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Feather-edge of marine hydrate

ABSTRACT
The dissociation of marine hydrate that surrounds continental margins is thought to be
an agent for past and future climate change. As the water depth decreases landwards, the

base of the hydrate stability zone progressively shallows until hydrate occurs immediately
below the seabed where an increase in bottom water temperature can cause dissociation. But
the true extent of these most vulnerable hydrate deposits is unknown. Here we use
exceptional quality three-dimensional (3-D) seismic reflection imagery offshore of

Mauritania that reveals a rare example of a bottom simulating reflection (BSR) that intersects
the seabed and delineates the feather-edge of hydrate. The BSR intersects the seabed at the
~636 m isobath but along the 32 km of the margin analysed, the intersection is highly
irregular. Intersections and seismic evidence for hydrate less than ~ 4.3 m below the seabed
occur in seven small, localised areas that are 0.02 - 0.4Blentent. We propose gas flux

below the dipping base of the hydrate to these places has been particularly effective. The
intersections are separated by recessions in the BSR where it terminates below the seabed,
seaward of the 636 m isobath. Recessions are areas where the concentration of hydrate is
very low or hydrate is absent. They are regions that have been bypassed by gas that has
migrated landward along the base of the hydrate or via hydraulic fractures that pass vertically
through the hydrate stability zone and terminate at pockmarks at the seabed. An irregular

feather-edge of marine hydrate may be typical of other margins.

Keywords: hydrate; seabed; dissociation; warming; reflection; gas
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Feather-edge of marine hydrate

1. Introduction

Marine gas hydrate is a solid compound of water and gas that acecoany settings,
including sediment surrounding deep water continental margins. tainatg of hydrate is
related to temperature and pressure (P-T) and in thés®sehe progressive landward
reduction in water depth causes the base of the gas hydialigystane (BHSZ) to shallow
and intersect the seabed. This configuration results in a pbieydrate zone that thins in a
landward direction (Dickens, 2001; Milkov and Sassen, 2000) tsgtden termed the

feather-edge of marine hydrate (Fig. 1A; Ruppel, 2011).

The feather-edge holds ~3.5% (Ruppel, 2011) of the estimated*~7x127x10 Gt
of carbon held in marine hydrates (Dickens, 2011). Where the Bi&Zects the seabed,
hydrate may occur at the sediment-water interface (e.g. Egbady 1999) or because of the
anaerobic oxidation of the methane, just below it (Barnes attbérg, 1976). Past, rapid
climate perturbations have been attributed to several eiffgthenomenancludingthe
dissociation of marine hydrate (Dickens et al., 1995). Warmwirtge seabed in the feather-
edge domain could cause dissociation after only a few dedzmtes)se of the proximity of
the hydrate to the seabed (Thatcher et al., 2013). Dissoctatuld even be seasonal (Berndt
et al., 2014) or associated with changes in seabed temperatised by upwelling currents
(see Hagen, 2001). Methane release has been documentefiatitbeedge of marine
hydrate offshore of Svalbard (Westbrook et al., 2009; Berndt 044,) and the eastern

North American margin (Phrampus and Hornbach, 2012; Skarke 2084.).

Although hydrate dissociation has long been proposed as a mechancdmate

change (e.g. Dickens et al., 1995) and there is potential evittantissociation on some
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margins, descriptions of the feather-edge using seismictiefietata lack detail (Ben-
Avraham et al., 2002; Coffin et al., 2011; Phrampus and Hornbach, 20&)is because
they are based upon widely spaced two-dimensional (2-D) isdises and there are no
borehole calibrations. Key questions remain; for instance,dieggthe amount of hydrate
that is vulnerable, whether it occurs consistently along cartihenargins and how gas
migrates to sustain it. Here we provide the first 3-Braa description of the feather-edge
of marine hydrate, based upon the mapping of a BSR that intettsecmabed. We describe
the evidence for outcropping of hydrate and consider how gas sustain® hiydrese

settings.

2. Hydrate and the Feather-Edge

In addition to P-T conditions, hydrate formation is controlledhgydoncentration of
dissolved gas, which needs to be higher than its solubilppii@ water (Xu and Ruppel,
1999). The BHSZ can coincide with the base of a hydrate accuomjlatihough this is not
necessarily the case (Xu and Ruppel, 1999) and it may or mége moarked by a BSR (e.g.

Dillon, et al., 1980).

BSRs in hydrate provinces, including this one, are recognized aatmgltude,
negative polarity reflections, usually caused by the velooityrast between sediment
partially saturated with hydrate above it and sediment pars@urated with free gas below
it (Field and Kvenvolden, 1985). The minimum saturation of hydresediment required to
cause a moderate or significant increase in acoustic impedauanclear. It could be as little
as 2% (Helgerud et al., 1999), 14% (Hu et al., 2014) or in sxxfe¥0% (Carcione and

Tinivella, 2000). The saturation of hydrate within the hydrate stability zone eamidhly
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variable, with the highest saturations often occurring in porous sands, permeable layers and
faults (e.g. Malinverno et al., 2008). This heterogeneity may be one of several factors that

determine how the hydrate manifests itself where it outcrops at seabed.

We define the feather-edge of gas hydrate, also referred to as the hydrate wedge
(Gorman and Senger, 2010), as the region where the BHSZ starts to shallow and intersects
the seabed because of a progressive landward reduction in water depth (Fig. 1A). Since
hydrate formation and dissociation are closely linked to the ambient P-T conditions, the
intersection should be at a consistent depth along the margin, often ~300 - 600 m (e.qg.
Milkov and Sassen, 2000). But this is also dependent on the composition of hydrocarbons in
the hydrate with the shallower intersections occurring where methane is accompanied by
other hydrocarbon gases (Milkov and Sassen, 2000). Seaward of the intersection, hydrate
could exist at the seabed (e.g. Egorov et al., 1999; MacDonald et al., 1994) in an outcrop

zone (Fig. 1A).

Evidence for the feather-edge of marine gas hydrate has been detected using 2-D
seismic data for example on the margins of South Africa (Ben-Avraham et al., 2002 — e.g.
their figure 2) and Chile (Coffin et al., 2011) the North Island of New Zealand (Crutchley et
al., 2010). Off West Svalbard, there is evidence for a feather-edge on the basis of gas flares
that occur only landward of the 396 m isobath (Chabert et al., 2011; Sarker et al., 2012;
Westbrook et al., 2009). In the northwest Black Sea, Naudts et al. (2006) described gas
plumes that occur landward of the 725 m isobath and similar observations are also made off

the northern US Atlantic margin (Skarke et al., 2014).
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In terms of how gas migrates to the landward limit of mahnydrate, at the West
Svalbard feather-edge, Thatcher et al. (2013) proposed thaigyases vertically through
fractures toward the BHSZ; laterally within seaward-dipgiegneable strata or along the
base of the hydrate. At this feather-edge, carbonates a¢gps indicate venting has been
occurring for > 3000 yrs. (Berndt et al., (2014). Large-scalen2eBelling of the feather-
edge on this margin shows that warming could cause methHaasaaear the landward limit

of the top of the hydrate stability zone (Reagan and Moridis, 2009)

3. Seismic Data and Geological Setting

The offshore Mauritania 3-D seismic survey was processedveyadsteps including
multiple suppression and post-stack time migration. The domireaqudncy of this data at
the depth of the hydrate is ~50 Hz. The typical seismic iglatthe depth of investigation
is ~1700 mg and therefore 100 milliseconds two-way-travel time (ms T\8A $eismic
sections is equivalent to approximately 85 m. The final binisgaf the seismic grid is 25
x 25 m. The data are minimum phase and a negative acous#idamce contrast is
represented as a black-red (negative polarity) reflecthanplitude maps are all root mean

square (RMS — see Brown, 2010) on the reflection itself, rétla@rover a time window.

In the study area the seabed dips at ~1° (Fig. 1B) and theg&%Rally dips at an
angle of ~2.3°. This increases as it shallows from 200 miete(mbelow seafloor) to
intersect the seabed at a seabed intersection depthdfSsB6 m (Fig. 1C). We have not
identified evidence for an opal-A to opal-CT diagenetic BSEe dataset, which can occur
at similar depths below seabed, but in contrast givesaiaedd-black reflection (trough-

peak, positive polarity) reflection (see Davies and Cartwr®2). Below the BSR, at least
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368 vertical seismic chimneys (e.g. Fig. 2A) are observdtkinlata by Davies and Clarke
(2010) and interpreted as networks of hydraulic fractures tloat &r the vertical migration

of pore fluid and gas. Most of the chimneys terminate aélombthe BSR.

The margin has several proven oil and gas accumulations andwe¢ klave data on
the gas composition of the hydrate. Hydrocarbon exploration wehe iarea of the 3D
seismic data (Chinguetti V1 and Chinguetti-6-1 — Fig. 1B) showthieatediment hosting the
hydrate and the BSR probably span the last 5.2 Ma (Vear, 2005¢i@mtific drilling 150
km to the north (Henrich et al., 2010) indicates that in dasirsetting fine-grained turbidites
and foram-nannofossil hemipelagites were deposited. Industry gem@cdata from an
area 100 km to the south, acquired at similar water dgpttnades additional information on
the seabed temperature (Lane, 2005). Measurement of wateradune at a 500 m water
depth shows a mean temperature variation of 9.6 °C to 10dvéCthe five month period
between August and December 2002. Lane (2005) also reportsdbaragksediment
temperatures at four sites between 539 - 800 m were coofethimavater column at
equivalent depths. An upwelling undercurrent fed by South Atlantid Gfalter (SACW)

feeds a belt of upwelling along the margin (Hagen, 2001).

4. Description of the BSR

4.1 Bands of High Seismic Amplitude at the BSR

The general shape of the BSR is revealed by contours ofitis ldelow sea level

superimposed on the RMS seismic amplitude map of the reftegtid shows that it has a

curved (concave downward) form that shallows landward (Fig. TG® map reveals
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continuous and semi-continuous bands of high seismic amplitude that are 0.5 — 1.5 km wide
and up to 30 km in length. Here we analyse two examples (areas marked by white boxes in
Fig. 1C) which have variable geometries and orientations relative to the strike of the BSR

(Fig. 1B and C). Most of the bands terminate without reaching the 636 m isobath (Fig. 1C).

The first example (Fig. 2C) consists of nine high-amplitude bands (marked I to IX -
Fig. 2AB). They are east-west and southwest-northeast orientated (Fig. 2AB). A
representative seismic cross section shows that they are negative-polarity reflections (the
opposite to the seabed reflection) and occur immediately down-dip from where these
reflections intersect the BSR. The intersections are coincident with possible phase reversals
(Fig. 2B inset). The differential relief for an individual band is up to 600 m, although they

may not be continuous and connected along their entire length (Fig. 2A).

In the second example a single band of high seismic amplitude is up to 2 km wide and
12 km long (Fig. 3AB). Again it corresponds to a negative polarity reflection at the
interpreted level of the BSR (Fig. 3AB). The northern boundary to the band is a line of
intersection (see Davies et al., 2012) that marks where the high-amplitude reflection
intersects the BSR (marked by the yellow dot in Fig. 3B). The BSR is also characterised by
regions where there are no distinctive bands of high seismic amplitude (Fig. 1C). These areas
occur where there is concordance between the BSR and stratal reflections or where

reflections have been disrupted due to slope processes (e.g. slope failure outlined in Fig. 1C).

4.2 Steps in the BSR
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The BSR shallows either gradually or in a series of steps (Fig. 4A-D). The steps are
regions where the BSR is locally concordant with stratal reflections. They are separated by
narrower regions where the BSR cross-cuts them (Fig. 4). The steps are 0.5 - 3 km wide and
up to 9 km long. The shallowest one (marked step 1 in Fig. 4B) occurs where the negative
polarity BSR reflection is immediately below the seabed reflection (positive polarity). Step 1
does not extend along the entirety of the feather-edge but occurs locally in 5 places (encircled
by dashed black lines - Fig. 4A). A seismic line that transects two of these areas (Fig. 4C)
shows that there are clear gaps in the BSR reflection with the lateral terminations of the BSR

being marked by phase reversals (marked by yellow circles in Fig. 4C).

We predicted the position of the BHSZ at steady state by using the hydrate stability
curve for pure methane given by Moridis (2003) with a correction for sea water salinity of
35 wt% (see methodology of Davies et al., 2012). The stepped geometry of the BSR
approximately follows the curved form predicted for the BHSZ (blue dashed line in Fig. 4D;

see Gorman and Senger, 2010).

4.3 Intersection of the BSR with the Seabed

We mapped the intersections along 32 km of the margin. The landward extent of the
BSR is highly irregular and there is no continuous intersection between the BSR and the
seabed. Instead intersections occur over very restricted sections of the seabed along the 636
m isobath (Fig. 4A and B). Between these intersections there are gaps in the BSR (herein
termed recessions - see Figs 1, 3-6) where it terminates below rather than at the seabed. In

these localities there are no anomalous high-amplitude reflections that could be indicative of



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

Feather-edge of marine hydrate

increased acoustic impedance, which would be consistenhighihydrate saturations

(Carcione and Tinivella, 2000).

Approximately circular pockmarks occur on the seabed where dhemecessions in
the BSR and in some places, landward of the SID (marked&dthnd black circles and
labelled 1, 2 and 3 on Fig. 5BC). In contrast there areroolar features of this kind on the
seabed above the mapped BSR (Fig. 5A). They are 100 - 400an Badow the seabed
pockmarks are vertical seismic chimneys that extend for 300 mg@@arked by black
arrows — Fig. 5C). Some of the bases of these chimneys tenfiaoma high-amplitude
reflections (Fig. 5ABC). The seabed dip map (Fig. 5/ &@auneven relief above the

mapped BSR.

Similar observations of pockmarks immediately landward of ththés-edge, based
upon bathymetry data acquired in 2003, have been made 100 km toutheoSthis study
area (Lane, 2005). They are 60 - 800 m in diameter and withim a north — south
orientated area between the 540 — 640 m isobath. Hardemalsaaccretions, which may
represent authigenic carbonates, were recovered fromlavsltalre from one of the

pockmarks (Lane, 2005).

Step 1 is the shallowest of the four steps and is immédizeééow the seabed. It is
not perfectly concordant with stratal reflections. InstéaelBSR reflection shallows
gradually in a landward direction (Fig. 6B) until, at itsteasend, there is a reduction in the
amplitude of the seabed reflection (Fig. 6C). This is@dent with doming of the seabed
reflection. Similar changes in reflection amplitude detected in six other places along the

636 m isobath on an RMS amplitude map of the seabed (Fig.@Akeismic sections, the

10
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seabed and BSR interfaces should still be resolved when the distance between them is ~1/4 of
the seismic wavelength. At ~1/8 of the wavelength the interference of the two reflections

will cause a reduction in seismic amplitude (see Widness, 1973). Using a sediment velocity

of 1700 m& and a frequency of the seismic data of 50 Hz, we estimate 1/8 of the wavelength
to be a distance of ~4.25 m (see Widness, 1973). Therefore, the hydrate-gas interface is
~4.25 m below the seabed. The seven places on the eastern margin of step 1 where these

characteristics are observed have areas of between 0.02 - G.a45d&n6B).

5. Interpretation

5.1 High-amplitudes at the BSR

The bands of relatively high seismic amplitude are negative polarity reflections which
is the opposite polarity to the seabed reflection (e.g. Fig. 3B). Phase reversals are also
coincident with the intersections of these reflections with the BSR (Fig. 2B). As the bands
occur at the BSR, their amplitude depends on the velocity and density of the hydrate and sub-
hydrate sediment. A strong negative polarity reflection is probably caused by the transition
from hydrate-saturated sediment to sediment containing some free gas as this would create
the necessary decrease in acoustic impedance (Domenico, 1977; Carcione and Tinivella,
2000). When taken together, the observations are consistent with the bands of high seismic
amplitude representing free gas that is sealed by hydrate-saturated sediment at the BSR (e.g.

Chabert et al., 2011).

Davies et al. (2012) proposed that the bands form as a result of upward resetting of

the BHSZ, driven by sedimentation, which leads to the dissociation of hydrate. The

11
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characteristic width of 0.5 to 3 km is therefore reldtethe angle of the intersection and the
magnitude of the last upward shift in the BHSZ (i.e. narromdbavould form where there is
a high angle of intersection and a small upward shift in theZBHAIthough the bands
appear on the amplitude maps to have a vertical relief @ #pQ0 m (e.g. band Xl — Fig.
2A), they are unlikely to represent fully interconnectedriases of free gas as the pore
pressure at the shallowest terminations would exceed lithogtassure (Davies and Clarke,

2010 - their figure 4).

In fine-grained sediments, horizontal permeability is oftenraétienes that of the
vertical permeability (e.g. Ayan et al., 1994; Yang and Aplin,7200here the bands are
parallel to the dip of the BSR, the configuration providesiwt high permeability
migration routes for gas sealed below the hydrate-saturatedesgdiivhen they are parallel
to the strike of the BSR, the configuration is less conduciveatip migration of gas below
the BSR. Disruptions in bedding, caused by slope failures waddrapede up-dip

migration of gas (Fig. 1C).

The vertical seismic chimneys (Fig. 2A) are generally inttgal to be evidence for
clusters of hydraulic fractures (Zuhlsdorff and Spiel3, 2004), stigge®rtical migration of
gas has occurred to the base of the feather-edge of theehyalgredicted elsewhere

(Thatcher et al., 2013; Westbrook et al., 2009).

5.2Variable Extent of Feather-Edge

The map of the BSR reveals recessions where the BSR ddetensect the seabed.

In these recessional areas, the negative polarity B&Bh&s abruptly to a positive polarity

12
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298 reflection (Fig. 4C). These areas could be where hydrate saturations are high enough to

299 provide an effective seal for free gas, but no free gas is present. This could be because gas has
300 not migrated to these localities, or is present but not in high enough saturations to exceed the
301 solubility of methane in pore water (Xu and Ruppel, 1999; Haacke et al., 2007).

302 Alternatively concentrations of hydrate could be too low to provide an effective seal for free
303 gas. lItis also plausible that the vertical clusters of hydraulic fractures allow gas to bypass the
304 hydrate stability zone.

305

306 Seabed venting of free gas has sometimes been a proxy for the landward extent of

307 hydrate at the feather-edge (Naudts et al., 2006; Westbrook et al., 2009). Although gas

308 chimneys often penetrate hydrates (Wood et al., 2002) and reach the seabed (Liu and

309 Flemings 2006), in this dataset, the occurrence of chimneys that penetrate the BSR are rare
310 (Davies and Clarke, 2010) and we do not detect any seabed pockmarks above the BSR. 100
311 km to the south, pockmarks only occur landward of the 640 m isobath (Lane, 2005) and

312 landward of the 636 m isobath in this survey. This is where hydrate in the sediment is absent.
313 Therefore our preferred interpretation of the recessions is that they are areas where hydrate
314 concentrations are low enough for there to be no effective seal for free gas, so no BSR is

315 imaged and venting via pockmarks occurs.

316

317 5.3 Seismically Imaged Outcrop Zone

318

319 The steps are strata-parallel and approximately follow the predicted position of the

320 BHSZ (Fig. 4D). This is consistent with sediment properties being a major factor controlling
321 the distribution of gas hydrates and therefore also the free gas sealed by the hydrate in the

322 sediment. For instance, hydrate concentrations tend to be higher in coarse-grained, more

13
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porous sediments (Malinverno, 2010; Weinberger et al., 2005), wiald provide a more
effective seal for free gas. We interpret steps to toecause hydrate concentrations are
higher in more porous strata. We are unclear as to why it shocild in one part of the

survey and not throughout it.

At the landward end of step 1 the characteristic positilerippseabed reflection is
located immediately above the negative polarity BSR rédle¢Fig. 6B). The change in
reflection character of the seabed (Fig. 6C) is probablyateing of the two reflections.
When the thickness between the seawater-seabed interfabgdaate-free gas interface is
less than ~1/4 of the wavelengifd (~8.5 m), two reflections will no longer be resolved.
When the thickness is ~1/8 of the wavelength, the amplitutteeafeabed reflection should
decrease as a result of destructive interference betiveeaflections from the two interfaces
(Widness, 1973). Where we observe a drop in amplitude (Fig. 6@jadect that in these
locations free gas is ponding only ~bf@8he wavelength (~4.3 m) below the seabed and the
hydrate can be no thicker than this. The slight mounding of #imedecoincident with the
drop in amplitude (Fig. 6C) would be consistent with hydrate oicguat the seabed itself.
Alternatively the response is related to carbonates aethised, but one would expect there
to be an increase in seabed amplitude rather than a duetowever, without direct
evidence, such as video footage or drop cores we cannot be tleatahere is hydrate at the

sediment-water interface and hence term this a ‘seifignaefined’ outcrop zone.

6. Discussion

6.1 Gas Migration to the Feather-Edge

14
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The observations support several mechanisms by which gas migrttedeather-
edge. Advection through hydraulic fractures which are manifeste@rtical seismic
chimneys (Zuhlsdorff and Spiel3, 2004) is one mechanism (Davies arkg (2010; Davies
et al., in review). Gas could either be incorporated imedtydrate or pond below the
hydrate, if the pore fluid is super saturated with respegasaHaacke et al., 2007). We
propose some gas migrates along the base of the hydrate atfiikstbaturs dominantly
within regularly-spaced, relatively high permeability beds ithi@rsect the BSR. Where
lines of intersection are parallel to the dip of the sealpeldBSR they are orientated
favourably for gas migration to the feather-edge of the hydfass could also migrate along
the base without being confined to these higher permeabibiyrels, by diffusive flow.

The gently curved (concave downward) and dipping geometry of the BSRe<eenatural
focus for gas migrating along its base, towards the few placeie@BSR does intersect the

seabed (Fig. 1C).

6.2 Dissociation of the Feather-Edge

The seven areas where we interpret hydrate to be located %3 m of the seabed
are ~0.02 to ~0.45 kfin area. Collectively, they represent an area of Kng5(Fig. 6A).
Given that the hydrate £4.3 m in thickness across these regions the maximum volume of
sediment containing hydrate at or immediately below the seabih(#.3 m) is ~0.0037
km?®. If step 1 existed along the entire study area (32 Kemigth) and the outcrop zone is
200 m wide and the hydrate is 4.3 m thick, then the total volureediinent saturated with
hydrate would be 0.0275 RKmHowever, because outcrop zones are localised, the valume
hydrate-saturated sediment at or immediately below the démbesmall fraction of this

(0.0037 k). If warming of ocean currents occurs in the future, ithe taken for thermal

15
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diffusion, hydrate dissociation, and gas migration, could be only @muditdecades
(Thatcher et al., 2013), but because the outcrop zones leaised the initial volumes of
gas released would be modest initially and increase asrdegge continuous areas of the
hydrate were effected. The role that upwelling of cold wiaiby the SACW could have in

changing seabed temperature and therefore the stability of édiydradins a key question.

7. Conclusions

The feather-edge of marine hydrate is rarely observed. Iexhmmple, the landward
extent of the feather-edge of marine gas hydrate is irregdhairate occurs at the seabed or
immediately below it in very small, localised areas imiaety seaward of the 636 m
isobath. Hydrate is probably sustained here by migration of iais favourably orientated
relatively high permeability strata sealed by the overlyipgrate. An irregular feather-edge

of marine hydrate may be typical of other margins.
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Figure 1 A: Schematic of the feather-edge region and outcrop gloomwing positions of
three hypothetical BSRs (1, 2 and 3) shifting as a responsartoing of the seabed. SID —
seabed intersection depth and Pol — point of intersectighigimnd subsequent figures).
Inset — schematic graph of temperature (T) against deptto{vhen the BSR is located at
position 3, showing the hydrate stability curve (HSC) and tertureraurve (TC). SB —
seabed and OZ — outcrop zone on this and subsequent figurdéapBof the seabed in
metres, imaged by the 3-D seismic dataset. Insetatibmcmap for the study area. C: RMS
seismic amplitude map of the BSR showing bands of high se@snptitude and localised
intersections of the BSR with the seabed at the Sl&shBd yellow lines — depth contours

for the BSR relative to sea level.

Figure 2 A: RMS amplitude map of the BSR showing high-amplihaiels (I-1X). Lol —
line of intersection (in this and subsequent figures). Bsridieiline across high-amplitude
bands showing they occur at the intersection of stratal tieftescwith the BSR. Red dashed

line in this and subsequent figures — BSR.

Figure 3 A: Representative seismic line A-A’ along a banigli seismic amplitude that
intersects the BSR. Arrows mark the location of the B8&tical full black line marks the
change in orientation of the seismic line. Vertical bldakhed line marks the intersection
with line B-B’. Inset — 3-D schematic representation of fagtplitude bands at the BSR. B:
Seismic line B-B’ across a band of high seismic amplitudetioat black dashed line marks
the intersection of seismic line A-A’. Dashed whiteebni- high-amplitude bands located at
and below the BSR. Inset — RMS amplitude map showing thédoaaf lines A-A’ and B-

B'. Red dashed line — interpreted position of the BSRaclBlwhite, yellow and red dots in
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A and B mark the extent of the high-amplitude band in map view and seismic cross section.
Small insets — contrasting reflection character between the positive polarity and negative

polarity seabed and BSR reflections.

Figure 4 A. RMS seismic amplitude map of the BSR in the area where it intersects the
seabed. Outlined regions correspond to steps in the BSR. Areas encircled with black dotted
line — seven locations where step 1 identified. B: Representative seismic line (B-B’) across
the feather-edge of the hydrate. C: Representative seismic line (C-C’) across the hydrate.
Yellow circles mark phase reversals. SB — seabed; FG — free gas; GH — gas hydrate; AB —
acoustic blanking. D: Seismic line B-B’ showing the modelled and interpreted BSR

intersecting the seabed.

Figure 5 Dip magnitude map of the seabed. Grey colours correspond to 1° dip, with lighter
and darker shades representing very small changes in dip. White line — landward extent of
the BSR. Red circles — pockmarks in the seabed. B: Zoom-in of part of the map in A.

Yellow and black dots — lateral extent of the BSR with corresponding locations marked the
representative seismic in C. Red circles — pockmarks (marked 1, 2 and 3). C: Representative
seismic line across a recession in the BSR. Black arrows — vertical seismic chimneys. Black

circles marked 1, 2, and 3 — three seabed pockmarks that correspond to those marked on B.

Figure 6 A: RMS amplitude map of the seabed. Dashed white line — the landward extent of
the BSR. Orange area — places where there is evidence for a reduction in seismic amplitude
of the seabed reflection consistent with hydrate immediate below or at seabed. Inset - seismic

line A-A’ across the SID.
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*Highlights (for review)

Highlights:

e We provide the first description of the feather-edge of marine hydrate using three-
dimensional seismic data.

e The landward extent of it, offshore of Mauritania is irregular and this may be typical for
other margins.

e Hydrate that occurs at or below the seabed is rare along the margin.



Figure
Click here to download high resolution image

low seismic
,--.}..--1.371»,.-..7., | amplitude

]
'

—

high seismic
amplitude

-—

-

--q -- - --—--
: Fig. 4A;

' 1}
SiDat §

636m 9

sobath -
andward

-—

_

i ,l'>.‘o m.J

!

e e

.
.
’
’
:
1
.
)
1
a
1
)
i
.
-

o

L o aars 3
o= = t,;ﬂ'_).H\

-—

\
5\

 slape failyre |
\ \&"-‘- \\_0 5
-

.
.
.
.
g
'

R
1\
[}
’
'

A N

' — . -
' e
]

--)------nooco



http://ees.elsevier.com/epsl/download.aspx?id=718778&guid=9ec60ce6-1b92-4142-8580-6ec1cc0f1b38&scheme=1

Figure
Click here to download high resolution image

low seismic
amplitude

high seismic
amplitude

.
..'--b..""‘ P
g’_,.’a-‘:.o

....'-..- -
‘..=:= ---..-.---..."
4\
9---qg.{',--’~- ,,-o"-.--.-‘
Ty L LE

: s
~ g
See.cnsBakanan "‘&..I‘l---"
waid " i um’” A S ey i —
R ISgRIERRES
pe 2RI » _ :
- L M Su v
- - “'-..-.-.--. " :-..'.---‘_ g
T
‘Q‘\l"d" -

-

ceswnn"
g

-

\ ‘Lineg,\of Intersection (Lol) .-



http://ees.elsevier.com/epsl/download.aspx?id=718779&guid=91ac69f1-49c1-4656-ad94-0391880e3234&scheme=1

Figure
Click here to download high resolution image

A 15km

map of

seismic

amplitude “s—

at BSR

: strata
- 1600

ms TWT

free gas

Lol intersection

of B-B’

bands of high

low seismic
amplitude

high seismic
amplitude



http://ees.elsevier.com/epsl/download.aspx?id=718780&guid=e7027953-ed4a-4ad4-a3b8-a057039fad93&scheme=1

Figure
Click here to download high resolution image

— Temp at 5°C intervals
- Seabed reflection
=== Modelled BSR
4008 Observed BSR



http://ees.elsevier.com/epsl/download.aspx?id=718781&guid=9dbcfe9a-df79-413c-a98d-f036912784b9&scheme=1

Figure
Click here to download high resolution image

- landward = changes indio =
2 km extent of BSR ' 6

h "
o abangonod
Catiyon

d ~7

disrupled —

seabed —y 4

SID (636 M

sobath) , * *

|
)



http://ees.elsevier.com/epsl/download.aspx?id=718782&guid=58f5baf0-a2b1-4157-b5cb-dfa997a336e7&scheme=1

Figure
Click here to download high resolution image

recessoon

yieqos) W ogo ik QIS

A

'\ higher seismic
' amplitude

recession



http://ees.elsevier.com/epsl/download.aspx?id=718783&guid=fe80fdc7-28a7-4abb-80db-260ff49c0cc3&scheme=1

