Note for NDD HAAF, the stacked NDD with their stacked HAAF (case
2). Note for NDD-HAAD the dome-shaped HAA associated with UH6 and UH5 (case 3). Note
for NDD-HAAC the cone-shaped HAA associated with UH6 to UH2 (case 4), the shifts of
anomalies suggesting shifts of fluid flow (black arrows, cases 4 and 5) indicative of a

polyphased build-up of the structure. See on the left the small section crossing the Regab
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pockmark (unpublished WACS data) for comparison with NDD-HAAF. B) Distribution of NDD
on the AUV bathymetric map. Note that contrary to NDD-HAAD (in orange) and NDD-HAAC

(in brown), the NDD-HAAF (in yellow) do not, or weakly, impact the seafloor.

Fig. 9. Extent of NDD-HAAC in the NE of the study area. A) SYSIF section showing the
elongated shape of the HAAC along the NW-SE direction (case 6 on Fig. 8B). The filling
facies (onlaping reflectors) between the irregularities of the HAAC top marks the progressive
sealing of abandoned structures. B) SYSIF section showing the narrow shape of NDD-HAAC

on the cross section (case 7 on Fig. 8B). Note the acoustic mask below the NDD-HAAC.

Fig. 10. Erosional Depressions (ED). A) SYSIF sections showing different types of irregular-
shaped ED. Dotted colored lines on the seismic sections correspond to the sub-units tops.
Dotted lines on the line drawing correspond to erosional surfaces (reflector truncation). Note
for ED-HAAF and ED-HAAD (cases 8 and 9): the deep-buried ED and their crater shape, the
reflector truncation on the depression sidewalls and the HAAF and HAAD in their centre
(possible relic HAAF and HAAD of paleo-NDD), the filling facies attributed to collapsed
sediments and, above this filling, the draping configuration which seals the depressions. Note
the impact of these buried depressions on the seafloor. Note for Ring ED-HAAP the shallow
erosional surface of ED on the seabed and the outcrop of the HAAP. The presence of a
paleo-NDD is suspected bellow this feature (Case 10). B) Location of these ED on the AUV

bathymetric map. Note the ring shape of ED.

Fig. 11. Deep erosional depressions on the seafloor. A) SYSIF cross sections and their
interpretative line drawing illustrating a deep irregular-shaped ED on the seafloor. Note the
absence of marked HAA in the depression but the presence of unstructured sediments in the
centre (interpreted collapse material). Note on profile Sy02-PR08 the presence of two deep
paleo-ED beneath the present one on the seafloor and the impact of this inherited

topography on its structure (peanut shape on Fig. 11B). Note the truncation of reflectors on
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the sidewalls of all paleo-ED and the presence of an interpreted relic ED-HAAD bellow the

oldest paleo-ED. B) Location on the AUV bathymetry.

Fig. 12. Giant V-shaped erosional depression. A) SYSIF section showing the V-shaped ED

(pockmark giant). Note the reflector truncation. B) Location on AUV bathymetry.

Fig. 13. Trains of erosional depressions. A) Trains of small ED on AUV bathymetry (related
to a channel, in yellow, and to a fault, in red). B) SYSIF section showing two trains of ED
(related to a channel but only one train is clearly visible on the AUV map) characterised by a

basal erosional surface (truncation of reflectors).

Fig. 14. Topographic lows related to paleo-depressions A) Distribution on AUV bathymetry.
B) SYSIF sections showing the topographic low over a buried NDD-HAAD. The sedimentary
draping over the abandoned NDD explains the absence of marked HAA on the seabed

(cases 15 and 16).

Fig. 15. Topography inherited from stacked paleo-depressions. SYSIF section showing the
influence of the topography inherited from a vertical sequence of buried NDD and ED on the
seafloor. Note the NDD-HAAD at the base associated with UH6 to UH4, then the two deep
irregular-shaped ED respectively associated with UH3 and UH2 capped by the draping
(UH1) that seals the sequence top. See within UH1 the stacked enhanced reflections that
may correspond to seep trails (Zoom). Note the topographic low with sediment instability on
the seafloor. Dashed lines indicate erosional surfaces (truncation of reflectors). Note the wide

extent of erosional surfaces at the top of UH6 to UH2.

Fig. 16. Spatio-temporal distribution of types of depressions within UH with respect to
tectonic structures. The figure illustrates the wide diversity of depression types and

evidences the risk of proposing an incorrect interpretation of features if their analysis is only
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based on their morphology from bathymetry. Note the location of features within the graben

and on the northern (NL) and southern (SL) structural lineaments.

Fig. 17. Mapping of NDD-HAAC within UH A) Hull mounted sub-bottom profiler line N1ICHO5
showing the location of core N1-KS22 that allowed the calibration of seismic anomalies in
pockmark E (HAAC i.e. chemoherm carbonates from Bayon et al. (2007). B) 3D line
corresponding to N1CHO5 and showing the correlation between HAAC and bright spots. This
profile illustrates the measurement of UH thickness variations (between the seafloor and the
red horizon). C) Map of UH thickness variations. Small 3D sections are reported on the map
at bright spots. Note, in blue, the depositional hiatus within the giant pockmark and peanut
(V-shaped ED and deep irregular-shaped ED respectively) and at pockmarks E and C2
(bright spots i.e. NDD-HAAC). On the contrary, note, in beige, the full UH thickness of
deposits within pockmark B (topographic low related to a paleo-depression). Then note, in
green, intermediate values of UH thickness variations at pockmarks A and C1 (shallow ring-

shaped ED). Structural NL and SL (in red) are projected on the map from Fig. 3.

Fig. 18. Distribution of AUV echo-facies and correlation with the different types of HAA within
UH. A) AUV sub-bottom profiler line showing the various echo-facies and the location of the
core Nerisl N1-KS22. B) Map of AUV echo facies. The acoustically turbid zones on AUV
map (medium grey) correspond to the HAAF, HAAD and the High amplitude parabolic
reflectors (dark grey) and outcrop (black) to our HAAC and HAAP on SYSIF. The HAAC
(interpreted carbonate build-ups) identified on the 3D seismic by the bright spots and
reported on the map of AUV echo-facies (dotted polygons) allowing to distinguish between

the HAAC and HAAP.

Fig. 19. Hypothetical scenario of the evolution of different fluid flow features during the
hemipelagic (H) phase, depending on the dynamics of flow (intensity and continuity) at site

location in relation to the type of fault (small fault, fault, major fault). All sites generate

42



methane-derived pockmarks (A to C), the flux intensity defining the character (ephemeral or
perennial) of these pockmarks and their characteristics: low fluid flow generates carbonate
crusts (NDD-HAAF) at small faults, moderate fluid generates carbonate domes (NDD-HAAD)
at faults and high fluid flow generates carbonate mounds (NDD-HAAC) at major faults. For
low and moderate fluid flow (small faults and faults), a decrease in the flux, and the
interaction with later sedimentation favour hydrate formation within sediment layers in Gas
Hydrate Stability Zone (D2). Then, hydrate destabilisation (dissolution ?) induces sediment
liquefaction and expulsion to create collapse depressions (E2 and F2, ED-HAAF or ED-
HAAD). Formation and destabilisation of GH is possibly recurrent. Currently, dissolution of
gas hydrates appears near the seafloor leading to the formation of pockmarks, Ring ED-
HAAP, followed by deep irregular-shaped ED through time. See detailed description in the

text.
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