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Abstract

The classic fill-and-spill model is widely applied to interpret topographic controls
on depositional architecture and facies distributions in slope successions with com-
plicated topography. However, this model implies a constant topographic configu-
ration over the lifespan of a turbidite system. In contrast, the impact on patterns
of erosion and deposition above dynamic slopes whose topographic configuration
varies spatially over time remains poorly investigated. Here, using high-resolution
3D seismic reflection data and more than 100 wells from a 40km long stepped slope
system (Campos Basin, offshore Brazil), we document the evolution of a sand-prone
turbidite system active during the Oligocene-Miocene transition. This turbidite
system was influenced by vertical and lateral deformation, and we propose a new
stratigraphic model to explain the resultant depositional architecture. Two depo-
centres were identified as steps, with channels on the proximal step, and channel-
lobe complexes on the distal step, bounded by sediment bypass-dominated ramps.
Lateral stepping of channels on the proximal step, and oblique stacking of the down-
dip lobe complexes, each cut by through-going channels, indicate multiple fill-and-
spill cycles. A persistent north-east-ward stepping and thickening on the steps are
interpreted to reflect lateral tilting of the seafloor driven by salt tectonics. The dy-
namic substrate prevented the establishment of a single long-lived conduit across
the proximal step, as recorded in systems with fixed topographic configurations. The
filling of through-going channels with mud at the end of each cycle suggests waxing-
to-waning sediment supply cycles and periods of sand starvation when the lateral
tilting dominated and drove avulsion of the feeder channels towards topographic
lows. This study demonstrates that subtle dynamic slope deformation punctuated
by discrete sediment supply cycles results in complex stratigraphic patterns with
multiple phases, and multiple entry and exit points. Repeated cycles of fill-and-spill,
tilt-and-repeat are likely to be present in other stepped slope systems.
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CASAGRANDE ET AL.

1 | INTRODUCTION

Intra-slope depocentres are sites of sediment storage that
record important information about the evolution of sub-
marine slope systems, the interaction of sediment gravity
flows with slope topography and the stratigraphic con-
nection between shallow- and deep-water environments.
In addition, these areas are prone to significant sand
accumulation and host economically important hydro-
carbon reservoirs (e.g., Booth et al., 2003; Prather, 2003;
Prather et al., 2009, 2012). According to the topographic
configuration, intra-slope depocentres range from three-
dimensional confined basins that record ponded accom-
modation (sensu Prather, 2003) to stepped profiles that
comprise lower gradient steps with healed accommoda-
tion (sensu Prather, 2003), connected through higher gra-
dient ramps.

Intra-slope confined basins have been widely docu-
mented in salt withdrawal basins that display high rates of
salt mobility (e.g., Beauboueff & Friedmann, 2000; Booth
et al., 2003; Doughty-Jones et al., 2017; Pirmez et al., 2000;
Prather, 2000, 2003; Prather et al., 1998, 2012; Smith, 2004;
Winker, 1996) and emplacement of mass transport com-
plexes (e.g., Cumberpatch et al., 2021; Wu et al., 2020).
Stepped profiles have been associated with low rates
of slope deformation and average sedimentation rates
(Hay, 2012; Meckel et al., 2002) and exhibit subtle gradient
changes (Brooks et al., 2018; Mignard et al., 2019), where
sedimentation rates outpace deformation rates (Adeogba
et al., 2005; Deptuck et al., 2012; Hay, 2012; Pirmez
et al., 2000; Prather, 2003). Accommodation creation has
been attributed to several factors such as salt tectonics
(Hay, 2012; Smith, 2004), mud diapirism (Adeogba et al.,
2005; Barton, 2012; Deptuck et al., 2012; Jobe et al., 2017),
scars of mass transport complexes (Spychala et al., 2015)
and differential compaction and subsidence (Brooks
et al., 2018; Jackson et al., 2008; Spychala et al., 2015). In
salt basins, stepped profiles have been related to complex
topographic settings such as connected tortuous corridors
formed by discontinuous salt-cored structures (Hay, 2012;
Howlett et al., 2021; Oluboyo et al., 2014; Prather, 2003;
Smith, 2004). Salt-influenced depocentres usually display
pronounced salt-cored structures, such as massive salt
walls and diapirs, typical of zones of structural shorten-
ing where salt thickens in contractional salt domains
(Demercian et al., 1993; Howlett et al., 2021; Mayall
et al., 2010). In these settings, submarine channels diverge
around, or converge towards, constriction points between
salt structures, from where distributary systems emanate
into less-confined lower gradient slope sectors. However,
the depositional patterns of intra-slope depocentres af-
fected by modest salt-related structural relief remain
poorly investigated.
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« Connected submarine channel and lobe sys-
tems were deposited above a stepped slope in
Campos Basin, offshore Brazil

« 3D complex slope topography was controlled
by extensional salt tectonics and differential
compaction

« Stratigraphic patterns revealed a unidirectional
migration trend and multiple fill-and-spill
cycles

« Lateral slope tilting drove vertical and lateral
accommodation during deposition across the
stepped profile

« The stratigraphic evolution was controlled by
sediment supply fluctuations and a dynamic
slope topography

Despite the majority of documented intra-slope de-
pocentres forming in mobile slopes, the understanding
of their stratigraphic evolution has relied on the classic
fill-and-spill model. This model predicts a cycle of ac-
commodation filling followed by incision and bypass
in depocentres that are not deformed, or are mobile
about the vertical axis, during the lifespan of a turbid-
ite system (e.g., Beauboueff & Friedmann, 2000; Sinclair
& Tomasso, 2002; Smith, 2004; Pirmez et al., 2000;
Prather, 2000, 2003; Prather et al., 1998; Winker, 1996).
This model has been applied in stepped slope systems
such as intra-slope submarine fans (Jobe et al., 2017),
transient fans (Adeogba et al., 2005) and slope aprons
(Barton, 2012). In addition, the stratigraphic architec-
ture of fill-and-spill cycles with vertical deformation
has been modelled by several authors (e.g., Christie
et al., 2021; Sylvester et al., 2015; Wang et al., 2017). In
cases where fill-and-spill cycles are vertically stacked,
the stratigraphic cyclicity is attributed to the interaction
of sediment input and vertical accommodation rejuvena-
tion created by dynamic seafloor deformation induced by
fixed structural elements (e.g., Booth et al., 2003; Brooks
et al., 2018; Hay, 2012; Spychala et al., 2015). However,
accommodation patterns can be spatially variable during
the lifespan of a turbidite system, for instance due to
basinward tilting (Jackson et al., 2021), lateral tilting
(Kane et al., 2010, 2012) and the emplacement of mass-
transport complexes (Wu et al., 2020). These factors drive
spatially variable topographic configurations and hinder
vertical stacking across sediment supply cycles, suggest-
ing that alternative stratigraphic models to the tradi-
tional fill-and-spill model need to be developed.
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This work investigates the stratigraphic evolution of
a sand-prone turbidite unit deposited on the Oligocene-
Miocene slope of the Campos Basin, offshore Brazil. This
turbidite unit evolved above a stepped slope, with low
relief, that exhibited complex topography influenced by
extensional salt tectonics and differential compaction.
Extensive seismic stratigraphic mapping and well data
analysis were carried out in order to: (i) characterise the
depositional systems and link the spatial variability in ar-
chitecture, thickness and sand distribution with seafloor
topography; (ii) define a high-resolution stratigraphic
framework across the stepped profile; (iii) interpret how
slope topography influenced the stratigraphic evolution
of the study unit and (iv) propose a high-resolution strati-
graphic model for turbidite system evolution above dy-
namic stepped profiles.

2 | REGIONAL GEOLOGICAL
SETTING

The study area is located in the central part of Campos
Basin, offshore Brazil, more than 120km from the
coastline in water depths ranging from 600 to 2000 m
(Figure 1a). The Campos Basin is located on the Eastern
Brazilian Continental Margin, covering an area of
115,000km?, mostly offshore of Rio de Janeiro (RJ) and
Espirito Santo (ES) states (Figure 1a). The Cabo Frio High
defines the southern margin, and the Vitoria High de-
fines the northern margin (Mohriak et al., 1998; Winter
et al., 2007), with a small onshore portion to the west
(Bruhn et al., 2003) (Figure 1a). The Campos Basin, pres-
ently a passive margin, originated from the break-up of
the Gondwana supercontinent during the Upper Jurassic/
Lower Cretaceous (Chang et al., 1992; Fetter et al., 2009)
and is infilled with a 9000m thick sedimentary succes-
sion (Guardado et al., 2000). Three main megasequences
form the stratigraphy of Campos Basin: non-marine rift
megasequence, transitional megasequence and marine
megasequence (Guardado et al., 2000) (Figure 1b,c).
Winter et al. (2007) named these sequences as rift, post-
rift and drift, respectively. The rift megasequence (Upper
Neocomian to Lower Aptian) relates to the Mesozoic
break-up process, with rift depocentres infilled by vol-
canic and continental sediments (Guardado et al., 2000;
Winter et al., 2007). Coarse siliciclastic sediments and
microbial carbonates overlain by evaporites deposited
from the Middle to Upper Aptian record the transition
from continental to marine environments during a tec-
tonically mild post-rift stage, forming the transitional or
post-rift megasequence (Guardado et al., 2000; Winter
et al., 2007). The marine or drift megasequence (Albian
to present) evolved in a context of thermal subsidence

and salt tectonics and presents a transgressive-regressive
trend of marine sedimentation (Guardado et al., 2000;
Winter et al., 2007). This megasequence records at its base
a shallow-water carbonate platform that was progressively
drowned due to thermal subsidence and eustatic sea-level
rise (Bruhn, 1998), leading to the deposition of widespread
siliciclastic and hemipelagic deep-water sedimentation up
to the Upper Cretaceous/Palaeocene (Chang et al., 1992;
Guardado et al., 2000; Winter et al., 2007) (Figure 1b).
The regressive phase (Palaeocene to present) was driven
by increased sediment supply and eustatic sea-level fall,
characterised by the progradation of synchronous depo-
sitional systems composed of shallow-water carbonates,
siliciclastic paralic and deep-water systems (Bruhn, 1998;
Winter et al., 2007) (Figure 1b). This study focuses on a
deep-water sand-prone interval, informally named here
the Marlim unit. This unit forms part of the regressive
phase of the Marine/Drift megasequence and was depos-
ited during the Oligocene-Miocene transition (ca. 23 Ma),
which coincides with a transient global cooling event as-
sociated with ice sheet expansion in Antarctica (Beddow
et al., 2016) (Figure 1b,c).

The Campos Basin basement is characterised by north-
east (NE)-south-west (SW) and north-west (NW)-south-
east (SE) trending horst and graben structures bounded
by normal antithetic and synthetic faults developed
during the rift phase (Castro & Piccolini, 2015; Guardado
et al., 2000; Figure 1c). Post-rift thermal subsidence tilted
the passive margin, inducing early stage seaward flow of
the Aptian salt (Cobbold & Szatmari, 1991; De Gasperi
& Catuneanu, 2014; Quirk et al., 2012). As marine sed-
imentation progressed, gravity spreading of the over-
burden enhanced salt mobility (Mohriak et al., 2008).
Post-Albian time is characterised by widespread salt tec-
tonics (Mohriak et al., 2008), associated with the forma-
tion of a detachment surface at the base of the Aptian
Salt (Fetter, 2009). However, post-rift reactivation of the
basement fabric is documented, and coupling between
basement reactivation structures and salt tectonics can be
observed in structural highs (Fetter, 2009).

Two salt tectonic domains are recognised down the
basin margin: (i) an up-dip extensional salt-thinned do-
main characterised by salt rollers, rafts, extensional an-
ticlines, salt pillows and associated normal faults and
(i) a down-dip compressional salt-thickened domain
where diapirs, salt walls/ridges and compressional salt
tongues are documented (e.g., Cobbold & Szatmari, 1991;
Demercian et al., 1993; Fetter, 2009; Mohriak et al., 2008).
An intermediate domain between the extensional and
compressional domains is described as the transitional
domain (Mohriak et al., 2012) or multiphase domain
(do Amarante et al.,, 2021) and shows variable defor-
mation styles. The Marlim unit sits in the extensional
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FIGURE 1 (a)Location map of Campos Basin and the Marlim unit study area in the central area of the basin (modified after Bruhn

et al., 2017). Inset map of Brazil at the top left with a blue box showing the location of the rest of the figure. ES, Espirito Santo state; RJ,

Rio de Janiero state. (b) Stratigraphic chart of Campos Basin with the main stratigraphic phases (megasequences; modified after Winter

et al., 2007). The seismic horizons used in this study are named at the left. The top carbonates include the Cenomanian marl interval. Key

for lithologies in the stratigraphic chart of (b): red for basement, green for mudstones, yellow for sandstones, orange for conglomerates,

blue for carbonates, pink for evaporites and pale purple for marls. In the column phases of the chart, b refers to basement, R to rift and TS

to transitional (see text for explanation). (c) Schematic geological dip section representing the stratigraphic framework and the structural

style of Campos Basin (modified after Guardado et al., 2000; Rangel & Martins, 1998). The Marlim unit position in the geological section is

marked in the red ellipse and sits above the extensional salt domain.

domain, where salt-cored listric normal faults record
large amounts of downslope extension related to the
stretching and fragmentation of the Albian-Cenomanian
carbonate interval (raft tectonics phase, e.g., Demercian
et al., 1993; Quirk et al., 2012) (Figure 1c). The bulk of the
extension had occurred by the end of the Albian (Quirk
et al., 2012). However, salt tectonics continued to be active

during the Upper Cretaceous and Cenozoic (Cobbold &
Szatmari, 1991; Demercian et al., 1993; Fetter, 2009).

Salt tectonics plays a key role in deep-water sedimen-
tation patterns in the Campos Basin. Salt-related sea-
floor deformation controlled accommodation patterns on
the slope, leading to the accumulation of large volumes
of sand-prone turbidites from the Upper Cretaceous
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to the Neogene (e.g., Albertdo et al., 2011; Cainelli &
Mohriak, 1999; Guardado et al., 2000; Winter et al., 2007).
These slope turbidite systems, such as the Marlim unit,
form prolific hydrocarbon reservoirs. Therefore, there is
an abundance of seismic reflection and core/well data.
These data permit more in-depth study of mobile sub-
strates and deep-water sediment transport and deposition
patterns.

3 | DATA SET AND METHODS

This study uses a comprehensive subsurface data set com-
prising multiple 3D high-resolution seismic reflection
volumes, 110 wells with basic wireline logs and 231.3m
of core from 12 wells. The full-stack seismic volume is
a merge of two different volumes, acquired in 1999 and
2010. The merged volume was processed as a pre-stack
time migration (PSTM) in 2014 to generate a single vol-
ume that covers the whole study area. The bin size spac-
ing is 12.5 m for inlines and crosslines, and the vertical
sampling is 4 ms. The average seismic frequency in the
Oligocene-Miocene interval is around 30 Hz, resulting in
a vertical resolution of approximately 22m (using an in-
terval velocity of 2650 ms from an average obtained with
sonic logs), although thinner events can be detected. A
higher resolution 3D PSTM volume processed in 2006 (bin
size 12.5 m for inlines and 6.25m for crosslines and 2 ms
for vertical sampling), which covers part of the study area,
was used to check interpretations in areas of structural
complexity.

Both seismic reflection data sets were processed to zero-
phase wavelet and are shown with SEG normal polarity.
A negative reflection coefficient is linked to a trough and
indicates a decrease in acoustic impedance (check Marlim
unit top, Figure 2). The Marlim unit contains oil-saturated
high porosity sandstones and typically corresponds to
a pair of reflectors, where the top is mapped in a trough
and the base in a peak. Horizon interpretation from the
larger amplitude volume covered around 740 km* and was
performed using automatic and manual reflector tracking.
The root mean square (RMS) amplitude map, extracted
between the top and base horizons, was assessed to be the
best option for analysis of seismic geomorphology since
it represents the seismic response of the Marlim unit as
a whole. A time versus depth conversion was performed
in the larger seismic volume using a 3D velocity model
calibrated by the velocity function of 38 wells (Figure 2).
This process allows for the proper assessment of the thick-
ness variations and improved seismic and well data inte-
gration. A thickness map of the Marlim unit, calibrated by
wells, was calculated and filtered where the seismic hori-
zons were mapped with high confidence, mainly in areas

of moderate to high RMS amplitude values. Therefore, the
map excludes areas with very low amplitudes, where the
seismic mapping is uncertain and produces anomalous
thickness patterns.

Several wells with standard wireline logs (gamma-ray,
resistivity, density, neutron and sonic) were used to cali-
brate seismic response. The top and base markers of the
Marlim unit consist of lithological breaks seen in cores
and changes in well log patterns. The breaks are identified
between low porosity (and higher density), low resistivity
and high radioactivity mudstones and high porosity (and
lower density), high resistivity and low radioactivity sand-
stones or interbedded lithologies (intercalation of mud-
stones and sandstones) (Figure 2). Within the Marlim
unit, a simple electrofacies classification created using the
density and neutron logs was used to assess lithological
variability and sandstone percentage. Although gamma-
ray logs have a good correspondence with the neutron and
density logs, they were not used due to the arkosic compo-
sition of the sandstones. Core descriptions at the cm scale
provided sedimentological information regarding facies
and grain size (Figure 2). The integrated data analysis al-
lowed the definition of architectural elements.

Strike stratigraphic sections were hung from a strati-
graphic datum to (i) provide insights into the thickness
and architectural changes, (ii) constrain the position of key
stratigraphic surfaces and (iii) support the development
of an evolutionary stratigraphic model. The stratigraphic
datum was identified by a change in well log patterns
within a fine-grained interval above the Marlim unit. This
change is observed in all the wells and is marked by an
increase in gamma-ray, neutron and transit time values
and a slight decrease in the density and resistivity values
(Figure 2), and possibly represents a lithological contact
between a unit with higher carbonate content and a pre-
dominantly siliciclastic interval. The carbonate interval
might be related to a higher amount of pelagic sediment,
marking a condensed section.

4 | RESULTS

4.1 | Marlim unit geological setting

The Marlim unit is a buried sand-prone submarine
slope system, 14 km wide and 40km long, which deep-
ens southeastward below the modern Campos Basin
slope, forming the most prominent sand-prone pack-
age in the study area (Figure 3). At the time of the
Marlim unit deposition, the Campos Basin had evolved
into passive margin physiography, with a well-defined
continental shelf, slope and basin floor (De Gasperi &
Catuneanu, 2014). Like other Oligocene and Miocene
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FIGURE 2 Example of well logs characteristics of the Marlim unit and the datum used (see text for explanation). The lithology log

shows three electrofacies (sandstone in yellow, mudstone in green and heterolithics in pale orange). The light blue package marks the higher

carbonate content interval used as a stratigraphic datum. The dark blue box represents an example of a cored interval (fine-grained structured

sandstones). The Marlim unit's seismic expression is mostly a single seismic loop (trough + peak). It can be seen in the synthetic seismogram

(top marked in a trough and base in a peak) that fits with the seismic log extracted in the well trajectory showing the adjustment made by

the time versus depth conversion. Units: API (American Petroleum Institute) for gamma-ray, g/cm? for density, porosity units for neutron,

ohm/m for resistivity, ms/ft for sonic, kPas/m for AI (acoustic impedance). Other wells will be presented in the same units.

deep-water sandstones of the Campos Basin, the Marlim
unit is arkosic and fine-grained, reflecting a sediment
source area landward of wide coastal plains (Fetter
et al., 2009). The relatively young age and high imped-
ance contrast between the sand-prone Marlim unit and
the bounding fine-grained deposits favour the extrac-
tion of high-quality seismic images. Amplitude maps
reveal distinctive geomorphological patterns in two
depositional domains. The up-dip domain is character-
ised by moderate- to high-amplitude patchy to lobate
anomalies, truncated by low-amplitude elongate anom-
alies, and high-amplitude elongate anomalies. These
elongate anomalies are interpreted here as mud-filled
channels and sand-filled channel complexes, respec-
tively (Figure 3; see Section 4.2 for detail). In contrast,
the down-dip domain comprises moderate- to high-
amplitude lobate features truncated by high-amplitude
elongate anomalies, interpreted as channel forms
(Figure 3; see Section 4.3). These two domains are linked
by a reduced amplitude transition zone (TZ, Figure 3).

Salt tectonics has played a key role in the regional
stratigraphic architecture across the Campos Basin palae-
oslope (e.g., Albertdo et al., 2011; Cainelli & Mohriak, 1999;
Guardado et al., 2000; Winter et al., 2007). The long-term
impact of halokinesis in the basin supports the investigation
of its effects on sedimentary processes during the evolution
of the Marlim unit. Normal faults, which can be listric and/
or have an associated lateral component are common in
the study area. Divergent reflector patterns indicate stratal
thickness increases towards fault planes active during post-
salt sedimentation, including the Marlim unit (Figure 4c).
Many of these faults bound the Albian-Cenomanian carbon-
ate blocks, or rafts, fragmented during the raft tectonics, a
process described as an extreme thin-skinned extension of
overburden over a detachment surface above salt (e.g., Duval
et al., 1992; Jackson & Hudec, 2017) (Figure 4a,c). Raft tec-
tonics generated syn-tectonic lows and eventually troughs
that were healed by siliciclastic Upper Cretaceous sediments,
a process commonly described in the Campos Basin (e.g.,
Jackson & Hudec, 2017; Moraes et al., 2007). The areas where
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FIGURE 3 Root mean square amplitude map extracted between the top and base of the Marlim unit. Up-dip and down-dip domains
show distinct seismic geomorphological responses and are connected by a transition zone. Up-dip, the seismic geomorphology suggests

elongate high- to moderate-amplitude anomalies truncated by linear low-amplitude channel forms, whereas the down-dip domain

comprises moderate- to high-amplitude lobate features truncated by high-amplitude channel forms.

carbonate rafts occur are subject to less compaction than
areas where the post-salt stratigraphic succession predom-
inantly comprises marine mudstones. Therefore, the more
rigid carbonate rafts are interpreted to induce subtle gradient
variations on the slope due to differential compaction (e.g.,
Collier, 1991; Jackson et al., 2008; Privat et al., 2021). This ef-
fect is supported by bounding stratal thickness patterns and
subtle convexity of the reflectors (Figure 4c).

The raft tectonics and subsequent fault reactivations
resulted in a complex structural configuration of rafts
(highs) separated by lows (graben-like areas and troughs),
and salt structures (Figure 4c). In the up-dip domain, the
Marlim unit was deposited partially above carbonate rafts,
and partially above an area where these rafts were mark-
edly displaced, leading to the formation of a graben-like

structure bounded by curvilinear faults-orientated NW-
SE and NE-SW (Figure 4). The TZ coincides with an area
between two carbonate rafts, where a thick salt ridge
formed, and with a structural high formed by faulting in
a raft (bounded by antithetic and synthetic NE-SW trend-
ing faults). In the down-dip domain, the Marlim unit was
deposited in part above the flanks of carbonate rafts and
above a zone where no major carbonate rafts are observed.
Intense faulting is observed in this area and basinward,
and a series of N-S to NE-SW trending normal faults
(mainly synthetic) follow the orientation of salt structures,
forming high displacement faulted rafts and/or prominent
rollover features (Figure 4).

The isopach map shows that thicknesses are highly
variable, ranging from a few metres to more than 90m
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FIGURE 4 Structural configuration in the study area (fault traces at the Marlim unit level on the maps). (a) Focus on the structural

tops of the salt layer and the carbonate rafts with a transparent surface of the Marlim unit displayed above; warm colours indicate higher
structures and, therefore, lower depths (see text for explanation). (b) Focus on the Marlim unit thickness map displayed above grey
structural tops of the salt layer and carbonates rafts. (c) Dip seismic section X-X' (see location in (a), time domain, 5X vertical exaggeration).
The orange arrows indicate areas with increased thicknesses in grabens, supporting syn-sedimentary fault activity. The black circles indicate
clear fault control on deposition from the base of the Oligocene to the top of the Marlim unit in the vicinities of the area of interest marked
between the two yellow stars. The carbonate rafts were displaced above the salt and control overlying thickness patterns due to differential
compaction (see how the interval between the top Cretaceous and the Marlim unit thins above the rafts). The transition zone partially
coincides with a relative structural high formed due to faulting in a raft. The Marlim unit is very thin in the seismic profile, and the base is

interpreted in the black peak just below the top, shown as a red seismic horizon.

(Figure 4b). Average thicknesses are 22m in the up-dip
domain and 26 m in the down-dip domain, indicating that
large areas of the Marlim unit are close to the vertical seis-
mic resolution. Consequently, the seismic reflectors’ char-
acter show limited variability in amplitude profiles.

4.2 | Up-dip domain architectural
elements

The up-dip domain of the Marlim unit is characterised by
NW-SE trending low- and high-amplitude elongate seis-
mic anomalies, which cut seismic anomalies with patchy

to lobate morphologies. Outside and up-dip of this domain
is an area of overall dim amplitude anomalies without
clear geomorphology, which through calibration by well
data is marked by high mud content (Figure 5a,b).

4.2.1 | Low-amplitude elongate anomalies
4.2.1.1 | Observations

The most distinctive architectural features in the up-dip
domain are parallel to sub-parallel low-amplitude elon-
gate features with low planform sinuosity and channel-
form (Figure 5a,b), which truncate underlying reflectors
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FIGURE 5 (a,b) Uninterpreted and
interpreted root mean square amplitude
map focused on the up-dip domain. (a)
Red arrows indicate the main faults in the
area. (b) Yellow arrows mark the path of
high-amplitude anomalies. Dashed white
lines mark geomorphological patterns of
the mud-prone channel fills, which show
convergence points (purple arrow) when
crossing faults (red arrows). The red stars
mark the exit points of the mud-prone
channel fills towards the transition zone.
Mud-filled channels are named C0-C2
and C4 (C3 is only down-dip) and their
branches with letters a-c. Seismic profiles
marked in b are shown in Figures 6 and 7.
(C) Up-dip domain thickness map. Orange
arrows indicate thicker elongate features
interpreted as channel fills.
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FIGURE 6 (a,b) Uninterpreted and interpreted V-V’ strike seismic amplitude profile (depth, 5x vertical exaggeration) showing the
seismic expression of the Marlim unit in the up-dip domain. Note high-amplitude reflectors cut by low-amplitude channel fills and the
irregular character of the base reflection suggesting basal erosion notches (blue arrows). The orange arrow indicates a feature interpreted as
a transverse cut of a channel fill with positive relief due to more compaction of the finer-grained sediments that flank the channel fill axis.
This feature corresponds to an elongate thicker body on the thickness map. See Figure 5 for location of seismic line.

(Figure 6). The low-amplitude features are named CO, C1,
C2 and C4 (C3 is only down-dip) and range from narrow
and shallow, like CO, C1 and C4 (up to 300m wide, 30m
estimated incision depth), to wide and deep, like C2 (up
to 600m wide, 60m estimated incision depth) (Figures 5
and 6). These channel forms display channel branches
that crosscut and locally converge when crossing faults
(Figure 5). Well log motifs that intersect the low-amplitude
elongate channel forms are similar to the overlying strati-
fied mudstone successions. Well intersections also support
a thin (a few metres) coarser-grained basal unit (Figure 7a).

4.2.1.2 | Interpretation

The geometry and basal erosion of the low-amplitude elongate
anomalies, and the similarity to well log motifs from overlying
mudstone successions, support interpretation as mud-filled
submarine channel fills. The coarse basal unit represents a sed-
iment bypass-dominated phase of channel development. The
mud-filled channels C0, C1, C2 and C4 exit the up-dip domain
and pass across the TZ in four different locations (Figure 5b).
The lengthening of the mud-filled channels across the TZ sug-
gests a connection with the down-dip domain.

4.2.2 | High-amplitude elongate anomalies
4221 | Observations

The RMS map shows moderate- to high-amplitude elongate
anomalies that form flat- to irregular-based and continuous

to semi-continuous reflectors in seismic profiles, which
truncate underlying reflectors, and which are themselves
cut by the mud-filled channels (Figures 5-7). Locally,
these reflectors thicken in seismic profiles and correspond
to thicker elongate (>50m thick) features in the thickness
map (Figures 5c, 6 and 7b). Well log motifs (gamma-ray,
density and neutron) are variable. Well calibration indicates
moderate to high sandstone percentage (average 58%) for
these moderate- to high-amplitude reflectors. Cores display
limited grain size variation, and fine-grained structured
sandstones dominate the sandier packages (Figure 7b).

4.2.2.2 | Interpretation

Observations of the planform morphology of individual
thicker moderate- to high-amplitude seismic anomalies
with basal truncation support the interpretation of the
moderate- to high-amplitude elongate anomalies as sub-
marine channel complexes. Flat to irregular-based high-
amplitude reflectors are attributed to laterally stacked
sand-prone channel fills. Similar seismic responses
have been associated with amalgamated channel com-
plexes (e.g., Jackson et al., 2008; Kane et al., 2010; Li
et al., 2021). External levees are not identified in seismic
profiles or well data. Therefore, the channel complexes
are interpreted to be confined through erosion and deg-
radation of the slope profile. The channel complex in-
terpretation is further supported by the well log motifs
and sedimentary facies that indicate sand-, and inter-
calated sand and mud fills. Local amplitude decreases
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FIGURE 7 (a)Y-Y’'detailed strike seismic amplitude profile (depth, 5x vertical exaggeration) with three well intersections. MU2—
example of heterogeneous and laterally stacked channel fills. MU3—well intersecting mud-prone channel fill. MU4—example of sand-prone
channel fill. (b) Z-Z' detailed strike seismic profile (depth, 5x vertical exaggeration) with two well intersections. MU5—cored well with
fine-grained structured sandstones. MU6—example of a sand-prone channel fill intersecting a high thickness feature in the seismic profile
(with scale compatible with a perpendicular section of a submarine channel) seen on the thickness map as an elongate thicker body. Basal
truncation is suggested by the reflector’s patterns. See Figure 5 for location of seismic lines.

correlate to the intercalation of sandstone and mud-
stone packages, which support the interpretation of
channel margin deposits (e.g., Hodgson et al., 2011) of
laterally stacked channel fills (Figure 7a).

4.2.3 | Moderate- to high-amplitude patchy
to lobate anomalies

4.2.3.1 | Observations

Moderate- to high-amplitude anomalies form indistinct
patchy morphologies due to truncation by the mud- and
sand-filled submarine channels. Moderate- to high-
amplitude anomalies also form lobate features at the SW
and NE edges of the up-dip domain (Figure 5b). A cored
well (MU11) that intersects a small lobate seismic anomaly

at the NE edge of the up-dip domain (Figure 5a,b) records
interbedded intervals composed of clean and laminated
sandstone and bioturbated sandy mudstone facies, suggest-
ing hybrid beds.

4.2.3.2 | Interpretation

The patchy moderate- to high-amplitude anomalies trun-
cated by the submarine channels are likely sand-prone, but
we cannot distinguish whether these are remnant channel
fills or lobes or a combination. The cored well (MU11) that
records hybrid beds suggest the presence of intra-slope lobes
(e.g., Haughton et al., 2009; Hodgson, 2009; Kane et al., 2017;
Southern et al., 2017), which were better preserved at the SW
and NE edges of the up-dip domain. It is important to note,
however, that parts of the up-dip domain are close to the lim-
its of seismic resolution and were eroded by flows that carved
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FIGURE 8 Marlim unit root mean
square amplitude map focusing on the
down-dip domain. (a) Uninterpreted.

(b) Interpreted, with white dashed lines
marking the lobate features (LA to LD)
and the channel incisions, which are also
indicated by the white arrows (C0-C4).
The red stars mark points where the
channels extend beyond the down-dip
domain. S-S’ section and wells are shown
in Figure 9.

the channels, subsequently filled with mud. Therefore, we
recognize that some of the elongate seismic patterns might
be misleading and that remnant lobe deposits might be more
widely preserved across the up-dip domain.

4.3 | Down-dip domain architectural
elements
4.3.1 | Moderate- to high-amplitude

lobate anomalies

43.1.1 | Observations
Four lobate features characterised by moderate- to high-
amplitudes are identified in the down-dip domain (named

EfeacE—\W| LEy-127

LA, LB, LC and LD) (Figure 8). The features range in area
from 10 to 20km? Seismic profiles and attribute maps
reveal that they are connected to, and are cut by, high-
amplitude elongate anomalies that connect to channel
fills C0, C1, C2 and C4 from the up-dip domain. Well data
and seismic amplitudes indicate that these channels, in
the down-dip domain, have a sand-prone infill (Figures 3,
8 and 9), except for channel C0O, which remains mud-filled
above feature LA. The sand-prone channel fill C1 cuts fea-
ture LB; C2 cuts features LC and LD; C3 emerges between
features LC and LD; and C4 cuts feature LD (Figure 8).
Logs from wells that intersect channels C2 and C4 reveal a
blocky pattern, suggesting highly amalgamated sandstone
beds (Figure 9). A continuous cored interval from two
wells that intersect C2 confirms amalgamated moderately
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sorted, fine- to medium-grained structureless sandstones,
with coarse sand (<5%). A fine-grained interval <10 m
thick, composed of bioturbated siltstone with well-
preserved trace fossils (Zoophycus) is observed with sharp
contacts within the sand-prone packages towards the top
of the fill of channel C2 (Figure 9). Calibration with well
logs suggests that this siltstone interval is present in the
eight wells that intersect channel C2.

Compared to the mud-filled channels, the sand-prone
counterparts are wider with higher sinuosity (see chan-
nels C1 and C2; Figure 8). Channel C4 also widens and
branches (Figure 8). Channel C3 forms a partially pre-
served high-amplitude feature that converges down-dip
of LC and LD towards channel C2 (Figure 8). Channels
C2, C3 and C4 are mapped to exit the down-dip domain
in different locations and to extend basinward (Figure 8).
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FIGURE 9 S-S’ strike seismic amplitude profile (depth, 5x vertical exaggeration) crossing LB, LC and LD features with five well
intersections. Reflector's continuity and truncation differentiate distributary channel complexes from lobe complexes (see text for
explanation). Blocky well log motifs are common and highlight the high sandstone percentage in the area. Examples of architectural
elements’ log response are marked on the wells. The MD1 well intersects distributary channel complexes deposits. The MD2 and MD5 wells
intersect the axes of thick late-stage incisions channel fills (C2 and C4, respectively). The MD3 well shows a moderate sandstone percentage
in interbedded successions found at the marginal positions of lobes, whereas high sandstone percentage shown by the MD4 well relates

to central positions. Core of the bioturbated siltstone interval was recorded within the sand-prone axis deposits of channel C2 (see text for

explanation). See Figure 8 for location of the seismic profile.
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FIGURE 10 Marlim unit structural and thickness map with the location of the slope breaks (marked by red lines) and slope sectors.

The up-dip and down-dip domains are interpreted as steps edged by high-gradient ramps (the transistion zone includes a ramp and a

corridor). Note that some slope breaks coincide with faults. Channels C0-C4 are marked. See the increased thickness recorded at the slope

break of step 2 (yellow arrow, features LB and LC and C2) and the general trend of thickness increase from the south-west towards the

north-east.

Well data indicate that a high sandstone percentage
characterises lobate features LB, LC and LD (75% on
average). Many wells that intersect different seismic fa-
cies display blocky gamma-ray and density-neutron log
signatures, interpreted as an amalgamation of porous
sandstone packages (higher porosity as the separation
between density and neutron logs increases) (Figure 9).
Therefore, the architectural interpretation is based on re-
flector characteristics combined with log patterns. High-
amplitude, continuous to semi-continuous and tabular to
mounded reflectors are recognised in features LC and LD.
In contrast, moderate- to high-amplitude, discontinuous
and irregular-based reflectors are present in LA and LB.
The edges of features LB, LC and LD present a moder-
ate sandstone percentage (ca. 50%) with the intercalation
of sandstone and mudstone beds (well MD-3 in feature

LC, Figure 9). Lithology data are not available in feature
LA. In general, there is a thickness reduction from the
feeder point towards the distal parts of features LC and
LD, although wells show moderate thicknesses (around
20m thick) in these distal areas (Figure 9), and amplitude
continuity suggests a well-defined sand pinch-out (fea-
tures LB, LC and LD, Figure 8). A cored well intersecting
the central part of feature LC displays well-sorted fine-
grained structureless and structured sandstones (well
MD6, Figure 8b).

4.3.1.2 | |Interpretation

Continuous to semi-continuous bright amplitude reflec-
tions with fan-shape morphology have been frequently
associated with stacked lobes in intra-slope settings
(e.g., Adeogba et al., 2005; Deptuck et al., 2012; Howlett
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FIGURE 11 Large-scale topographic configuration of the stepped slope representing a static view of the seafloor at the end of the

Marlim unit deposition. Steps 1 and 2 form two stratigraphically linked depocentres that record channel and lobe complexes (see text for

explanation).

et al., 2021; Jackson et al., 2008; Jobe et al., 2017; Li
et al., 2021). On the other hand, discontinuous high- to
moderate-amplitude reflectors have been related to dis-
tributary channel networks (e.g., Hay, 2012) and chan-
nel complexes (e.g., Barton, 2012; Kane et al., 2012).
Blocky wireline log responses (low gamma-ray values,
low-density values and low neutron reading) that re-
flect amalgamated sandstone beds have been associated
with channels (e.g., Chima et al., 2019; De Gasperi &
Catuneanu, 2014; Kane et al., 2012) and lobes axes (e.g.,
Prather et al., 1998; Steventon et al., 2021). Intra-slope
lobes or fans are described as having relatively high sand
content towards the fringes and well-defined sand pinch-
outs, differing from the fringes of basin floor lobes that
can be quite mud-prone, thin and with poorly defined
pinch-outs (e.g., Jobe et al., 2017; Spychala et al., 2015).
Therefore, the seismic facies and geomorphology of fea-
tures LC and LD are consistent with an interpretation
of intra-slope lobe complexes. In contrast, the external
planform morphology of features LA and LB suggests
relatively unconfined deposits, but the seismic reflec-
tor characteristics suggest channelised elements. The
arrangement of these elements in planform amplitude
patterns is inconclusive as the amplitude response is
affected by faulting and reservoir fluids (oil vs water
contact). However, due to the lobate external shape, we
interpret features LA and LB as distributary channel
complexes. The high sandstone percentage observed in
feature LB suggests amalgamated channels, whereas the

seismic character suggests higher lithological variability
in LA.

4.4 | Topographic configuration and
control of the Marlim unit

The large-scale topographic configuration of the slope
during the evolution of the Marlim unit is interpreted
from the seismic architecture and lithological attributes
described above (Figures 10 and 11). In addition, some
control is invoked through correlation with the spatial dis-
tribution of underlying salt structures, carbonate rafts and
associated faults (Figure 11). The seismic reflection data
show no evidence for down-dip sills or three-dimensional
closure, and the cores show no sign of flow ponding, such
as turbidites with thicker normally graded mud caps.

The up-dip and down-dip domains are depocen-
tres with multiple channels that cut lobes, separated
and bounded by low amplitude but channelised areas
(Figure 3), which support the presence of a stepped slope
profile. The two depocentres represent up-dip (step 1)
and down-dip (step 2) steps (Figures 10 and 11). Up-dip
of step 1, irregular and low-amplitude anomalies and the
dominantly mud-prone character of the deposits indicate
a propensity for sediment bypass and lower preservation
potential for sand, suggesting deposition in a higher gradi-
ent sector of the slope (ramp 1—a bypass-dominated zone
sensu Stevenson et al., 2015). The slope break from ramp

85U8017 SUOWILLOD 3A1Ie.1D) 3|qeo ! [dde au Ag peuienof a1e Sspoile YO ‘@SN J0 S8|ni o} Akeid18ul|uO /8|1 UO (SUOIPUOD-PUB-SWLBH W00 A8 1M AReiq] 18U JUO//:SdNL) SUORIPUOD pue Swie 1 8y} 89S *[£202/T0/TT] uo AriqiTauluo /8|1 ‘ARiqi uosuyiolg 8y L Spse T JO AISIBAIUN Ad 0022T 8.0/TTTT OT/I0p/W0D A8 i Akeiq1jpuluo//SAny wouy papeojumod ‘9 ‘ZZ0Z ‘LTTZS9ET



CASAGRANDE ET AL.

2177
S WILEY-27

1 to step 1 partially coincides with a synthetic NW-SE salt-
rooted normal fault that edges a carbonate raft (Figure 10).

The TZ between steps 1 and 2 comprises two dis-
tinct elements: an area of weak to moderate amplitudes,
which is laterally associated with a high-amplitude and
sand-prone narrow elongate feature (Figures 3, 10 and
11). The low-amplitude area supports high mud content
and low preservation for sand. Therefore, we interpret
this area as a high-gradient ramp that allowed flows to
bypass and connect the steps. The channels that feed and
cut the lobate features LA and LB down-dip support this
configuration (Figures 10 and 11). In contrast, the high-
amplitude narrow zone is interpreted as a corridor above
the lateral flank of a carbonate raft, where flows con-
verged and connected steps 1 and 2. This corridor formed
between the higher gradient ramp and a positive topo-
graphic feature that possibly originated from differential
compaction above the apex of the same raft (Figure 11),
as supported by thinner strata towards the centre of the
structure.

The lobate features of step 2 formed above the down-
dip flanks of carbonate rafts towards an area without
major underlying rafts. Feature LC and parts of LB form
at the exit of the corridor, down-dip of a slope break that
coincides with an SW-NE synthetic fault that forms a
structural high that was orientated transverse to flows
(Figure 10). Increased thickness of the lobes and channel
fill (C2) adjacent to the fault plane support that this struc-
ture was an active feature during deposition (Figure 10,
yellow arrow). The slope break of feature LD is not asso-
ciated with any resolvable structure, although differential
compaction at the flanks of the carbonate raft underlying
LD could have impacted the palaeoslope configuration.
Down-dip of step 2, channels C2, C3 and C4 extend basin-
ward as isolated features, and there is no significant sand
deposition associated with the Marlim unit outside of
these channels. We interpret that these channels evolved
in a steeper sector of the slope compared to steps 1 and
2. Thinning of Cenozoic strata above rollover anticlines
and faulted blocks associated with salt-rooted listric nor-
mal faults suggests the presence of irregular bathymetric
features down-dip of step 2. Despite the observed lateral
variability in expression, we refer to this area as ramp 3.

The contrasting depositional characteristics observed
on steps 1 and 2 (architecture, thickness patterns and
sandstone percentage) suggest differences in the geome-
try of the associated slope breaks and accommodation on
the steps. The sand-prone lobe complexes documented in
features LC and LD above step 2 support an abrupt slope
break, which led flows to lose their capacity to transport
coarser fractions and induced flow expansion due to rapid
loss of confinement (e.g., Mulder & Alexander, 2001;
Spychala et al., 2020). The thickness increase recorded

downstream of the slope break in the proximal parts of step
2 also suggests substantial gradient variations. This inter-
pretation is supported by experimental studies that show
thicker slope break deposits associated with abrupt gradi-
ent changes (e.g., Kubo, 2004; Mulder & Alexander, 2001).
Conversely, a milder slope break, between ramp 1 and
step 1 and in features LA and LB, would permit flows to
remain channelised. Channel stability across mild slope
breaks has been documented in channels in intra-slope
basins described by Booth et al. (2003) and Barton (2012).
In summary, the geomorphological patterns of the
Marlim unit point to a complex palaeoslope topography
comprising alternating depositional (steps) and bypass-
prone areas (ramps), with breaks-in-slope of variable mag-
nitude and physiography that are related to underlying
salt-related tectonic features (Figure 11). The presence of
multiple mud- and sand-filled channels that connect the
steps across the ramps (Figures 5, 8 and 11) suggests mul-
tiple non-synchronous sediment conduits. Gradient varia-
tions imposed by slope breaks along channel profiles were
probably readjusted via up-dip migrating knickpoints
based on observations from modern and ancient systems
(Allen et al., 2022; Deptuck et al., 2012; Guiastrennec-
Faugas et al., 2021; Heijnen et al., 2020; Tek et al., 2021).
The age relationship between the late-stage channels and
the step deposits requires a high-resolution stratigraphic
framework, which is discussed in the next section.

4.5 | Stratigraphic framework

Stratigraphic relationships observed in seismic reflection
data support interpretations of key surfaces and the rela-
tive age of deposits. The up-dip submarine channel com-
plexes in step 1 form an 8-10 km wide zone composed
mainly of laterally stacked channel fills that are cut by the
mud-filled channels C0, C1, C2 and C4 (Figures 5-7). The
same configuration is documented in step 2, where these
channel fills are sand-prone (except C0) and cut the lobate
features (Figures 8 and 9). These observations support
late-stage channel lengthening and incision of sand-prone
deposits.

More detailed stratigraphic age relationships were ob-
served in step 2, where the nature of the depositional sys-
tem (i.e., unconfined deposition) implies an overall higher
preservation potential compared to the channel complexes
of step 1. The irregular and sharp external shape of feature
LA suggests that it was partially eroded. It is interpreted that
the erosion, at least in part, is due to truncation by channel
C1, the late-stage channel interpreted to have fed feature
LB. In addition, LA is surrounded by LB, which formed
in a space not occupied by LA (Figure 8). These observa-
tions support LA being older than LB. The age relationship
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FIGURE 12 Interpreted strike panels that summarise the stratigraphic framework of step 1. Note the thickness increase trend towards
north-east calibrated by wells. CO (a,b), C1 (a—c) and C2 (a,b) represent the mud-filled channels that cut the sand-prone channel complexes
and, eventually, older lobes. The red lines depict truncation surfaces. The red truncation surfaces related to the sand-prone channel fills are

depicted in the thickness and amplitude maps and are interpreted in areas with abrupt thicknesses variations and/or amplitudes reduction.
The black lines that limit internal architectural elements follow well logs breaks, however, their geometry is not resolved by seismic and,
therefore, is speculative. Lobes are interpreted on both edges of panel 1 and at the SW edge of panel 2.

between LB and LC is not clear, and their relative position
does not favour any interpretation in this sense. However,
these features present distinct internal architecture and
apparently have different feeder channels, supporting two
depositional phases (Figures 8 and 9). C2 cuts between the
two features, supporting that it is younger than LB and LC.
A more compelling age relationship is observed between
LC and LD. LD shows a classical lobate geometry, mean-
ing that the feature is well preserved. On the contrary, the
NE edge of LC suggests truncation by a channel (Figure 8).
This could be C3; however, there is not sufficient seismic
resolution to map C3 in this area. Also, the relative position
between both features supports the progradation of the sys-
tem since C4, the LD feeder channel, lengthened further
basinward before losing confinement (compared to LB and
LC). In summary, the geomorphological patterns suggest
an overall oblique progradational stepping/compensational
trend towards the NE, where LA is the oldest feature and
LD is the youngest (Figures 3 and 8).

The stratigraphic framework of step 1 is summarised
in two correlation panels orientated SW-NE, orthogonal
to the channels, hung from the carbonate-prone strati-
graphic datum and calibrated with nine wells (Figure 12).
The correlation panels highlight the pervasive mud-filled

channels, with varying widths and depths, which incise
into sand-prone channel fills and lobes. Truncation sur-
faces within the sand-prone channel complexes are iden-
tified: (i) where abrupt reduction in amplitudes related to
the edges of the elongate seismic anomalies occur, and/or
(ii) in areas with abrupt and substantial thickness increase
(Figure 12). We assume that lower amplitude values at the
edges of high-amplitude seismic bodies can be associated
with channel margin deposits that onlap onto erosion sur-
faces (e.g., Hodgson et al., 2011), and that abrupt differ-
ences in thicknesses in the strike direction are related to
channel truncation.

Well calibration supports interpretations of lithology
distribution, architectural elements and stacking pat-
terns. Preservation of laterally stepping channel fills that
comprise intercalated mud- and sand-prone packages
related to channel margin deposits are common at the
proximal part of step 1 (Figure 12, panel 1 wells MU8 and
MU9). Homogeneous sand-prone amalgamated channel
fills associated with axial deposits prevail at the distal
part (Figure 12 panel 2, wells MU13 and MU6). At the
SW end of the panels, wells that intersect dim seismic
amplitudes suggest thin, and moderate to low sand con-
tent, and high aspect ratio geometries (Figure 12, both
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panels). At the NE end of panel 1, high aspect ratio ge-
ometries intersected by two wells are depicted (wells
MU10 and MU11, Figure 12). The wells show a moder-
ate sandstone percentage (MUI11 facies include hybrid
beds) and were drilled in a moderate to high-amplitude
anomaly without a clear elongate shape. Considering the
seismic amplitude character, well data and relative posi-
tion in the system, the high aspect ratio deposits are in-
terpreted as remnant deposits of (frontal) lobes that were
truncated by the channels.

Both panels reveal an overall NE-ward thickness in-
crease, culminating in thick channel deposits of more than
40m (41 min well MU9, 51 m in well MUS, Figure 12). This
pattern is corroborated by the thickness map (Figure 10)
and suggests that accommodation progressively increased
in the same direction. The panels also illustrate trunca-
tion surfaces that represent composite erosion surfaces
that consistently step to the NE. The interpreted trend in
lateral channel migration is supported by the depositional
patterns of step 2. The physical continuity of the late-stage
channels between both steps strongly suggests that these
areas were stratigraphically linked during the evolution of
the Marlim unit. Therefore, we interpret that the strati-
graphic evolution above steps 1 and 2 share a NE-ward
migration history.

We interpret that a sediment bypass-dominated period
following incision occurred in the late-stage channels
before they were filled with mud and/or sand (channels
C0-C4). Similar channels commonly link intra-slope de-
pocentres at the final stages of a fill-and-spill cycle, once
accommodation is healed and a new down-dip base level
is established (e.g., Adeogba et al., 2005; Jobe et al., 2017;
Prather et al., 2012; Spychala et al., 2015). Several studies
have documented bypass-dominated channels that exit
intra-slope basins at a single point, in accordance with
the classic fill-and-spill model (e.g., Adeogba et al., 2005;
Barton, 2012; Beaubouef & Friedmann, 2000; Pirmez
et al., 2000; Prather et al., 1998; Sinclair & Tomasso, 2002;
Smith, 2004; Winker, 1996). In contrast, a number of
studies figuratively show two or three exits, but these are
inferred, as channels are either not identified through
these putative exits (Meckel et al., 2002), or evidence
for these has been removed by subsequent erosion
(Deptuck et al., 2012). In contrast, in the Marlim unit,
the bypass-dominated channels exit step 1 in four differ-
ent locations and feed the lobate features of step 2. The
bypass-dominated channels also exit step 2 at distinct lo-
cations (Figures 5, 8 and 11). This suggests multiple later-
ally associated stratigraphic cycles, each representing an
episode of accommodation creation, healing and bypass
in both steps (fill-and-spill cycles) and abandonment of
the final channel.

5 | DISCUSSION

5.1 | The Marlim unit: Stratigraphic
evolution above a dynamic stepped slope

The Marlim unit evolved above a stepped slope in an ex-
tensional salt domain, where downslope extension and
salt-thinning prevailed. However, most of the extension
had finished at the time of deposition, and much of the salt
had flowed basinward (Quirk et al., 2012). The negative re-
lief created by the salt-controlled raft tectonics was largely
healed, implying only minor effects of salt-related defor-
mation on the slope. Nevertheless, salt tectonics remained
active and amplified by the reactivation of basement struc-
tures (Fetter, 2009). Therefore, due to the long-term trend
of waning salt-related deformation, we propose a scenario
where low deformation rates and subtle seafloor topogra-
phy, disturbed by local fault reactivation, controlled accom-
modation creation in the Marlin unit slope.

The deformation style is interpreted from archi-
tectural patterns and stratigraphic relationships. The
thickening direction of multiple fill-and-spill cycles to
the NE, together with the persistent migration of the
submarine channels and lobes in the same direction,
orientated transverse to the stepped slope profile, sup-
ports syn-sedimentary lateral tilting. This contrasts with
basinward tilting where submarine conduits tend to
have fixed positions (e.g., Jackson et al., 2021). Without
invoking a lateral tilt, the documented thickening direc-
tion and stacking pattern would need to be explained
by the turbidite system initiating on the higher part of
the steps (SW) and working their way progressively to
lower elevations to the NE. However, turbidity currents
are ground hugging and have a strong tendency to pref-
erentially fill topographic lows through deposition (e.g.,
Straub et al., 2009), and therefore, this alternative sce-
nario is considered highly unlikely.

Submarine channel systems that evolve above slopes
that undergo lateral tilting can be controlled by growth
faulting in extensional settings (e.g., Kane et al., 2010)
or by salt dome uplift in halokinetic basins (e.g., Gee &
Gawthorpe, 2006; Kane et al., 2012). In step 1, the prev-
alence of intercalated deposits supports the presence of
laterally stepping channels with channel margin depos-
its preferentially preserved (e.g., Hodgson et al., 2011;
Figure 12, panel 1). These channel fills are similar to chan-
nel systems that laterally migrate in response to tilting
caused by halokinesis (e.g., Gee & Gawthorpe, 2006; Kane
et al., 2012). However, despite the evidence for tectonic
activity related to salt-cored structures in the Oligocene-
Miocene interval (Figure 4), the exact cause of the lateral
tilting, either uplift to the SW and/or subsidence to the
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NE, is challenging to determine as no specific structural
element influencing the large-scale patterns of deposition
is identified. Moreover, the effects of the syn-sedimentary
deformation are interpreted here at a very high-resolution
scale. Although we interpret the effects, the primary cause
is difficult to demonstrate in seismic reflection data, espe-
cially in a setting of low deformation rates and complex
interaction between halokinesis, differential compaction
and, possibly, reactivation of basement faults.

The seismic geomorphological patterns suggest four
fill-and-spill cycles in both steps. The geomorphological
patterns in each cycle and the stratigraphic evolution
of the lateral tilting slope of step 1 are reconstructed in
Figure 13. Here, accommodation is interpreted to be spa-
tially more limited compared to step 2, which records
distributary channel and lobe complexes suggestive of an
area prone to sediment dispersion. Above step 1, the high
propensity for erosion and bypass resulted in an incom-
plete stratigraphic record. The cycles are defined by the
mud-filled channels and their incisional relationship with
the sand-prone channel complexes and remnant lobes.
Step 2 has higher preservation, and each cycle refers to one
of the lobate features and associated incision (Figure 8).
Less clear is the relationship between the lobate features
and C3, which could have been formed during cycle 3 or
cycle 4. The ‘fill phase’ of each cycle relates to the sand-
prone deposition before the late incisions, and the ‘spill
phase’ is associated with the bypass-dominated phase of
these incisions (CO to C4) prior to filling with mud and/or
sand. After the spill phase, we interpret that the lateral tilt-
ing prevailed and drove a NE-ward shift in the location of
each cycle, therefore, the cycles are here referred to as Fill-
and-Spill, Tilt-and-Repeat cycles (FaSTaR). The following
section will discuss the interplay between sedimentation
and slope deformation within the evolutionary history of
the Marlim unit.

5.2 | Intra- and extra-basinal
stratigraphic controls on the Marlim unit

Slopes evolve over time depending on the interplay of sub-
strate mobility and sediment flux (Prather, 2003), which are
controlled by intra- and extra-basinal factors, respectively.
The incisions identified in the FaSTaR cycles (through-
going in three of four cycles) indicate that effective bas-
inward sediment bypass beyond ramp 3 was repeatedly
established, which suggests that a local graded profile was
reached in each cycle (e.g., Adeogba et al., 2005; Deptuck
et al., 2012). Therefore, we argue that the sedimentation
rate outpaced the rate of lateral tilting prior to, and during,

FaSTaR Cycle 1

I:] D Moderate to high sandstone percentage (channels and lobes)

- - Late-stage mud-filled channels

FIGURE 13 Three-dimensional diagrams that show the
evolution of the Fill-and-Spill, Tilt-and-Repeat cycles on step 1
(see text for explanation). Note the thickness increase towards the
north-east attributed to higher accommodation controlled by the
lateral tilting (peaking at cycle 3).
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these incisional periods. As outlined previously, the gen-
eral structural context points to comparatively low rates of
slope deformation (in this case, primarily lateral deforma-
tion) relative to the duration of the sediment supply cy-
cles, as commonly documented in stepped slope systems
(e.g., Deptuck et al., 2012; Prather, 2003). Moreover, low
rates of lateral tilt are also supported by the lack of flow
ponding and by the stratigraphic connection between the
steps, which suggests that the axial slope dip (regional
slope gradient) was more critical for sediment dispersal
patterns than the lateral structural dip caused by tilting.

The record of complete cycles (i.e., healing and bypass
phases) indicates that enough sediment was available to
infill accommodation and bypass basinward. However, it
does not necessarily indicate that the sediment supply was
constant during the Marlim unit deposition. The partial
filling of the late-stage channels with sandstones suggests
that these channels had sand-prone flows during their
lifespan. However, up-dip, the same channels are filled
with stratified mudstones (analogous to the laminated
and bioturbated siltstones cored in channel C2, Figure 9),
here related to the settling of low-density turbidity cur-
rents and hemipelagic sediment fallout. This spatial differ-
ence in infill character of the conduits suggests an initial
phase of backfilling with sands, followed by sand starva-
tion and, ultimately, channel abandonment (e.g., Peakall,
McCaffrey, & Kneller, 2000; Peakall, McCaffrey, Kneller,
et al., 2000; Prather et al., 1998). This occurs repeatedly
and reflects an external control on the sediment supply
that resulted in discrete waxing-and-waning fill-and-spill
cycles, and periods of sand starvation, when coarse clastic
sedimentation was negligible but lateral tilting was active
(Figure 14).

Above step 1, the sand-prone channel complexes
form a composite body with overall high connectiv-
ity locally incised by the mud-filled channels. Lateral
stratigraphic continuity of channel deposits above

Rasearch e -WILEY-22
tilting surfaces results from gradual migration (comb-
ing) and has been associated with relatively low rates
of tilting and/or short periods between flows, whereas
pronounced stepping (avulsion) and/or isolated chan-
nel ribbons are associated with rapid tilting and/
or long return periods (e.g., Kane et al., 2010, 2012;
Peakall, Leeder, et al., 2000). The infill by mud in the
through-going incisions suggests a long return period
of the flows between the cycles. However, the overall
stratigraphic signature supports low rates of tilting and,
likely, a short return period of the flows during the fill-
and-spill phases of each FaSTaR cycle.

The organized and predictable stratigraphic record of
the sediment supply cycles suggests that accommodation
was created by a continuous slow-moving tilting slope at
a quasi-constant deformation rate (Figure 14) that acted
as a background control, rather than being controlled by
short-lived random tectonic perturbations, which would
result in a less ordered record. The end of an FaSTaR
cycle and the start of a new one at the end of a sand
starvation period are marked by the re-routeing of the
feeder channels, which we attribute to up-dip avulsions
to areas with accommodation (Figure 14). The mecha-
nism for channel avulsions can be explained by the in-
terplay between the deformation style operating in the
Marlim unit slope (intra-basinal control) and the cyclic
fluctuations in the sediment supply (extra-basinal con-
trol). We speculate that the turning point for triggering
avulsions could be reached once the cumulative defor-
mation caused by the continuous lateral tilting provoked
structural changes capable of altering accommodation
patterns on the slope (creating a new topographic low).
At the onset of a new cycle, when enough coarse sed-
iment was again available in the system, the returning
flows would interact with a substantially modified slope,
with a higher potential for forming a new conduit, as also
proposed by Kane et al. (2012).

S FaSTaR 1 FaSTaR 2 | FaSTaR 3 FaSTaR 4
-
]
a |_1\ .4% 7,,.4%
23| &
v CONSTANT TILTING RATE - TIME -~
-

V//A Sediment supply rate > tilting rate I:] Waxing sediment supply E Sand supply starvation

/////| Sediment supply rate < tilting rate m Waning sediment supply @ Maximum sediment bypass

@ Onset of avulsion

FIGURE 14 Sediment supply rate versus tilting rate in each Fill-and-Spill, Tilt-and-Repeat cycle. The cycles comprise phases of waxing
and waning sediment supply and periods of sand starvation. The rate of tilting outpaces the rate of sediment supply during the end of the

waning phase and the start of the waxing phase (including the sand starvation period). Conceptually, the maximum cumulative sediment

bypass is positioned at the inflection point of the waning curve and the onset of avulsions at the inflection point of the waxing curve, when

substantial coarse sediment is again available.
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5.3 | The impact of the slope
configuration on the FaSTaR cycles

Pre-existing structural elements controlled the bas-
inward stepped profile (Figure 11). Underlying struc-
tural features such as rafts, salt rollers and associated
faulting played a crucial role in the position and
character of slope breaks between ramps and steps.
Turbidity currents are sensitive to gradient changes
and respond differently according to the magnitude
and type of topographic variations (e.g., Alexander
& Morris, 1994; Deptuck et al.,, 2012; Garcia &
Parker, 1989; Kneller & McCaffrey, 1999; Kubo, 2004;
Morris & Alexander, 2003; Mulder & Alexander, 2001;
Stevenson et al., 2013). Therefore, the style of filling
and spilling varies between each cycle according to the
evolving slope configuration.

The large-scale topographic template interpreted for
the Marlim unit slope (Figure 11) suggests three differ-
ent slope configurations during the stratigraphic evolu-
tion (Figure 15). Cycles 1 and 2 are interpreted to have
evolved in a similar topographic template comprising

two steps (steps 1 and 2) and three ramps (ramps 1 to 3)
(Figure 15a). In part, sedimentation in the steps evolved
synchronously as there was no confining counter slope
to pond sediment up-dip (Figure 15al,a2). Ramp 1 was
prone to bypass, which fed sediment through the laterally
migrating channels above step 1. The channels of step 1
sourced sediments to lobate features LA and LB on step 2.
Seismic geomorphology and amplitude strength indicate
that lobate feature LA is smaller and less sand-prone com-
pared to other lobate features (Figure 8), suggesting that
either the flow magnitude and sand content were lower in
an initial phase of the Marlim unit evolution or more sed-
iment was bypassed basinward during this cycle. We infer
that incision at the slope breaks at the down-dip edges of
the steps, where a knickpoint likely formed and eroded
headward to smooth the channel profile, occurred once the
steps were filled to the spill point, starting from the down-
dip edge of step 1, the first step to heal (Figure 15al-a3).
However, the exit point of step 2 is not clearly observed on
seismic reflection data. At a final stage, a through-going
channel incised cycle 1 deposits (C0) and cut through
part of step 1 in cycle 2 (C1) (Figures 11 and 15a4). Later,

(a) Topographic profile for cycles 1 and 2

Ramp
7
STEP T R
2
STEP 2 RAMP3

(b) Topographic profile for cycle 3

Ramp 1
STEP
g CORRIDOR ] o
P3

O © ®© 0 ©

(c) Topographic profile for cycle 4

BYPASS-DOMINATED ZONE
STEP 2

FIGURE 15 Stratigraphic evolution of each Fill-and-Spill, Tilt-and-Repeat cycle according to the palaeotopographic configuration.
Time ‘0’ represents the initial slope configuration. (a) Cycles 1 and 2 (stage 4 represents cycle 2 since in cycle 1 the incision is through-
going and totally mud-filled), (b) cycle 3, (c) cycle 4. See text for detailed explanations on each cycle. (d) Location of the profiles on the
topographic configuration. The profiles show the evolution of late incisions C1, C2 and C4 (red curly lines). Therefore, they are dip sections
representative of where these incisions occurred. Green represents the mud filling of the late incisions, and orange represents the sand

filling.
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ﬁEntry point
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FIGURE 16 Schematic summary of the Fill-and-Spill, Tilt-and-Repeat (FaSTaR) model. (a) and the classic fill-and-spill model (b). The
FaSTaR model is composed by several laterally associated cycles and multiple entry and exit points (red lines represent main truncations and
limits between cycles). It contrasts with the classic model that predicts a single, or vertically stacked, cycle(s) and a single entry and exit point.
The depositional architecture is also distinct. The FaSTaR cycles record incised channel complexes, whereas in the classic fill-and-spill models
turbidity currents produce more unconfined deposits, such as distributary channels and lobes (see text for detailed explanation).

the conduits were filled with mud (CO0) and partially with
mud and sand (C1).

The slope configuration during cycle 3 differs from cycles
1 and 2 since a corridor acted to connect steps 1 and 2 in
the early evolution of the cycle (Figure 15b0,b1). The topo-
graphic difference formed by the fault-controlled slope break
at the corridor's exit was progressively healed (Figure 15b2).
Total filling of steps 1 and 2 meant channels were able to
transfer sediment across step 2 and ramp 3 (Figure 15b2)
and form a through-going incision on the stepped profile
(channel C2), which evolved from the down-dip edge of step
2 upwards (Figure 15b3,b4). C2 was later partially filled by
sand from ramp 3 up to the distal part of step 1, and mud
from step 1 towards ramp 1 (Figure 11).

During cycle 4, step 1 recorded thin, moderate to low
seismic amplitude deposits in a restricted area, incised by
a mud-filled channel (C4), implying limited accommoda-
tion. Therefore, the site represents a bypass-dominated
zone (sensu Stevenson et al., 2015) that extends from
ramp 1 to step 2 (Figure 15c0). The deposition started in
step 2 by building lobate feature LD (Figure 15c1). As step
2 filled, a deep incision occurred at the edges of step 2 to-
wards ramp 3, and deposition took place up-dip in areas
with available accommodation on the bypass-dominated
zone (Figure 15c2). Once accommodation was healed,
headward erosion formed a through-going incision across
the slope profile (C4) (Figure 15c3,c4). Channel C4 was
filled with sand up to the intermediate portion of the
bypass-dominated zone, and then mud up-dip (Figure 11).

The different topographic profiles and the history of
the FaSTaR cycles reflect the spatial and temporal evolu-
tion of the Marlim unit stepped slope. The slope profile

during cycle 4 (a single step between two bypass-prone
ramps, Figure 15¢) suggests that the tilting, responsible
for accommodation patterns and lateral stepping, was
less active in step 1 at the end of the Marlim unit depo-
sition, at least compared to the duration of the sediment
supply cycle. The size of the lobate features, and their
thickness and lithology suggest a substantial increase in
the volume of sand bypassed and deposited from cycle 2
onwards.

5.4 | The FaSTaR model: A new
stratigraphic model for dynamic stepped
slope systems

The Marlim unit comprises several laterally associated
FaSTaR cycles and multiple entry and exit points that pro-
gressively offset the NE. From this stratigraphic signature,
we propose the FaSTaR model (Figure 16a), a new strati-
graphic model that captures the high-resolution temporal
and spatial evolution of connected slope depocentres in
stepped slopes, in response to sediment supply fluctua-
tions and lateral slope tilting. The sediment supply fluc-
tuations are interpreted to respond to extra-basinal factors
(i.e., sea-level changes/climate) that control the timing
and duration of the waxing-to-waning sediment supply
cycles and periods of sand starvation, whereas the lateral
slope tilting is an intra-basinal factor that controls accom-
modation patterns during these cycles.

The FaSTaR model is different from the classic fill-and-
spill model, which proposes a single fill-and-spill cycle
or vertically stacked cycles to explain the stratigraphic
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evolution of intra-slope basins with fixed topographic con-
figurations and, therefore, with a fixed entry and exit point
where sediment is bypassed towards the next downslope
depocentre (e.g., Beaubouef & Friedmann, 2000; Pirmez
et al., 2000; Prather, 2000; Prather et al., 1998; Sinclair &
Tomasso, 2002; Smith, 2004; Winker, 1996) (Figure 16b).
Another difference to the traditional fill-and-spill model
are the incised channel complexes above step 1. The com-
bination of a mild slope break from ramp 1 to step 1 and
spatially limited accommodation in response to lateral
tilting, prevented flows from forming more unconfined
deposits such as distributary channels and lobes. These
are more typical of static, undeforming, stepped slope
systems or stepped slopes with vertical variation in ac-
commodation patterns (e.g., Adeogba et al., 2005; Brooks
et al.,, 2018; Deptuck et al., 2012; Hay, 2012; Spychala
et al., 2015) (Figure 16).

Few studies document the impacts of lateral slope tilt-
ing on the evolution of deep-water deposition, and these
focus on submarine channels affected by growing salt
structures (e.g., Gee & Gawthorpe, 2006; Kane et al., 2012)
and extensional faulting (e.g., Kane et al., 2010). However,
lateral slope tilting may occur above any dynamic slope,
which can be affected by a variety of structures, includ-
ing fold-and-thrust belts, mud diapirs, salt tectonics and
generic faulting. Therefore, given the prevalence of basins
affected by mobile slopes around the world, we predict
that the FaSTaR model is widely applicable to a range of
settings where a component of lateral tilt is present. The
relationship between tilting rate and sediment supply rate
will ultimately dictate the emerging stratigraphic pat-
terns. The model presented here shows an ordered record
with complete fill-and-spill cycles intercalated with sand
starvation periods. However, different rates and timing
between controls could result in different signatures, for
instance, incomplete cycles, lack of starvation periods or
premature avulsions.

6 | CONCLUSIONS

This study uses 3D seismic reflection data calibrated to
numerous wells and cores to document the stratigraphic
evolution of the Marlim unit; a passive margin sand-prone
stepped slope system active during the Oligocene-Miocene
transition, which was deposited above a slow-moving tilting
substrate affected by extensional salt tectonics. The model
here proposed brings a new perspective on how stepped
slope systems evolve. The main conclusions of this study are:

+ Salt-related faulting and differential compaction (orig-
inated from underlying carbonate rafts) controlled
the large-scale stepped slope configuration and,

consequently, the location of depocentres and bypass-
prone areas and sand distribution. The slope profile is
formed by two steps connected by a TZ (ramp and cor-
ridor) and is bounded by two high-gradient ramps. Step
1 (up-dip) records low sinuosity incised channel com-
plexes and remnant deposits of lobes, and step 2 (down-
dip) records four lobate features formed by distributary
channel and lobe complexes. The stratigraphic connec-
tion between the steps is supported by several bypass-
dominated channels, later filled partially by mud and
sand, which truncate deposits on the steps across the
slope profile.

Differences in architectural patterns, thickness and
sandstone percentage in the steps suggest lateral vari-
ability in the magnitude of the slope breaks. The deposi-
tion of high sandstone percentage distributary channels
and lobe complexes, locally thicker down-dip of the
slope break, suggests abrupt slope breaks, whereas
channelised deposits with moderate to high sandstone
percentage support mild slope breaks.

Seismic geomorphology and truncation patterns be-
tween the lobate features of step 2 support the unidi-
rectional migration trend for the whole system. The
shape, relative position and incisional relationships
between the lobate features and the bypass-dominated
channels that incise them support a unidirectional
migration trend towards the NE in step 2. The strati-
graphic link between the steps suggests the same
trend for the laterally stepping channels interpreted
in step 1.

Several through-going bypass-dominated channels
that enter and exit the steps in multiple locations indi-
cate laterally associated fill-and-spill cycles (4 cycles in
the case of the Marlim unit). These fill-and-spill cycles
thicken to the NE. Moreover, these channels suggest
that a local graded profile was achieved and that the
sediment supply rate outpaced the deformation rate in
each cycle. However, the mudstone fill of these inci-
sions suggests a period of sediment supply reduction
and sand starvation, reflecting fluctuations in the sed-
iment supply cycles (waxing-waning) and channel
abandonment.

Lateral slope tilting is invoked as the mechanism to ex-
plain the thickness patterns, the accommodation cre-
ation for each cycle and the unidirectional migration
trend of channel and lobe systems. As the lateral tilting
component plays an essential role in the stratigraphic
evolution, the cycles are here named FaSTaR (Fill-and-
Spill, Tilt-and-Repeat) cycles.

The repeated ordered pattern of accommodation filling
and bypass in all the FaSTaR cycles is compatible with a
constant rate of lateral tilting combined with sediment
supply fluctuations. During periods of sand starvation
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and long return periods between flows, the lateral tilt
rate outpaced the sediment supply rate and the cumula-
tive slope deformation induced channel avulsion at the
start of a new FaSTaR cycle. Within each FaSTaR cycle,
lateral connectivity and moderate to high sandstone
percentage support short return periods between flows
and relatively low rates of lateral tilting.

+ 3D variability in the location and character of the slope
breaks controlled the patterns of erosion and deposition
and the evolution of each FaSTaR cycle. Three different
slope configurations are proposed. FaSTaR cycles 1 and
2 evolved above two steps and three ramps, with step
1 being healed before step 2. During the FaSTaR cycle
3, deposition in the steps co-evolved since they were
connected by a corridor and, during FaSTaR cycle 4, the
slope profile comprised a single step edged by ramps.

This study demonstrates that fluctuations in sediment
supply combined with comparatively low rates of syn-
sedimentary lateral slope tilting produce distinctive depo-
sitional architecture that can help to inform the interplay
of external and internal controls on a high-resolution
scale. We provide a new model that predicts the strati-
graphic signature of stepped slopes with vertical and lat-
eral variation of accommodation patterns over time.
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