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Abstract

Circular to elliptical topographic depressionsjased or organized in trails, have been observed on
the modern seabed in different contexts and wapethd. Such features have been alternatively
interpreted as pockmarks generated by fluid flow, sediment waves generated by turbidity
currents, or as a combination of both processeshdnatter case, the dip of the slope has been

hypothesized to control the formation of trailsdofvnslope migrating pockmarks. In this study, we
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use high-quality 3D seismic data from the offsh@eard Basin (Equatorial Brazil) to examine
vertically stacked and upslope-migrating trails depressions visible at theeabed and in the
subsurface. Seismic reflection terminations andtaitrarchitecture indicate that these features are
formed by cyclic steps generated by turbidity catsewhile internal amplitude anomalies point to
the presence of fluid migration. Amplitude Versuffsé& analysis (AVO) performed on partial
stacks shows that the investigated anomalies dorgmesent hydrocarbon indicators. Previous
studies have suggested that the accumulation afigshle and porous sediments in the troughs of
vertically stacked cyclic steps may create vertuehways for fluid migration, and we propose that
this may have facilitated the upward migration afiree pore water due to fluid buoyancy. The
results of this study highlight the importance od\gty-driven processes in shaping the morphology
of the Ceara Basin slope and show how non-hydrocefinids may interact with vertically stacked

cyclic steps.

Keywords: sediment waves; cyclic stepsgrtical fluid migration; turbidity currents; seign

geomorphology; Ceara Basin; Brazil

1. Introduction

The study of fluid migration in marine sedimentss hattracted considerable attention among
geoscientists due to its importance in predictimggresence of deep-seated hydrocarbon reservoirs
and in understanding the seal capacity and physgicgerties of specific stratigraphic intervals
(Hovland 2003; Judd and Hovland, 2009). Circularetbptical topographic depressions, with
diameters ranging from hundreds of metres to a kdemetres and depths up of hundreds of
metres, have been observed on the modern sealmbffea¢nt water depths and ascribed to the

vertical migration of fluids or gas (i.e. pockmarkisng and MacLean, 1970; Hovland et al., 2002;
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Loncke et al.,, 2004). Fluid migration may take pladue to pure overpressure mechanisms,
overburden decompression due to sea level falheskarosion, or destabilization of gas hydrates
(Plaza-Faverola et al., 2011; Kramer et al., 2@attoni et al., 2019). Fluids can be sourced from
deep-seated hydrocarbon reservoirs (Heggland, 198&:th et al., 2011; Maestrelli et al., 2017) or
from shallow stratigraphic intervals due to diagaseformation of biogenic gas, or dewatering of
channel-fill sands and mass-transport deposits i@3a2003; Meadows and Davies, 2007; Pilcher
and Argent, 2007; Gay et al., 2007; Taviani et2013). Alternatively, where there is no primary
evidence of fluid migration, such as gas-chargetinsents or fluid pipes, turbidity currents have
been considered as a leading process in the fammatiseabed depressions. Seminal works in the
Monterey canyon, offshore California, illustratedwh turbidity currents showing streamwise
alternations between sub- and super-critical flegimes may generate circular to elliptical seabed
features, namely cyclic steps (Fildani and Norma@Q4; Fildani et al., 2006). Several studies have
subsequently highlighted that cyclic steps can ateggboth down-slope and up-slope and that can
be generated through erosion, deposition, or a owtibn of both processes (Cartigny et al., 2011;
Fildani et al., 2013; Cartigny et al., 2014; Covaatl al., 2014; Garcia et al., 2016; Symons et al.,
2016; Carvajal et al., 2017). On the Brazilian nmargdeini6 and Davies (2009) described how
turbidity currents interacting with discontinuitiga the topography of deep-water channels
triggered the formation of sediment waves that ws@linto circular depressions up to ca. 100
metres deep. Similarly, Lonergan et al. (2013) psagl that gullies and sediment waves associated
with surface depressions on the upper slope ragffishore Gabon were formed by mud-rich sheet-
like turbidity currents showing lateral changeshe flow velocity. On the continental margin of
Equatorial Guinea, vertically stacked circular aessions have been observed in the late stage infill
of submarine canyons and interpreted to recordreess®f cyclic steps generated by diluted
turbidity currents that evolved into pockmark tsailuring the passive infill of abandoned canyons
(Jobe et al., 2011). In a recent study, Ho et2dl12b, 2018) showed how the stacking of sediment

waves generated by turbidity currents may intenattt fluid migration, providing pathways for the
3



73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

upward migration of hydrocarbon-rich fluids thabprote the formation of downslope migrating
seabed depressions referred to as advancing pokcgmarthe present study, we use high-quality
3D migrated and stacked seismic data from the oftsiEeara Basin (Equatorial Brazil) to describe
sedimentary depression features, often organizettails, observed at the seabed and in the
stratigraphy underneath. We characterise the iatenrchitecture and the distribution of amplitude
anomalies of the near-surfaced (< 1.5 s) stratigcamtervals to provide a possible evolutionary
model of the margin, discussing differences andlaiiies with sedimentary features previously

reported in other settings.

Our results highlight the importance of gravityw#m processes acting on the Ceara Basin slope,
showing how they are capable of shaping its mogholnd drive its evolution during Neogene,
interacting with migration of non-hydrocarbon flaidnd creating permeable pathways through the

staking of cyclic steps depression.

2. Regional geology and study area

The study area is located in the Mundau sub-Bdsm (L) which is part the offshore sector of the
Ceara Basin (Brazilian Equatorial margin, BEM; Jwveet al., 2016). The Brazilian Equatorial
margin started to develop in the Early Cretaceawestd breakup of the Gondwana super-continent
(Asmus and Porto, 1972; Morihak et al., 2000). Boaith Atlantic rift system is bounded to the
north by the transcurrent fault system associatiék the Romanche Fracture Zone (RFZ) and to
the south by the Malvinas Plateau (MP; Fig.1). R is a linear fracture zone with an average
width of approximately 16 km that extends over 8,% from offshore northern equatorial Brazil
to its conjugate African margin offshore Ghana dwego/Benin (Davison et al., 2015). The Ceara
Basin developed during three tectonic stages(B#triasian-Aptian), post-rift (Aptian-Albian), and

continental drift (Albian—Holocene), each recorded mega-sequences composed of continental,
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transitional, and marine deposits, respectivelytda2000). Well CES-112 is located in the north-
western corner of the study area (see green dbiginl; Conde et al., 2007) and provides broad

constraints on the Neogene stratigraphy of the &emargin (Jovane et al., 2016).

From an oceanographic point of view, water cirgalaton the narrow continental shelf is
dominated by the North Brazil Current (NBC), whitdws almost parallel to the coast from SW to
NE (Vital et al., 2010). The NBC is a combinatidinsbelf-parallel and tidal currents that together
may reach velocities of up to 40 cil @/ital et al., 2010; de Almeida et al., 2018t depths of

around 4,600 metres, the BEM is affected by thepD&estern Boundary Current (DWBC), which

brings the North Atlantic Deep Water (NADW) towattie south at speeds of up to 30 ¢ s

3. Data and Methods
3.1. 3D seismic datasets & interpretation

The study makes use of two high-quality 3D seissutveys acquired in 2009 and provided by
PGS and CGG. The PGS survey (white polygon in Eigs a full stack, Kirchhoff time-migrated
reflection seismic volume covering an area of ~@,807. The volume has a line spacing of 12.5 m
in both in-line and cross-line directions and aticat sample interval of 2 milliseconds (ms). The
data are zero-phase processed and displayed soathahcrease in acoustic impedance is
represented by a blue-red-blue reflection loop ($B6Gnal polarity; e.g., Veeken and Moerkerken,
2013). Amplitude values were normalized and resctdeconstrain maximum and minimum values
between +1 and -1. The dominant frequency of #utian of interest ranges between 30 and 60
Hz. A sound velocity of 1,500 mi’sis used for seawater, and 1,800 to 2,500 hfas the near-
seabed interval of interest, calibrated using diata well CES-112 (Fig. 1). These velocities and
frequencies correspond to a best vertical resaiufionit of separabilityA/4, beingA the P-wave

wavelength) of 6.5 m for the seabed and 7.5-15mthi® near-seabed units. Taking into account the
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focusing effect of Kirchhoff migration (Brown, 2004 Fresnel zone radius of 11.6 m to 18 m is

estimated, assuming the radius is equal to theagedP-wave velocity/4F (with F=Frequency).

The CGG survey lies within the above volume ovemaller area of 500 Knand consists of three
Kirchhoff time-migrated seismic partial stacks (reaid-, and far-field trace) volumes. The three
partial stack volumes were used to perform qualgatmplitude analysis along two seismic
sections corresponding to profiles L5a and L5b (seation in Fig.1). The partial stack data were
processed using an amplitude preservation procatatencluded geometric spreading corrections
and preserved amplitude pre-stack time migratidsiT{®). The character of the wavelet was used
to correct the near-stack to zero phase. The frexyueontent ranges between 30 and 50 Hz,
depending on the near to final stacks. The pastetk seismic data were used to extract and map

the amplitude response across specific depressié t

In a subset of the data (orange dashed rectanglg.iri), time structure maps of key horizons were
generated using standard seismic interpretatidmtgqaes (Figs. 2, 3). These maps are displayed as

grids of two-way travel time values with a sampief 12.5< 12.5m (Fig. 4).

3.2. AVO analysis on partial stacks

Amplitude Versus Offset (AVO) analysis was appliednvestigate the bright and weak anomalies
associated with the depression trails investigatethis study (Castagna et al., 1998). The three
partial stack volumes (near-, mid-, and far-fietdce) were re-processed following a robust
workflow for amplitude preservation and noise s@sgion (Ross and Beale, 1994). An analysis of
seismic data quality and data conditioning simitathat proposed by Efthymiou et al. (2010) was
performed to explore systematic background phaddragquency changes across the partial stacks.
The phase was corrected by applying filters designematch the seismic far-stack to the near-

stack. Instantaneous frequency attributes were tseahalyse and compare frequency changes
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across the two partial stack volumes (Taner el8P4). Time alignment was performed to explore
and correct any misalignments. Only those portminthe partial stack data with a minimum time
shift and misalignment were considered for analyBiee AVO reflectivity was described using a
modified version of the Aki and Richards (1980) atspn simplified for small angles. The equation
was interpreted in terms of different angular rangsing the Castagna (1993) expression, where
gradient and intercept from partial stacks areutated using range stack profiles and adopting the

following expressions:

(R(85)-R(6n)

Gradient= (S5m0 —5ind3 ) (1)

Intercept =R(0) = R(8,, )- Gradient * (sin6?) (2)

The angle®,, andd, represent the near- and far- angle stacks (averagjes are 5 and 15 degrees)

and the values are plotted across a gradient varsrsept volume.

In order to obtain reflectivity values, enveloptibtites across the area of interest were calalilate
and envelope volumes attributes for each of thagbatacks that represent the value#,Rwere
generated. The near-, mid-, and far-field stackkines represent the main input to calculate
gradients using equations (1) and the intercepigusquation (2). The angle values for each partial
stacks are assigned as central values (obtainedtfre pre-stack report) to each of the partialkstac
volumes. The calculated gradient and intercept eslare plotted using a simple scatter plot
gradient versus intercept, as proposed by Castagth&wan (1997). For all anomalies, the selected
bright amplitudes were sampled along with the aatjatower amplitudes (along the same reflector)

required to create the background distribution sasaey to analyse the AVO data.

Amplitudes were analysed in small windows (minimsize of 10x10x10 3D cells, i.e., “voxels”)
to reduce the background noise that is known teeauoblems during the detection of possible gas

trends.
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4. Results
4.1. Seismic stratigraphy and key seismic horizons

The 3D seismic bathymetry shows that the seabelli(SBe study area (Fig. 1, covering an area of
~465 knf) lies at about 100 metres water depth at thef glgle, dropping to more than 2000
metres toward the continental rise, with an inageafsgradient from to more than 3downslope
(Fig. 1). The seabed is characterised by two daegons (up to 2 km wide) that incise the shelf
edge and a number of straight small channels (6800m wide) that form in the upper slope and
are often associated with sediment waves (FiginLaddition, the seabed includes a variety of
circular to elliptical topographic depressions eitlas isolated features or organized in trails (i.e

aligned depressions, often observed inside chanfiglsl).

The stratigraphy of the study area was investigagaag the 3D seismic data, after correlation with
Well CES-112. The well was correlated with key segshorizons identified in this study, allowing
us to subdivide the Neogene into two main unitg).(2), here named the “Upper Bedform Unit”
(UBU) and the “Lower Channelized System Unit” (LOSWhe sediments at the base of LCSU are
estimated to be post upper-Miocene in age. Thesei®mmic units were identified based on seismic
reflection architecture, mapping four seismic homnig (from top to bottom, the seabed SB, H3, H2
and H1; Fig. 4a,b,c,d) that delimit -or are incldde- the above mentioned units. Horizons H1 to
H3 were mapped due to their significance for thalysis of depressions observed at the seabed

(SB, Fig. 2).

The UBU lies between the seabed SB and horizonaHd ,includes horizons H2 and H3. UBU is
characterised by undulating sediment waves, ca2080m in length, and by isolated depressions
and depression trails (Figs. 1, 4). The unit isbgutwo canyons, their thalwegs marked by a yellow

line on the horizon maps of Figure 4.
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The LCSU lies beneath horizon H1 and is chara@erisy amalgamated channel systems locally
intercalated with mass transport deposits (Fig. 2s)shown by the time structure map of H1, this

unit contains trails of depressions and channelsaktend across the area of interest.

Horizons H1 to H3 are distributed through the giraphic sequence in a depth range 300-600 ms
below seabed (Figs. 2, 4). The seabed and horiEdnEl3 gently dip toward N-NE, where the
maximum depth is between 3200-3500 ms (Fig. 4s0me places the horizons are discontinuous
due to erosion by the large canyons (Fig. 4). Téabed horizon SB shows sediment waves (Fig.
4d), the geometry and internal architecture of Wwhicdicate upslope migration (Fig. 2). The
wavelength and height of these bedforms are 250/@0es and 10-50 metres, respectively (Fig.
2a, c). Between the two canyons, isolated circadgaressions (red arrow in Fig. 4d; line L3 in Fig.
3a) and trails of elliptical depressions (orangewrin Fig. 4d) are oriented downslope and aligned
along small channels. The steep flanks of the camywe eroded by small gullies or slope failures.
Some of the isolated depressions in the area édke anain branch of the eastern canyon (white
arrows in Fig. 4d) maintain the same position betwiéhe seabed and horizon H3. Horizon H3 (Fig.
2c) shows depressions both isolated and organigerhiégs along a channel-like feature (Fig. 4c).
The isolated depressions tend to form broadly spé&eds or to merge into larger features with an
elliptical geometry. Trails of depressions nuclealieng pre-existing erosional channels (Fig. 4c)
between the two large canyons (Fig. 5). The canwmkschannels visible on horizon H3 maintain
the same position as observed at seabed. Horizois El2aracterized by sinuous bedforreangu
Symons et al., 2016) with a wavelength of abe@® m, their crest marked by blue dashed lines in
Figure 4b. Downslope of these bedforms, circulagoression features are present in the intra-
canyon area (Fig. 4b). This time structure map shthat the depression trails are widespread and
interact with the sinuous bedforms. Horizon H1 ipraminent surface separating UBU from the
underlying LCSU unit. On the H1 time structure n{&m. 4a), it is possible to observe trails of

depressions and channels that extend across fhe slo
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4.2. Lateral and vertical distribution of depressims relative to channels/canyons

Mapping of the four seismic horizons reveals tHe¥ang key information: (a) the canyon features
observed on H1 (Fig. 4a) represent the precurddisgeanain canyons observed at the seabed (Fig.
4d); (b) the canyons remained erosional featuresutffh time, while the inter-canyon areas
continuously aggraded (Fig. 4); (c) both isolategréssions and linear trails of depressions are
observed across the entire slope, along both thengis and the inter-channel areas (H1-H3 in Fig.
4 and Fig. 5). The observed seabed canyons haye etesive walls, up to 200-300 metres in
height, with little or no evidence of overspill deits. Although at seabed and in the subsurface
some of the depression trails appear isolated (SBd. 4d), many others are localized along the

axes of the smaller channels, both buried andea¢kig. 4, H1 to SB).

4.3. Characteristics of depression features

With a maximum diameter of 1 km, maximum depth @® 3n, and asymmetric internal flanks, the
depressions occur either as circular to elliptisalated features (arrow A in Fig. 1; Fig. 5), or i
trails aligned downslope, in places developing anckel-like morphology (arrows B and C in Fig.
1; Fig. 2a; green arrow in Fig. 4c). Seismic pesfiorthogonal or oblique to the slope (L1 in Fig.
2Db; location in Fig. 4), show the depressions asrges of vertically stacked concave-up reflections
of variable amplitude. As indicated in Figure 3rajodifferent cross-sections (L1 to L4 ), these
features show evidence of both aggradation on theils and minor erosion on their walls and
floors, as well as onlapping by sediment waveso(esr9 and 14 along the line L4 in Fig. 3).
Stacked depressions are characterized by localoesdssurfaces marked by truncated reflections
(Fig. 2b) typically bounded by continuous horizgns. H2, H3, Fig. 3c). Some persist in almost
the same position as observed on horizon H1, teapgs depressions on the seabed (Fig. 3a, b). In
other cases, depressions are filled with sub-hotaaeflections that onlap the concave-upwards

bounding surfaces with no seabed expression (f€)g.A3 a closer scale of observation (Figs. 2b
10
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and 3c), stacking of concave-up reflections shdwas successive aggrading packages, are displaced
either (sub-) vertically or upslope (Fig. 3a, c)h&4 not eroded, each package is commonly

separated by a draping unit (Figs. 2b and 3c).

In summary, the topographic depressions are obdexlmg the slope in association with upslope
migrating sediment waves (Fig. 2a, c), and whermgnad in trails (Fig. 5) a clear link can be

observed with the slope channels (e.g., as obsenvédrizons H1 and H3 in Fig. 4).

4.4. Amplitude anomalies

Amplitude anomalies of positive and negative ptyaaire observed at different subsurface depths
across the slope and within different sedimentaatures. No bottom simulating reflectors (BSRSs)
are observed. Seismic profiles from the full stdeitaset reveal a clear correspondence between
stacked positive amplitude anomalies (arrows 1 & Fig. 2b; arrow 6 in Fig. 3a, b), negative
amplitudes anomalies (arrows 4, 5, 7, 8 in Fig.IBarrows 9 to 14 in Fig. 3c), and the depression
features. Amplitude anomalies are observed withendassive infill of the depressions (arrow 3 in
Fig. 2b; arrows 9 and 14 in Fig. 3c). Stacked arn@mavith high positive amplitude but weaker
than the seabed reflection are observed througheunfill of the depression (arrow 1 in Fig. 2b).
Besides, in places, seismic horizons with rel&yilgh positive anomalies are observed within the
draping infill of the depression (arrow 3 in Fidn)2Stacked depressions persisting up to the seabed
are characterized by weak to strong (but less thanseabed), negative amplitude anomalies
(arrows 4, 5, 7, 8 in Fig. 3a). Weak negative arl@sare observed to extend across depressions
(arrows 7 and 11 in Fig. 3a, c), and in some caseselatively flat (arrows 9, 14 in Fig. 3c). St

negative anomalies are also observed in placesketdepression trails (arrows 12, 13 in Fig. 3c).

11



265 4.5. AVO analysis of amplitude anomalies

266 AVO analysis of 3D seismic partial stack data waslartaken at two sites, corresponding to
267 positive and negative amplitude anomalies (Fig.The selected anomalies are shown along two
268  extracted seismic profiles (line L5a and L5b; trémeation in Fig. 1), together with maps of their

269 3D spatial distribution (Figs 6b, d).

270  Weak positive anomalies (Fig. 6a) are stacked awartical range of 50 ms and their geometry has
271 been mapped in detail (Fig. 6b), showing that at ittvestigated site, they have a concave-up,
272 roughly circular, geometry, with a diameter of 18I0m. Maximum brightness is observed at the
273 centre of the anomaly. Along the same reflectarfrfam the weak positive anomalies, amplitudes

274  were sampled to define a background response @atime unit.

275 Negative anomalies (Fig. 6c) are observed at tise lnd a depression characterized by a clear
276  upward migrating sediment wave. They have been swpbig. 6d) and sampled similarly to the
277  positive amplitudes, to analyse the AVO responsee BD mapping showed geometry and
278 dimensions similar to the above described posdivemaly, with the maximum brightness located
279  at its centre. Analysis of the relative envelopkigsa across both sets of anomalies and along the
280 background units, using Equations (1) and (2),wald calculation of the AVO gradient versus
281  reflectivity cross-plots presented in Figures 64 He plots are represented using the Castagna and

282  Swan (1997) diagram (Fig. 6g).

283 The AVO cross-plot for the first anomalies in Figue shows a single cloud trend from the
284 sampling of the surrounding units (blue triangles)th a much larger spread for the bright
285 amplitudes (green triangles) toward the Class | @la$s IV (Fig. 6g) and a minimal shift of the
286  point distribution towards the negative intercéfie AVO cross-plot in Figure 6f shows a similar
287  pattern of the AVO plot of the depression trails@lved in Figure 6a with the background values

288  (green triangles) showing a single cloudy trend andimilar spread in their distribution. The

12
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anomalies themselves (red triangles) also showhifoteward lower gradient, but a large spread
distribution along the diagonal of the gradientemept. In both cases, we do not observe any

distinct trend towards the negative reflectivitylaregative gradient quadrant.

5. Discussion

5.1. Amplitude anomalies: depression infill vs flud effects

In seismic reflection data, isolated amplitude aales (regardless of polarity) have several
potential causes: changes in the sediment gragm-sementation, or mineralogical composition as
well as the the presence of fluids with propersgmificantly different from normal marine pore
water (e.g. hydrocarbons or brines; Avseth etZ4110). In addition, constructive and destructive
interference near tuning thickness may mimic pdtysjral responses (Barrett et al, 2017). In near-
seabed stratigraphic units, where sand is uncalaeti and shale can be of higher acoustic
impedance, strong negative anomalies of higher iaundel than the seabed reflection (bright spots)
coupled to negative gradient and intercept val@ass 1l and Ill, see Castagna and Swan, 1997
and Fig. 6g) indicate the presence of gas withiorlgaconsolidated sediments (Avseth et al., 2010).
In areas where bright spots are present, fluidvpays like fluid-escape pipes, gas chimneys or fault
intersections may also be visible. In the abserfcua pathways, weak negative or positive
anomalies cannot be unequivocally associated \wéhptesence of fluids, but may be indicative of

sediment cementation, composition, or grain-siznges (Jobe et al. 2011, Mavko et al., 2012).

Our analysis of amplitude anomalies within the @wacup floors of the depressions shows positive

and negative anomalies with lower brightness tim@nseabed. None of the stacked depressions is
affected by seismically visible fault or pipes. AVd@Dalysis performed on two examples shows a

clear and consistent distribution of background lgoges, (blue triangles in Fig. 6e, green triasgle

in Fig. 6f) sampled laterally along the same rdfieco characterise the reference sand/shale units.

13



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

The AVO diagram shows that the sampled positive reeghtive anomalies (green triangles in Fig.
6e and red triangles in Fig. 6f) are consistenibtriduted along the trend of the background
sediments. With respect to the background sedimémesplot of the sampled anomalies shows
small or no shift toward negative gradients, bstead a slight spread toward the Class | and class
IV of the Castagna and Swan (1997) cross-plot (&@g. This distribution suggests that sandy and
muddy sediments are mostly poorly consolidated ramtdaffected by anomalous fluid saturation,
ruling out gas and hydrocarbon fluids as the cafs#ne anomalies (Castagna and Swan, 1997,

Foster et al., 2010).

These results require the exploration of altermaéxplanations for the presence of the anomalies.
Possible hypotheses for relatively weak positivd aagative amplitude anomalies stacked within
the depressions include: a) vertical variation &imgsizes (fine to coarse) and or some degree of
compaction within the depressions (resulting in kvpasitive anomalies, Fig. 2b); b) presence of
non-hydrocarbon fluids (saline pore waters, de-vige of unconsolidated pelite and shale
sediments) characterised by weak gradient variafleig. 6e, f). If the sediments within the
vertically stacked depressions are composed of nsodimlated sands of higher porosity and
permeability, saline pore water could explain tkegative amplitudes, the poor AVO shift, and the
reduced spread of the cross-plotted AVO paramékags 6e; Foster et al., 2010 and Mavko et al.,
2012). The latter could also be explained by a drigiorosity and permeability reduced by fluid-

depositing cement (Foster et al., 2010).

In view of these considerations, the positive atogk anomalies observed in the depressions
described in Figures 2b, 3c and 6a,b (e.g. arrotes3lLin Fig. 2b) could be an expression of either
grain-size variations or cementation effects. Hale2012b, 2018) suggested that the accumulation
of coarse-grained and porous sediment during tingcakaggradation of consecutive depressions
could create fluid migration pathways. We propdes this process may explain the observed weak

to strong positive amplitude anomalies as an etieeariation in porosity or granulometry.
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The same process proposed by Ho et al. (2012b,) 2@l8d account for the few locations where

anomalies are negative and stronger, in termseoptéferential migration of saline pore waters.

5.2. Down-slope cyclic steps that nucleate in ‘chagls’

Observations of seabed morphology and subsurfeategsaphy show that sediment waves occur as
groups of upslope-migrating and aggradational stres (as in Fig. 2c), which evolve along slope
into circular and elliptical depressions (Figs2a, 5), and that a clear link exists between thistr

of elliptical depressions and both the sedimentasaand emerging channels observed along H1 to

H3 (Fig. 4).

These observations suggest that the sediment wehagscterizing the depression trails can be
ascribed to the formation of cyclic stemensu Cartigny et al., 2011) triggered by the passage of
turbidity currents along the pathways created bglesrent depressions, similar to the model
proposed by Heinié and Davies (2009). The mor&aied depressions experienced less (if any)
erosion, being away from the main sediment routés. high-amplitude fills are found within the
continuous downslope trails of depressions (arrom Fig. 2b; arrow 9 in Fig. 3c). Sediment
deposition, therefore, occurred in areas previoa#hcted by energetic, and perhaps coarse-grained
and high-density, turbidity currents (e.g., Talliagal., 2012). In contrast, concave-upwards fills,
which tend to show only minor thickening into thepdessions, suggest lower density, finer-grained

turbidity currents, moving downslope away from thain sediment routes.

We propose the following conceptual model for theletion of these structures (Fig. 7):

a) Deposition on the upper slope initiated as a se@fiesediment waves (SW in Fig. 2a) related
to the passage of unconfined gravity-driven floesqw D in Fig. 1, UGDf in Fig. 2a,
dashed blue line on H2, Fig. 4a; T1, Fig. 7;). eeplwater settings, gravity-driven flows

such as turbidity currents are mainly generatedhkyfollowing mechanisms: (1) river-fed
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362 hyperpycnal flows (Mulder and Syvitski, 1995); (@)pact of storm waves on the outer

363 shelf and upper slope (Mulder et al., 2001; Puiglgt2004); (3) sediment overflow from
364 slope canyons (Normark and Hess, 1980); (4) lates]islumps or debris flows (Hsu et al.,
365 2008). With time, the passage of multiple gravitivein flows led to the development of
366 preferential seabed erosional pathways (highligledhe truncation of seismic reflectors)
367 amplifying the depressions.

368 b) Gravity-driven flows may interact with small-scalgens to hundreds of metres)
369 morphological variations of the sea floor or mayalve spanwise instabilities within the
370 flow itself (Hall et al., 2008; Heinid and Davie2009; Lonergan et al., 2013); these
371 processes can generate the randomly distributecksi@pns observed on the slope (T1 Fig
372 7; Fig. 4d and Fig. 5), and lead to the coalescehseme depressions into downslope trails
373 (Figs. 2a, 4 and 5).

374 c) Depression trails were amplified and perpetuatedyabc steps (CS in Figs 2a and 2c¢), a
375 sedimentary bedform that has been recognized inyrsabmarine canyons and channel
376 systems worldwide (Normark et al., 2002; Fildaniaét 2006; Heinio and Davies, 2009;
377 Symons et al., 2016).

378 Finally, as described by Heinio and Davies (200®) bonergan et al. (2013), some depressions
379 were partially filled or even buried, as shown byap reflection terminations with varying
380 amplitude (Line L4 in Fig. 3). Partial fill can pitoce different geometries ranging from sub-
381 horizontal, abrupt onlap (arrows 2 and 3 in Fig) #bconcave-upwards infill packages with
382 only minor thickening at the base of the depressi@anrow 1 in Fig. 2b, arrows 4 and 5 in Fig.
383 3a; Fig. 7, T2to T3).

384

385

386
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5.3. Depression trails vs pockmarks: comparison whtexisting models

Heinié and Davies (2009) proposed a model for trenation of depression trails in the Espirito
Santo Basin that suggests the role of density oued®ng submarine channels in creating sediment
waves and plunge pools, generating circular toptatkl trails of depressions. This model is
consistent with our observations (cf. Fig. 11 byirtite and Davies, 2009), suggesting that the
depressions are not pockmarks. Nonetheless, oulitadganalysis indicates that in the area of
investigation there may have been some exceptiogsrcurrent mechanisms. Seismic amplitude
analysis within the sedimentary succession shoves the concave-up fills of both isolated
depressions and depression trails are associatidweiak to bright amplitude anomalies from
bottom to top. In some cases (arrows 4 to 8 in 8&.arrows 10, 11, 14 in Fig.3c), the concave-
upward fills show weak to strong negative anomaliegeneral, these anomalies can be related to
any physical property of the material affectingdensity and/or seismic wave velocity. We showed
above, that AVO analyses rule out the presenceydifdearbon fluids, suggesting that, amplitude
anomalies are due to saline pore waters, simplevalering mechanisms or to coarser

grained/cemented sediments.

In a different context, Ho et al. (2012a,b; 2018)gested an interplay between bottom currents and
hydrocarbon leakage at the seabed, that may aiéiatl afterwards drive the pockmark evolution.
In their model, the presence of hydrocarbons imspéa active role of fluid overpressure in the
formation and shaping of these features, whiclorgrolled by turbidity currents and slope dip (Ho

et al., 2018).

Our results provide no evidence that overpresstlugds including hydrocarbon were involved in
the formation of the depression trails. Nonetheléss onlapping nature of some of the rare main
bright infill and draping reflections (arrow 9 atitk flat lying reflector above arrow 14 in Fig. 3c)
onto the erosive surface (dotted line in Fig. 2aygest that non-hydrocarbon fluids may have

interacted with the cyclic erosional and deposdioevolution of the depression: fluids that
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migrated out of depressions during erosion wengpd during phases of sedimentation and infill.
Therefore, the depression trails in some caseshaag acted as preferential pathways for vertical
fluid migration, without being its direct product & the case of pockmarks (Hovland et al., 2010;
Ho et al., 2018). The complexity of the depositiarazironment as well as the ambiguous nature of
the anomalies observed in the depression trail estgthat density currents along submarine
channels creating sediment waves and plunge peplesent the main driver, but we do not rule
out that in some cases other mechanisms may havedative during the Neogene development of

the depression trails.

6. Conclusions

Analysis of 3D seismic surveys in the Ceard Basffshore Brazil, allows the description and
characterisation of the processes shaping the Gegyé. Our results highlight the presence of large
erosive canyons developed throughout Neogene tawewell as inter-canyon aggrading areas
marked by the presence of smaller channels. Thezgarés indicate a strong influence of confined
and unconfined gravity-driven processes occurrilog@the slope, these latter being responsible
for the formation of depressions at seabed. Theedsjpns are present within the upper hundreds of
metres of subsurface sediment and occur isolated wails, as observed in other slope settings.
Although isolated depressions may resemble pocksnatieir internal stratal architecture and
relation to host sediments supports the interpogtabf such features as generated by upslope
migrating cyclic steps, produced by gravity-drivteinbiditic flows. In our area, Amplitude versus
offset (AVO) analysis of positive and negative arnole anomalies within the depressions excludes
the presence of hydrocarbons, thereby confirmirag tthe seabed depressions are not the result of

fluid escape driven by overpressure.
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However, some weak negative amplitude anomaliegesighat saline pore waters or fluids derived
by sediment de-watering may be (or may have beesept within some of these vertically stacked

depressions, exploiting them as passive fluid niigmgpathways, thanks to fluid buoyancy.

Therefore all our observations suggest that diffeayers, such as slope sedimentation, seabed
morphology, depression trails originated by gradtiven processes and possibly interacting with

fluids, concur to the shaping of the Ceara Baipes and likely to other slope settings worldwide.
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465 Figure 1. Right: location of the study area (red rectangyecing an area of ~465 Kjnin the
466  Mundau sub-Basin, offshore Ceara Basin (Equat&tatil). The study area corresponds to part of
467  the full 3D seismic dataset (white polygon) usedhis study. Left: seabed bathymetry of the study
468 area extracted from 3D seismic data. Arrow A: ismdapockmark-like structure; Arrow B:
469  depression trails aligned parallel to the seabeadignt; Arrow C: elongated channel-like

470  morphology; Arrow D: roughness of the paleseabed. Line L5a and L5b represent the traces of
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471  seismic lines extracted from a second 3D datasetigp stacks) used for Amplitude Versus Offset

472 (AVO) analysis (see Fig. 6). Seismic line L2 is\whan Figure 2.

CS: Cyclic Steps Line L1
SW: Sediment Waves uGDf I—I ~SE
Pockmark-like

UGDf: Unconfined Gravity-Driven flow :
depression

473

474  Figure 2. (a) 3D perspective view of seabed combined witknsie profiles (location in Fig. 1).
475  The alongslope seismic section intersects a slapgon, while the downslope section intersects a
476  trail of depressions and shows a stepped seabeziaged by upslope migrating Sediment Waves
477  (SW) and Cyclic Steps (CS). UGDf: Unconfined Grgbrriven flow, marked by large green
478 arrows in (a). (b) Seismic line L1 (oriented aldoge, location in Fig. 4c) shows two stacked
479  depressions culminating in a pockmark-like depmssi the seabed. Note the amplitude anomalies
480 (arrows 1 to 3). (c) Seismic line L2 (oriented deWape, location in Fig. 1) highlights the three
481  subsurface seismic horizons (named H1 to H3) frdnichvsurface maps were derived (Fig. 4) and

482  shows upslope migrating sediment waves and cytdjoss up to the seabed (SB). The unit above
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483  H1 is named Upper Bedform Unit (UBU), the unit lvelBl1l is named Lower Channelized System
484  Unit (LCSU). Close-up in (c) shows details of SWué dashed arrows indicate the up-slope

485  direction of migration.

xl

486

487  Figure 3. (a) Arbitrary seismic profile L3 (oriented downs&plocation in Fig. 4d) showing

488  vertically stacked concave-up reflection packadpas tulminate in two topographic depressions at
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490

491

492

493

494

495

496

497

498

499

500

501

502

the seabed. Arrows 4 to 8 point to high amplitud®mnaalies within the vertically stacked
depressions; (b) detail of (a) showing trace reprdion of the main anomalies; (c) arbitrary
seismic line L4 (oriented downslope, location irg.F4d) showing vertically stacked paleo-
depressions and a series of sediment waves witlpslope direction of migration. Arrows 9 to 14

indicate positive and negative amplitude anomalié® two insets on the right corner show the 3D

architecture of anomalies marked by arrow 14. Codgale indicates maximum brightness.

Figure 4. Time-structure maps of key horizons (location shaw#kig. 1): (a) H1, (b) H2, (c) H3,

(d) seabed reflection (SB). Yellow lines indicai@ngon thalwegs. Line L1 corresponds to the
profile shown in Figure 2b, lines L3 and L4 to ple$ shown in Figure 3. The green arrow in (c)
indicates a trail of depressions, the white and aebws in (d) indicate isolated circular

depressions, and the orange arrow indicates aofralbngated depressions.
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507

Figure 5. Perspective view of a portion of the time-struetarap of the seabed (location in Fig. 1)
illustrating the presence of large canyons, smalle@nnels, and widely distributed pockmark-
shaped depressions, aligned in trails or standgs@lated features between the canyon edges.

UGDf: Unconfined Gravity-Driven flows; CGDf: Confe Gravity-Driven flows.

24



508

509

510

511

512

513

514

515

516

517

518

519

SW i NE Maximum | [ syy i NE Max.
S P e e
+1 1300 | = v ] 1300
u ~ R R u
-~ = B
100| |- —
/’—“\
N —
\, =
| .
\_\‘ '\x -~
SN A —
o
SE =
a BllfPetee T c @
v Sampled amplitude Loty v Sampled amplitude
-:-t| o Sampled background 0.2 -t| » Sampled background
0.1 0.1
= T
2 o
S 0 T 0 .
o © i
0 G B
-0.1 1L 41 Class Il
2 | Gis) ]
0.2 v | S e ‘ —
A ENEEN SNREE ERNEY SRNSN SRRERRREY A EREEE ERREN RME 4
-0.15 -0.05 0 0.05 0.1 015 | | cassu ?c.. 0 0.05 0.1 0.15
Intercept B 9F - ~| Intercept B

Figure 6: AVO analysis of selected amplitude anomalies upiagial stack from lines L5a and L5b
(Location in Fig. 1). (a) Seismic line L5a, the gmerectangle indicates where an amplitude anomaly
(AN) was sampled, the blue rectangle indicates wihackground (BG) amplitudes were sampled.
(b) 3D mapping showing maximum bright values forpéitnde anomaly shown in (a). (c) Seismic
line L5b, red rectangle indicates the area wheramaplitude anomaly (AN) was sampled, the green
rectangle indicates where background (BG) amplgudere sampled (d) 3D mapping showing
maximum bright values for amplitude anomaly showr(d). (e) Gradient versus intercept cross-
plot of the amplitudes selected from (a). (f) Gesdiversus intercept cross-plot of the amplitude
selected from (c). (g) Schematic gradient verswsréept cross plot developed by Castagna and

Swan, 1997; modified from Maestrelli et al., 2017.
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Figure 7. Schematic sketch (based on Fig. 3c) illustrating proposed evolution of upslope-
migrating sediment waves, the troughs of which kstacer time so as to create a permeable
pathway for fluid migration. In contrast to preveomodels for the migration of overpressured and
hydrocarbon-rich fluids to form “advancing pockmsitkin our interpretation the passive migration
of fluids takes places through natural fluid buoyarCs: Cyclic Steps; UGDf: unconfined Gravity-

Driven flows; SW: Sediment Waves.
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Highlights

e 3D seismic data are used to examine near-seafloor features offshore Ceara, NE Brazil

* Depressions isolated or organised in trails are seen at and near seabed within a sediment
succession recording downslope activity via canyons and channels

e AVO analysis exclude that the depressions were created by hydrocarbon seepage

* Depressions are interpreted as cyclic steps generated by gravity-driven flows,

e Cyclic steps formation provides pathways for passive fluid migration



