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The control of palaeo-topography in the preservatin of shallow gas accumulation: examples from

Brazil, Argentina and South Africa

Abstract

Acoustic anomalies in seismic records have reveaaigidgas-charged sediments are very common feature
the coastal environments around the world. Theuitrigs gassy sediments challenge the effective sdicou
mapping of shallow stratigraphy by seismic means, well as having an important influence on
environmental issues related to the coastal zommipation and management. This paper documents
examples of gassy sediments from coastal lagoshsares, rivers, bays and the inner shelf andsheae
environments of Brazil, Argentina and South AfriG&eismic echograms from selected areas show several
gas-related anomalies, which present distinctivepimaiogies for sediment-trapped gas, leaking o fras
discharge into the water column. In several plabesgas-charged sediments occur in areas of palaeo-
topographic lows related to fluvial channels antleya that developed in the coastal zone due tdesad
oscillations during the Quaternary period. Thisciiog by palaeo-topographic features results in the
occurrence of shallow gas being controlled in nooststal sites by the previous environmental scentre

stratigraphic arrangement of the transgressivilinfielements, and the local hydrodynamic condiio

Keywords: South America; South Africa; acoustic survey;lglvagas; coastal evolution.

1. Introduction

Gas accumulations in shallow shelf and coastalnsmulis are a common phenomenon worldwide (Park et
al., 1991; Karisiddaiah et al., 1992; Papatheodetaai., 1993; Garcia-Garcia et al., 1999; 2007yadland
Ediger, 1999; Fleischer et al., 2001; Missiaenlet2802; Garcia-Gill, 2003), the origins of whiahay be
either biogenic (Kaplan, 1974) or thermogenic (leteal., 2005) in nature. The various gas sources an
modes of accumulation are closely related to tlignsentary and evolutionary processes occurringhén t
coastal depositional environment (Garcia-Gil et, &002). Transgressive and regressive sea level
fluctuations can produce dramatic changes in d&poal environments and coastal physiography,
sedimentation rates and sediment type. As a coasequthe distribution of organic matter and itargity

can vary considerably based on the coastal respgorsasa level fluctuations. Sandy packages may fyam



reservoirs, while the finer, mainly muddy sedimemtsy form sealing layers. Gas features can be fime
various types of environments, like shallow or esell seas and continental shelves (Emeis et @4)20
lakes (Lafferty et al., 2006), bays (Jensen andniken 2009) and rias (Garcia-Gil et al., 2002; Di¢al.,
2007; Duarte et al., 2007; Iglesias and Garcia-#207), since these sites provide favorable camtitifor
gas formation due the local high biological proditt of such environments. Ultimately the variogas
reservoir and trapping sites, together with thesogiated types of gas accumulation, may provichelews

into the evolution of the coastal and shallow maenvironment (Garcia-Gil et al., 2002).

The presence of gas in sediments is especiallydegdicted by high-resolution seismic surveying tuthe
change of speed of the acoustic wave between mdthiaand without gas. The higher the speed gradient
between the media, the stronger the echo respdgewill be generated by the variation of acoustic
impedance between them. The intensity of the nefteacoustic signal recorded in the seismic profian

be related to the concentration of gas bubblesrdoguin the sedimentary package (Judd and Hovland,
1992; Aliotta et al., 2009). In echograms the gasictures may display various features comprising
blankets/blanking, curtains, columns, acoustic itlitp zones, pinnacles, intra-sedimentary plumed an
others, according to their seismic signature (Ga@il et al., 2002; Frazdo and Vital, 2007). Lea&ttires

are similarly common and occur as plumes and podksnamongst other features (Garcia-Gil et al. 2200

Gas is generated in the sediments and normallylgsi@ieased to the atmosphere and such total boritvin

to the global budget is poorly constrained (Juda)4). Further, gassy sediments may represent tisks
engineering works and terrain stability (Premcéital., 1992). This paper thus aims to describedismliss

the various gas features found in shallow maring @astal environments from a number of sites & th
Southern Hemisphere. Diverse settings in Brazigeftina and South Africa are reported on, and séver
examples of gas-induced acoustic anomalies in eahwgare shown. By comparing and contrasting the
styles of gas accumulation and leakage in suchrsliveystems and settings, we hope to add to what is

known concerning the controls on the accumulatimhdistribution of gas in coastal marine sediments.

2. Shallow gas accumulation signatures

Anomalous acoustic reflection responses observaghtnaccumulations are related to the amount of gas

concentration in the sediments. The acoustic titgbid a phenomenon caused by diffusion of acoustic



energy due to gas bubbles trapped in the sedinfidats and Hamilton, 1993). Most of the common aticus

signatures of gas-charged sediments have beemigzedgn coastal sediments.

The gas occurrences can be described and clasBifiedthe echo-character signatures observed in sub
bottom profiles (SBP) and sidescan sonar (SSS)rdsc&/arious terms have been used to describe and
classify the shallow gas occurrences. There is soweglap of names referring to the classificatidn o
different features, with different names for simiteccumulations. The following list of gas featuresot
exhaustive, but summarizes those we have obsenvdteiechograms from the focus regions in thisystud

and the terminology used in this paper.

Acoustic blankingin this acoustic phenomenon the seismic reflelsedow the gas horizon is very weak or
absent due the attenuation of the sound wave ingviiirough the charged sedimentary package (Judd a
Hovland, 1992; Orange et al., 2005). The top of dae occurrence is very reflective, which masks any
underlying seismic reflector, thus preventing cartiom of the trapped gas to the source or the nmappf
seismo-depositional architectural elements. Thiusiic phenomenon has been also referred to akdttan

or acoustic masking (Garcia-Gil et al., 2002; Feaaéd Vital, 2007; Mazumdar et al., 2009).

Gas curtain or pocket gas gas accumulation which usually shows a welirgef morphology, in the form
of boxes of anomalous seismic reflection with aparsurface well marked by strong, relatively combius,
horizontal or gently dipping top reflectors. Theoastic response below the top reflectors is usiaiotic,

masking the underlying sedimentary structures (\Wesielder et al., 2006, 2014).

Acoustic turbid zonea type of gas accumulation in which the acoustiomaly is characterized by a more
irregular and less pronounced top reflector thazoimes with gas curtains. The seismic reflectodetlging
the top of the gas accumulation are not entirejdén, allowing the identification and mapping oé th

sedimentary structures beneath (Judd and Hovl&82)1

Gas brighteningthis is the phenomenon of brightening sectorghefechogram caused by the increasing
contrast of the acoustic speed between zones witbrnguantities of gas and gas free strata (Judd an

Hovland 1992; Hart and Hamilton, 1993).

Acoustic windowsthese refer to echogram sectors with strong igéigseied anomalies interspersed with
sectors free of such anomalies. These windows ateerto an abrupt lateral change from gas-charged t

gas-free sediments (Figueiredo et al., 1996; CastisFigueiredo, 1998).



Black shadowis marked by several multiples of the surfacéhefgas, which makes it impossible to identify
any structure below it (Baltzer et al., 2005). Thaltiples are the expression of the reverberatibthe

seismic energy from the gas-induced extra reflégtof the upper interface.

Turbidity pinnaclesa variation of acoustic blanking, which manifeista downward concave U-shape and

obscures any feature below it (Iglesias and Gagdlig2007; Souza et al., 2011).

Gas leaks or gas seeps have been classified imevasdypes according to their specific echo-chiarac

signatures. These are:

Acoustic plumeghese appear as discrete hyperbolic curves iwéter column which are related to free gas
bubbles in the water. They are usually associaidt zenes of acoustic blanking, and represent ihauest
of gas into the water column (Taylor, 1992; Lealet2005; Garcia-Gil et al., 2002; Frazdo and V2807,

Diez et al., 2007; Duarte et al., 2007).

Intra-sedimentary plumeshese are anomalies consisting of parabolicctfts that cross-cut real reflectors

(Iglesias and Garcia-Gil, 2007; Souza et al., 2011)

Pockmarksthese are crater-like features of different diterse(from centimeters to kilometers), evident on
the sediment water interface, that are causedunysf(gas and liquids) erupting and streaming thhotine
sediments into the water column, which can caustat#ization of the sediment matrix, collapsingd#

and liquefaction (King and McLean, 1970; Garcia-&ihl., 2002; Iglesias and Garcia-Gil, 2007).

3. Methods

As we will outline, gas as a pervasive featurehie sedimentary record can be visualized by a number
different seismic tools at differing scales andohesons. We describe the gas accumulation sigeatof
nine different environmental settings from the keut hemisphere. These include several large Brazil
coastal waterbodies and embayments (e.g. Patooha@mnceicdo Lagoon and North Bay, and Guanabara
Bay), estuaries (e.g. Santos Estuary) and eveheamatonments (e.g. Rio Grande do Sul continesitif).
Examples are also highlighted from Argentina’s agas (e.g. the Bahia Blanca Estuary) éimese are
compared to examples of coastal water bodies ffwmetist coast of South Africa (e.g. Durbarn Bay and

Lake St. Lucia) where sediment supply is signiftbalower.



3.1. Brazil

To study the sub-bottom features of fetos Lagoor{Fig. 1), 3.5 kHz seismic records were obtainetth ai
GeoAcoustics sub-bottom profiler, consisting of aoBulse transmitter (5430A), a GeoPulse receiver
(5210A), a 132B transducer array (4 mount), a Geqiocessor system and tBenarWiZ acquisition
software (saved in SEG-Y format; vertical resolntto 10 cm). 7 kHz echograms with vertical resolutd
~ 20 cm were also considered, these were acquuedgda previous survey with a Raytheon shallow

seismic system (details in Toldo et al., 2000).

Shallow seismic records were acquired on the adjaB#o Grande do Sul (RS) continental shelf ~20
kilometers from the Patos Lagoon mouth (Fig. 2)taDaere collected using a Bathy 2010 CHIRP sub-
bottom profiler with four transducers of differéntquencies ranging from 3.5 to 33 kHz. Processinthe

seismic images was performed usingSomarWi? software. The vertical resolution is ~ 10 cm.

Further north, the echo-characters of gaseous setinrand their spatial distribution in ti@onceicdo
Lagoon and North BagFloriandpolis) (Fig. 3) were also examined, basedhigh-resolution CHIRP seismic
records. The Conceicdo Lagoon was surveyed withdgetech 3200, model SB 512-1, sub-bottom profiling
system. The selected frequency range was of 1kidz6 resulting in a vertical resolution of ~ 15 cithe
North Bay was surveyed using an Edgetech 3200, m8B@16-s, sub-bottom profiling system, with
frequency range from 2.5 to 15 kHz, resulting wedical resolution of ~ 6 cm. In both surveys, idetand
frequency modulation was used employing Edge TehllsSpectrum CHIRP technology. In tandem with
the seismics, an Interferometer Bathymetric and 849 Sidescan Sonar (SSS) system (Edge Tech 4600)
was used to map the bottom of the Concei¢ao Lagearthermorejn situ scuba diving photographs were

obtained of features suspected to be gas leaks.

To characterize the gas features in 8antos estuarine compléSE Brazil) (Fig. 4), a shallow seismic
survey was performed using a Meridata MDDSS (MMitide Sonar System) system, with two CHIRP
sound sources (2-8 and 10-20 kHz). Processing ratedpretation were done with the dedicated software

packages SVIEW and MDPS (Meridata Finl@nd he vertical resolution is ~ 10 cm.

To locate the gas occurrences within the Jurujuban& of Guanabara Bay(Fig. 5) a high-resolution

seismic survey was conducted using an EdgeTech Z&08ub-bottom profiling system with a SB-512i



towfish. The system uses CHIRP technology andriguiency of operation was 1 to 6 kHz, with a valtic

resolution of ~ 10 cm.

3.2. Argentina

Numerous seismic surveys have been conducted iBah& Blanca EstuaryFig. 6), totaling over 1,000
line km of profiles. The information was obtaingdrh high resolution seismic profiles (3.5 kHz), ki
Geopulse Transmitter 5430A. Four GeoAcoustics 18@Bsducers were arranged with this equipment with
a maximum power of 10 kW, thus optimizing the seispenetration. Data positioning during the acausti
surveys was obtained in real time with a DGPS. fitoeessing and analysis of the seismic data alldhed

areal distribution of several shallow gas reses/tirbe defined. The vertical resolution is ~ 15 cm

3.3. South Africa

The southeast coast of South Africa is charactgfizeseveral marine embayments and coastal watedyod
most notably th®urban Bayharbor and_ake St. LucigAfrica’s largest estuarine system. Sub-bottonadat
were collected from both Durban Bay and Lake StiduFigs. 7 and 8) using a 200J boomer system,
coupled with an 18-element hydrophone array. Th#ica® resolution is ~ 20 cm. Data were recorded
digitally using HYPACK™ and processed for visualiaa. The Durban Bay bathymetry was also mapped
using a Reson 8101 multibeam echosounder, the mtatzessed with HYSWEEP™ and visualized in

Fledermaus.

4. Gas-charged sediments in Brazil

Acoustic surveys in Brazil have recorded anomaletiections related to gas disseminated in sedisneht
several coastal environments. In the North of tleeintry, gas commonly occurs in the Amazonas
Continental shelf (Costa and Figueiredo, 1998), Alngazon submarine delta (Figueiredo and Nittrouer,
1995; Figueiredo et al., 1996) and in the lower AamaRiver (Vital and Stattegger, 1997). The AgudRiv
canyon and the Potengi Estuary are areas with gasrences in NE Brazil (Schwarzer et al., 2006z&o
and Vital, 2007). In SE Brazil, gassy sedimentsuodn Guanabara Bay (Baptista Neto et al., 1996,

Quaresma et al., 2000; Catanzaro et al., 2004;ndat al., 2013) and Lagoa Rodrigo de Freitas (Btapt
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Neto et al., 2011), both sites in Rio de JaneiaieStand in the Bertioga Channel in Sao Paulo G,
2012; Feélix and Mahiques, 2013). In the South, samturrences have been reported in the Patos Lagoon
(Weschenfelder et al., 2006, 2008, 2010) and irrther continental shelf of Rio Grande do Sul S{&8)
(Terra et al., 2014), and in the North Bay and @g#&o Lagoon in the Santa Catarina State (Souah, et

2011; Guesser et al., 2012).

4.1. Gas in the Patos Lagoon, Southern Brazil

The RS coastal plain is a wide lowland coveringuath33,000 kify bordering highlands to the west and a
wide (average width of 125 km) and very gentle gmaid(1.3-1.4 m/km) continental shelf to the Edste
Patos Lagoon is the most remarkable physiograghitufe of the lowland, covering an area of 10,000 k
with a NE-SW oriented length of 240 km, an averagith of 40 km and a depth of 6 m (Fig. 1). Theolag
environment is protected from the nearby high-epevgve-dominated ocean, yet the lagoon bottom and

margins are influenced by local waves that mayhegrcto 1.6 m (Toldo et al., 2000).

The seismic data revealed anomalous acoustic aoafigns that have been attributed as typical for
sediments loaded with gas (Fig. 1). Overall, gassyiments in the Patos Lagoon are concentrateldein t

deeper areas, where muddy sediments occur, asezpfibthe sandier margins.

The gas curtains typically occur in the centralt pafr the lagoon, associated mainly with topographic
depressions (Fig 1d, e). A gas curtain occurringont of the Camaquéa River mouth is well-defingdéb
large (~ 7 km wide), continuous gas box with arggroeflector marking the upper surface (Fig. lghtri
side). However, in the same section, but separiayed palaeo-topographic high (middle), the echogram
shows a gas curtain with a diffuse upper limit (Fig, left side). Further southwestward the gasagur
grades into an acoustic turbid zone and beyondztina with minor to no quantities of gas. The ocsuce

of gas-charged sediments is notably common in #idaep-topographic lows inherited from the former
coastal plain topography (Fig. 1d).

Gas curtains span a lateral range from betweew anfeters to several kilometers in the lagoonal lsoittem
(Fig. 1). Several acoustic windows can occur alibregseismic profiles enabling the internal struetof the

seismic and sedimentary units to be established.



The lateral extent of the acoustic turbid zonessgan up to several kilometers in the Patos Lageoords
(Fig. 1e). In some places the upper surfaces ektlgas accumulations are diffuse, sometimes regathen
lagoonal bottom. A gradual lateral transition fragoustic turbid zones to gas curtains or to zondsout
gas was observed in some echograms (Fig. 1e). dljpiacoustic turbid zones form at the border @tket

gas along the lagoon margins and in sandier sedamnepackages.

In the northern sector of the lagoon , severalogasins interspersed with acoustic windows, irtasowith

minor quantities of gas or gas free, occur alsoipan the innermost lagoonal area (Fig. 1a).

4.2. Gas in the Rio Grande do Sul Continental ShelSouthern Brazil

The seismic records acquired ~ 20 km offshore fthen Patos Lagoon mouth (Fig. 2), show mainly gas
curtain features. Figure 2a shows a gas curtairkh.3vide and its top is located 10 m below the sdab
(segment a—a', Line 4040). The gas curtain in tbél@ segment b—b' (Fig. 2d, Line 0922), has atlwioff

1.7 km and occurs at a depth of 8.4 m below thbegkalhe gas curtain of the segment c—c' (FigL2e,
0922) has a width of 5 km and is found at a dep®@®m. The gas curtain d—d' (Line 4551) in fig@kehas

a width of 2.35 km and is at a depth of 10.5 m, he the gas curtaining depicted in segment eigg'ZE)

is 1.6 km wide and its top is located 12 m beloevgkabed.

These five occurrences display anomalous reflestadraracterized by acoustic turbidity zones withiedi-
defined upper surface, abrupt endings, columnaurthances and obscuration of sedimentary structures
These features are characteristic of gas curtamimmpcket gas, the high content of which may be tduthe
upper plane-parallel layers acting as seals prewusignificant gas seeps (Fig. 2b, c). It is ntaatihat

several incised valleys have been recognized iautha (Abreu and Calliari, 2005; Terra et al., 9014

4.3. Shallow gas in the Concei¢do Lagoon and NorBay, Santa Catarina, Southern Brazil

The Conceigao Lagoon and the North Bay of Santardat are located on the rugged bedrock headland-
strand plain coast of Santa Catarina State, SautBeaizil (Fig. 3). These areas are dominated bgelar
bedrock headlands, reentrants, and bays and lag@b@ms (Klein et al., 2010; McBride et al., 20I})e
surficial sediment of the Conceicdo Lagoon is pmeidately very fine to fine sand in shallow watedsg 2

m), and becomes increasingly muddier with deptto(210 m) (Gré and Horn Filho, 1999). The North Bay
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surface sediments are predominately mud, rich gamic matter and total sulfur (0 especially in

localized hot spots of accumulation (Bonetti et 2007).

The shallow gas accumulations frequently causectiraplete masking of the seismic record and the
underlying reflectors (Fig. 3a, b, ¢, d). This rensl the determination of any stratigraphically agep

features, the connection to a gas supply, and @isyne-depositional characterization of the system.

There are three main types of shallow gas featwresh appear in the North Bay seismic records: sittou
blanking, turbidity pinnacles and intra-sedimentpiymes (Fig. 3a, b). Acoustic blanking is most awon,
and normally occurs in the northern part of the. BEye presence of pocket gas in the central Noeth B

coincides with the palaeo-topographical low in frohthe Biguacu River delta.

In the Conceicdo Lagoon the most common featunedan the echograms is acoustic blanking, follovwgd
acoustic plumes and black shadows (Fig. 3e, f)y@nkhe southern part of the lagoonal system d@seh
features occur deeper in the subsurface. The presdrgas in SBP is accompanied by pockmarks strest
observed in SSS records (Fig. 3c, d), coupled thighpresence of acoustic plumes in the water @)gThe
pockmarks were also photographed during scuba gliejprerations (Fig. 3g). The average diameter of the
pockmarks is ~ 1.0 meter and the density of pockeeanges from 53 to 242 per 56.Mhey are generally

linearly oriented and regularly spaced in areaccdispersed in area d (Fig. 3c. d).

4.4. Gas-charged sediments in the Santos Estuang 8razil

The Santos estuary is located in the State of $&toHSE Brazil) and comprises a complex of esteari
channels (Fig. 4). The Santos Channel, also nanaglddd Channel, forms the primary connection tosie.
This channel houses the most important harbor ohl&merica, one of the most important industriahes

of the country and one of its most populated coastdropolises (Alfredini et al., 2013).

The characterization of gas features and theirtioglship with the Quaternary evolution in the Santo
estuarine complex has been partially describeddhx Bnd Mahiques (2013). These authors analyzeseth
aspects in the Bertioga Channel, a secondary @stueinannel which flows into the Harbor Channethe

ocean. Moreover, both gas accumulation and eseagperés were analyzed as a tool to determine thefag

the gas formation and sedimentary patterns andnoigsa
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Figure 4 shows the location of gas occurrence asdfeatures in the middle and lower Harbor Chankel.
observed, there is a prevalence of gas curtaingst of the seismic lines (b, ¢, d, e). Exceptioosur to the
innermost profile (f), in which acoustic blanketem to be the only gas features; also, the outénpnofile
(a), located at the entrance of the estuarine isystdere turbidity pinnacles are the most commaruiies.
The presence of turbidity pinnacles is stronghated to the sandy grain size of the overlying sedis)
which allow the leakage of gas. Notably, gas comaj is associated with onlapping drape fills abcugtly
blanks the uppermost stratigraphy of the fill ssseen (Fig. 4e). These appear to be infilling acised

valley form.

The gas escape features could be related to thevetrof sealing cap curing dredging activities e t
Harbor Channel, which took place since 2010. Thisnisive dredging activity makes it difficult inree
cases to identify the original signatures of ga#vi#g along the channel. Moreover, this practieads to a
potential environmental problem, since the remooflthe sealing layers promotes the escape of an
unmeasured amount of gasses to the water columnoatig atmosphere. This is particularly important

such a densely populated region (Alfredini et2013).

4.5. Gas-charged sediments in the Guanabara Bay,dRile Janeiro, SE Brazil

The Guanabara Bay is one of the most prominent bbysy the Brazilian coast (Fig. 5). Located on the
coast of Rio de Janeiro State, it has an area pfogjmately 400 krh and is a typical coastal estuary
dominated by tidal currents (Quaresma, 1997). lRtsthe whole area is undergoing severe envirornahen
degradation driven by intense anthropogenic a@wiin the 7 municipalities located along its masgiThe
drainage system around the bay, responsible fot afdse organic matter transport to the bay, aro260

ka BP. The Jurujuba Sound is located in the Niterdnicipality, on the eastern margin of Guanabaag. B
The Sound ranges in depth from 5 to 7 m at itsaect to 3 to 4 m at the centre. It is surrounded bsnall,

steeply sloping catchment that is typical of thetBeast coast of Brazil (Baptista Neto et al., 3000

The gas features seems to occur in the weaklyfedabnlapping drape packages within the incisetiey
fill of the study area (Fig. 5). Gas pockets hagerbrecognized at or below the seafloor. When #zeig
located at the seafloor (or at least close enooghe seafloor that the resolution of the seismaitadloes not

allow the correct definition of its position) it aers as an acoustic blanking feature (Fig. 5b)s ToWm of
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occurrence usually has several associated seaflobiples (black shadowing). When the gas accurarat
is located below the seafloor, it takes the fornmafa-sedimentary plumes and turbidity pinnackeg.(5a).
In the Jurujuba Sound, gas occurrences takes thedbdiffuse gas pockets with small isolated hyyodes
associated with gas leaks from the main area aterdmation. This occurs between 3 ms and 6 ms{2.8

m) below the seafloor.

5. Gas-charged sediments in Argentina (Bahia Blandastuary)

Shallow gas occurrences have been reported in aleasras along the South American Atlantic coast.
Examples have been documented in Argentina fronRibade La Plata estuary (Parker and Paterlinip},99
in the San Matias Gulf (Aliotta et al., 2000), andhe central Argentina basin (Manley and Flod@89).

Gassy sediments occurs also in the Bahia BlanoarggtAliotta et al., 2013, 2014).

The Bahia Blanca estuary is formed by a densefrietab channels that are separated by low altiigténds
and sand shoals (Fig. 6). This mesotidal systenatmajor channel called Principal, which is the@amte to
the main harbor complex in this region. The estuarplso characterized by the presence of largd tid

mudflats formed during the last postglacial regmsgAliotta et al., 1996, 2004; Giagante et ab12).

Inside the estuary, the gas occupies a large drdese anarine sub-bottom, spanning much of the rnaeit
front and Bahia Blanca harbor (Fig. 6). In thistegcthe acoustic signal suffers from partial omgdete
concealment of the underlying strata (Fig. 6aAt§o, the gas concentrations are located at varieyshs

and in some cases are in contact with the bottotanimterface, though no plumes are evident (Hy. 6

Acoustic blanking occurs from the middle of theuasy and onto the adjacent offshore platform (Big.d,
e). Depending on the stratigraphic characteristiog porosity of sediments the top of the gas mayroc
coincident with the sediment stratification (Fig) 8ikely along sealing layers which acts as aibafor the
ascension of gas. Areas of larger gas occurreneeslangated and generally associated with proggadi
facies with inclined strata toward the gas fieldg(F6d, e). The base of this sequence correspandgs t
discontinuity with associated onlap terminationgy(lBd). These configurations are generally reldtethe
infilling package of palaeo-valleys, whose preseimcéhe sub-bottom is correlated to the ancientstada

drainage network.
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6. Gas-charged sediments in South Africa: marine epayments and waterbodies of the east coast

In southern Africa, several gas accumulations i tipper sedimentary packages of the Namibian and
western South African shelves have been documéBtaAvraham et al., 2002; Emeis et al., 2004) ti@n
east coast, gas charged sediment appears to bl mbsent from shelf strata (c.f. Green, 2011)utio
several authors documented the occurrence of gasradations in the coastal water bodies, lagoomks an
embayments of the region (Wright et al., 2000; Mkhi2014; Green et al., 2015). Acoustic surveysvshe
presence of gas-charged sediments in the Durbarh&dopr (Fig. 7) and Lake St. Lucia (Fig. 8), Afie

largest estuarine system; both sites are addrbsted.

6.1. Gas-charged sediments in Durban Bay

The Durban Bay (Fig. 7, inset) is a large, micrattiedstuarine complex underlain by several bedrastdd
incised valleys that formed during the last gladeglacial cycle. The valley fills comprise a tygic
transgressive package of infilling, characterizgatlay-rich deposits, intercalated with tidal sdutlies and

capped by silt-rich sands (Mkhize, 2014).

In the deeper areas of the Durban Bay (> 5 m wa@gpth), gas accumulation features manifest maisly a
sheets of acoustic blanking (Fig. 7a). In the shedk areas occur the features turbidity pinnacies
brightening and acoustic blanking (Fig. 7b). Selvgess escape structures are evident in the maitidsiib
channel of Durban Bay (Fig. 7c), especially whargrent scour is pronounced and the bottom sedisent
sandier. These gas escape features comprise a&cplusties and seafloor pockmarks. The shelterederatu
of the Durban Bay, together with the very smallimlige systems that now enter the system, are likely
foster accumulation of finer grained material knower their association with gas trapping (e.g.
Weschenfelder et al., 2006). Fringing the systeensaveral mangrove growths from which organic rich

material is derived.

6.2. Gas-charged sediments in Lake St. Lucia, NE Gi Africa

The large estuarine lake system of Lake St. Luaia fmany features of gaseous sediments (Fig. 8). The

system comprises a series of incised valleys wititipbe compound fills, the most pronounced of whic
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was formed during the Last Glacial Maximum (LGM)1& ka BP. The fills comprise a typical transgressi
package, characterized by clay-rich deposits, ¢atated with tidal sand bodies and capped by laoest

clays and silts (Green, 2011).

The more proximal landward portions of the laketeyysare dominated by pronounced acoustic blanking,
gas brightening and the occurrence of prominertkb&adowing of the seismic records (Fig. 8a, e T
proximal areas are typically muddy-bottomed and lgaisbling from the lake floor is often observed.sGa
shadowing is associated with layers of stiff clagttcap the valley fills of several of the LGM agedieys.

Where this layer is not as well-developed, the dami mode of gas obscuration is by blanking.

In certain areas, acoustically turbid zones magenzertically into diffuse structures with interdementary
plumes becoming prominent (Fig. 8a, c). In thesawrthe upper clay layer is missing due to erasimhthe
gas is not as effectively trapped within the seditseAcoustic windows are evident throughout treords,
especially in areas where the lake floor is sandiee almost complete masking of the records ociturs

shallow topographic depressions, usually charaeedrby the most recent incised valley forms (F@). 8

In the more seaward part of the system, partiqulasthere the bottom is sandier, gas masking and gas
features are less pronounced (Fig. 8d, e). Here,cgdaining is the most common feature, with isala
zones of gas brightening occurring in the infillidgapes of several of the older pre-LGM incisedeya
(Fig. 8d, e). Gas tends to be more weakly diffusedughout the substrata and the quality of thensiei

records is not as compromised as that of the praameas.

7. Discussion

Here we discuss, based on our examples, the vai@gotus's contributing to the genesis, preservasiyte
and overall preservation potential of gas bodieshiallow coastal and marine sediments. We outliee t
general stratigraphic architectures associated vatlous gas signatures and relate these to thesidiemal

environments they are associated with.

7.1. Generation of gas

Biogenic degradation of organic matter in sediménteported by Kaplan (1974) as a main sourceasfig

marine sediments. On the basis of our own examplesgconsider that the gas accumulations described
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occur in dominantly fine-grained sedimentary defgosf the Quaternary and most notably of the céntra
basin deposits within transgressive incised va#iggtems. In almost all of our examples, the mais ga
occurrences are found in the inner to middle segsneh incised valley systems. We assume that the
majority of the gas we observe is derived from gh#ling of organic-rich material in the centratussine
basins of these hosting incised valleys. The strasgpciation with the onlapping, drape type reflect
arrangements of these areas is strongly suppatities. Gas concentrations may have thus origthértam

the degradation of organic matter ensnared in sadimesulting in the formation of interstitial gadduch of

the organic material in these systems is introdw®dlocculants (central basin) or from bayheadaitel
growth into the estuary (e.g. Zaitlin et al., 1998arcia-Garcia et al. (2007) show that the soafahallow
gas in Holocene strata can vary, with many of te&amples of gas, especially in deltaic areas,céssa
with organic material delivered by flood incursiorihis is the case for the Patos Lagoa (Fig. I, t
Conceicdo Lagoon (Fig. 3e) and the Santos Estlragy 4) where gas is clearly associated with thpeup
stratigraphic packages near the main bayhead deltdary points to the lagoon systems. In the céithen
Brazilian and South African coasts, the tropicasubtropical climate favors the development of mawes

and swamps, which are highly productive and furitevide autochthonous organic matter.
Irrespective of source, most of the gas we desdnde experienced an upward migration (curtaining,

acoustic turbidity, intrasedimentary plumes), whishthen controlled, to a greater or lesser extentthe

stratigraphic layout and sedimentological charasties of the overlying materials as discussedwelo

7.2. Stratigraphic signatures on gas preservationral style

7.2.1. Acoustic blanking and gas curtaining

We contend that gas curtaining is dependent orstitagigraphic characteristics and porosity of sedits
that have transgressively infilled a series of aibows or incised valleys. The gas signature nefuther
altered by the location along the incised valleyfitg, in addition to the inherent hydrodynamic
characteristics that occur.

Apart from the Bahia Blanca estuary, all of thetsys that we describe and which experience strasg g
curtaining are inevitably associated with the tiagpof fine-grained sediments during the transgvess
infilling of palaeo-lows within a predominantly loenergy, sheltered setting. This is evidenced ftben
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general trend for gas curtaining to occur in afaew-amplitude, draped reflector configuratiohsitt are
commonly interpreted as the central basin depaditsither wave-(Green et al., 2013) or tide-donedat
(Zaitlin et al., 1994) estuaries. These seismiefabave been verified by many authors (e.g. Nordfgt al.,

2006; Chaumillon et al., 2008) as comprising muduatganic-rich material.

In many of the areas examined, the top of the gaars coincident with an upper sealing layer, wlacts

as a barrier for the ascension of gas (Figs. %,dhd 8). Lin et al. (2010) show that clay-rich epporizons
provide effective cap beds for the shallow gasesystin the outer segment of the incised valleyséheap
beds may comprise old estuarine remnants of theeidosalley (e.g. Lin et al., 2010), overlain bysface
sands. In the inner and middle segments, cap lagaysbe derived from tidal channel abandonment (e.g
Moslow and Tye, 1985), muddy intertidal flat depiosi (Fenies and Faugéres, 1998; Lin et al., 2@t0)

compaction of settled flocculants in microtidalts®s (e.g. Hughes et al., 1998).

Lake St. Lucia in South Africa (Fig. 8), the Pat@goa and RS shelf (Figs. 1 and 2) and the Guaa®my
(Fig. 5) show clear transitions from the incisedlexato an upper unconfined lagoonal/lacustrine or
shoreface environment. The gas trapping horizoaneld between interfluves and terminates at rouiidy
same stratigraphic height within the valley, thoubfs layer can be discontinuous. In the more lydal
influenced examples (e.g St. Lucia and Guanabayy Bee consider this level as consistent with thfathe
tidal ravinement surface, which has truncated,nmtitcompletely eroded the older abandoned muddgdac
Where small windows occur, this may be due to titalized erosion of tidal channel migration thag bat
small channels into the underlying central baspos#ory and allowed gas to escape. GuanabaraBinei
best example of this (Fig. 5), with small chanridlghe scale of the contemporary tidal channelsdha gas
free, interspersed by strong gas curtaining. Inntioee extreme microtidal settings of the Patos baog.

1), the gas windows may be a result of discontisuateral deposition of the sealing layer, likelfuaction

of the very wide valley forms (> 4 km) over whichveral hydrodynamic conditions operate to produce

lateral variability in the facies (e.g. Calliariadt, 2009).

On the shelf (e.g. the RS shelf), the preservapotential of shallow gas is complicated by addgion
erosion in the form of wave ravinement. Howevergewrehsufficient accommodation existed in the form of
incised valleys, the central basin stratigrapheta are preserved and capped by shoreface defmsjis

Green et al., 2013). Lin et al. (2010) considet tha greater overburden depth, the greater thedase in
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the sealing ability of cap beds. The extra overbnrdf the shoreface deposits is likely to contebiat this.
Where gas is not confined to incised valleys (@kyar and Ediger, 1999; Emeis et al., 2004), thaatures
are more diffuse (e.g. acoustic blanking and pile®cuggesting the trapping potential is not geificant

as that provided by the incised valley stratigraphy

7.2.2. Acoustic turbidity, intrasedimentary plunees pockmarks

Gas signatures indicative of partial diffusion withhe stratigraphy, or escape of gas to the watrmn
can be related to several factors. We consideetiveonmental setting to be an important one. Whieee
setting is predominantly sandy, often times relatedeither sediment supply (e.g. supply of sandier
sediment) or local hydrodynamic regime (e.g. pesigal whittling by tides or wave circulation patie in
shallow areas), these may preclude effective cajzdrs from forming and promote the permeation and
diffusion of gas through a more porous sandy bddhe Bahia Blanca estuary is a good example of this.
Presently large areas of acoustic blanking andstimowrbidity are found in the estuary (Fig. 6)ladjacent
continental shelf. These appear as large prograstmgl packages (Fig. 6c, e), likely related to titial
processes of the mesotidal system. The preservptutantial of these gas accumulations seems pagor fo
several reasons. Firstly, the current regime idhhgrecluding the deposition of fine cap horizomsl a
promoting the dissemination of gas in the sandigl tbedform units (e.g. Lin et al., 2010). Secondie
inevitable tidal ravinement of these bedforms frarmesotidal perspective, will certainly remove velvar
layers are acting as temporary seals. SpecifingdBahia Blanca estuary, the shallow occurrentbeofjas
may also affect preservation style and potentiath Wittle overburden to promote an increase in cap

effectiveness.

In shallow areas dominated by wind-wave reworkifighe sea and estuarine floor, this consistentgjh hi
energy will act to remove any muddy material aneclude the development of muddy cap layers in the
stratigraphy. The bed of Lake St. Lucia is commaniybile during prolonged periods of wind (Schoen et
al., 2014), especially so in the more distal a(&&g 8d and e). Though no studies have been waldarton
this, personal observations by the authors fromGbeceicdo Lagoon and the Durban Harbour of similar
phenomena have been made. In all these examplespngider the shallow and well-mixed areas of the

systems to be related to gas release through édlirasntray plumes, turbidity pinnacles and pockmmaylof
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the sea/estuary floor. The pockmarks are the mdopleal expression of gas leakage and local erosion
(Dando et al. 1994; Driscoll and Uchupi, 1997). Tpeckmark morphology and associated plumes
demonstrate that gas is being leaked to the walamn in both environments. The gas escape stestur
occurring in the channel of Durban Bay (Fig. 7) wcm close association with sandier substratestdue
wind-wave winnowing. In the deeper areas of théesys gas accumulations manifest as sheets of acoust
blanking, gas curtaining, brightening, and gas eiadwhere the impermeable layers are below the-wind

wave base.

The gas-related features presented and discussedriay provide some significant clues for the miodgel

of the geological evolution of coastal environmentainly during the Quaternary, a period recognized
worldwide as being marked by significant shiftscoastal depositional systems triggered by oscilpiea
levels during the Pleistocene. Where gas accungltiies suggests the association of transgressiiéng
packages within low-lying topography of the palaeastal plain. This may be a key factor in intetipge
the transgressive evolution of various sub-troflicgical coastlines where gas is found obscurimg t
seismic records. The shallow gas-accumulationstifikzh here are also all related to the most regqerst-
glacial transgression. Despite there being evidericeompound incised valleys in the systems deedrib

(e.g. Figs. 1, 7 and 8), gas is invariably assediatith the youngest post LGM-aged infill packages.

8. Conclusions

Gas interspersed in sediments causes a signifieiatt on the geoacoustic behavior, thus the gas
accumulation can be clearly identified in echograaasanomalous or chaotic reflections. The gaseglat

anomalies show distinctive morphology for sedimeapped gas, leaking or free gas in the water colum

Gas-charged sediments occur in the several Brazilastal waterbodies and embayments (Patos Lagoon,
Conceicdo Lagoon and North Bay, and Guanabara Bay)aries (Santos Estuary) and shelf environments
(RS shelf); also occur in the Bahia Blanca Est@Argentina) and in the coastal water bodies frodtth
Africa (Durbarn Bay and Lake St. Lucia). In sevarhthe coastal sites the gassy sediments ocaneis of
former topographic lows related to fluvial chanrafgl valleys developed in the coast due to Quatesea
level oscillations. The gas occurrences are bessepved in former topographic lows, either in actua

inner/mid segment of incised valleys or if in thatey segment, in the central basin deposits. Their

18



preservation may be reduced by the tidal ravinefwant ravinement processes that can remove theynmudd
sealing layers, or by the inherent hydrodynamiaesses that occur in shallow, wind-wave mixed lagoo
and estuaries. Where the gas is capped by sandyiabapockmarking and gas plumes occur (with a low
preservation potential). These are also areas wdrgemic detritus accumulates best, so the gasapuare
preferentially supplied in these areas. This faydiy former topographic features results in theuaence

of shallow gas being controlled in most places lg previous environmental scenario and the spatial
distribution of the sedimentary facies. The vari@as-related features provide clues for modelirg th
geological evolution of coastal environments, mainlthe Quaternary period when the coast was sgver
affected by previously oscillating sea level andoasated shifts in the depositional systems cheristics.

In most instances, the gas is relatively youngiarassociated with the most recent postglaciaktyeessive

infilling period.
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Figure Captions

Fig. 1. Gas-related acoustic anomalies in echograpm the Patos Lagoon, S Brazil. The blue box

represents the area shown in the Google Earth imatiethe position of the seismic lines analyzed.

Fig. 2. Gas-related acoustic features of the Ran@e do Sul inner continental shelf, S Brazil. Bhes box

represents the area shown in the Google Earth image

Fig. 3. Locality map and seismic profiles, siderssanar and scuba diving photographic surveys én th
North Bay and Concei¢cdo Lagoon, Santa Catarina S&aBrazil (from Klein et alin preparatior). The

blue boxes in the Google Earth image represerdrie of study.

Fig. 4. Location of seismic profiles and gas feasun the Santos Harbor Channel, SE Brazil. The bhx

represents the area shown in the Google Earth image
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Fig. 5. Location of the seismic survey and gas menices and gas-related features in the Guanalmra B

Rio de Janeiro, SE Brazil. The blue box represenmgsrea shown in the Google Earth image.

Fig. 6. Shallow gas occurrences in the Bahia Bl&staary, Argentina.

Fig. 7. Gas accumulation features in Durban Ba$oHhth Africa (profile locations shown on Google thar

image). White dashed box shows location of bathgyrsirvey.

Fig. 8. Examples of gas accumulation features &kL%t. Lucia, NE South Africa. Red arrows on sch@&na

indicate the position of the deepest point of tE\M.incised valley.
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Highlights

Describe gas-related anomalies in echograms from Brazil, Argentina and South Africa

Discuss gas structure variability amongst diverse settings

Type of gas features depend on pal aeo-environmental scenario and sediment grade

Gas is associated with the postglacial transgression and infilling of low topography
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