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A B S T R A C T

The discovery of the super-giant Coral and Mamba gas fields in the offshore of Northern Mozambique provides a
unique insight into the architecture of a new deep-water play-type. High-quality seismic and extensive well data
from both fields shows that very clean (clay matrix-poor) sandstone reservoirs, with thickness> 100m and
extended over tens of km can be formed by the syndepositional interaction of down-slope high-density turbulent
gravity flows and across-slope bottom currents.

This is recorded by: i) the marked asymmetry of submarine channels and lateral stacking in which top-of-fan
seismic reflectors show a lateral transition from high to low amplitude response from axis to off-axis locations; ii)
the occurrence of laterally-deviated lobe deposits, sediment waves and channel-associated drifts in the inferred
bottom current direction; iii) the presence of very clean sandstones forming the bulk of the fan units and the
consistent lack of interbedded fine-grained facies; iv) the occurrence of fine-grained and thin-bedded facies
adjacent to the main fan axes, which are characterized by repeated transitions between ripples and parallel-
laminated sandstones, mud-drapes, shale clasts and bi-directional cross-laminae in the same bed, indicating
intense traction and velocity pulsations. This association forms a mixed depositional system, in which only the
basal and coarse-grained part of the turbidity current load is deposited and preserved in the axial part of the
system, whilst all the finer-grained sediments are pirated from the turbulent cloud by laterally flowing bottom
currents and deposited in the adjacent sediment drifts. The inferred process results in exceptionally high quality
reservoirs whose architectural and facies models were confirmed by the appraisal campaign and production well
tests and incorporated into the reservoir model. The results of this study indicate a significant exploration po-
tential in similar geological settings and the definition of a potential new play type, that could lead to the
reinterpretation of existing deep-water datasets.

1. Introduction

The deep-water Coral and Mamba gas fields were discovered by Eni
between 2011 and 2012 in Area 4 offshore Northern Mozambique
(Fig. 1). They host over 80 trillion cubic feet (TCF) of natural gas in-
place (Orsi, 2013) distributed in Palaeocene to Oligocene reservoirs,
that together with neighbouring Area 1 (Fletcher, 2017), represent one
of the most prolific exploration areas of the world. Tertiary reservoirs
are made of extraordinarily clean deep-water sandstones (detrital clay-
matrix poor and high net-to-gross), with a thickness exceeding a few
hundred meters, comprising deposits of turbidity flows modified by

bottom currents (Fonnesu, 2013).
Mixed depositional systems characterized by down-slope sediment

gravity flows and perpendicular flowing bottom currents have been
observed in several continental margin-settings around the world (e.g.
Heezen et al., 1966; Mountain and Tucholke, 1985; Rebesco et al.,
1996, 2002; 2007; Faugères et al., 1999; Rebesco and Stow, 2001;
Knutz and Cartwright, 2003; Hernández-Molina et al., 2006; Mulder
et al., 2008; Deptuck et al., 2012; Brackenridge et al., 2013; Gong et al.,
2013; Alonso et al., 2016; Sansom, 2018). A large part of these key
studies consist of seafloor and near-seafloor observations that describe
recent to sub-recent, often mud-dominated, drift environments
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(amongst others: Hollister and Heezen, 1972; Carter and McCave, 1994;
Stow et al., 2002; Hanquiez, 2006; Wynn and Masson, 2008; Mulder
et al., 2013).

The available datasets are commonly based on 2D seismic reflection
profiles (Mountain and Tucholke, 1985; Wood and Davy, 1994;
Faugères et al., 1999; Viana et al., 1998; Akhurst et al., 2002; Michels
et al., 2002; Rasmussen et al., 2003; Uenzelmann-Neben, 2006;
Brackenridge et al., 2013; Thiéblemont et al., 2019) or, less commonly,
high-frequency geophysical and bathymetric surveys, revealing detailed
seafloor morphologies (e.g. Faugères et al., 1999; Amblas and Canals,
2016; Thiéblemont et al., 2019), showing the characteristic seismic
expressions of bottom current influenced depositional systems, and
supplemented by shallow sediment cores showing their modern facies
expression. Recently, an increasing number of published studies based
on 3D seismic volumes (Knutz and Cartwright, 2003; Hohbein and
Cartwright, 2006; Viana et al., 2007; Gong et al., 2013; Sansom, 2017,
2018) has allowed more detailed geometrical analysis of sedimentary
body development. However, due to the extremely high costs of deep-
water drilling, well data remain scarce and are often restricted to the
near subsurface. Outcrop studies are also quite rare (Kahler and Stow,
1998; Capella et al., 2017; Li et al., 2019) because of the difficulties of
recognising diagnostic sedimentary structures related to bottom current
deposits (Shanmugam et al., 1993) and the general under-representa-
tion of bottom current affected sediments in foreland and orogenic belts
where the best exposures are found (see Mutti, 1990).

From an exploration standpoint, mixed turbidite and contourite
systems have recently been considered as potential high-value re-
servoirs (Viana et al., 2007). Although contourites mostly comprise
fine-grained and often bioturbated deposits (Stow et al., 1998) of lim-
ited exploration potential, when bottom currents interact with gravity
flows, or are able to rework deep-water clastic deposits, they may be
able to enhance their reservoir potential. Mixed sand-rich depositional
systems have been identified in the area of the Gulf of Cadiz, along the
southern Iberian Peninsula (Mulder et al., 2006; Brackenridge et al.,
2013; Stow et al., 2013; Alonso et al., 2016; Hernández-Molina et al.,
2014). These studies identify diagnostic seismic stacking patterns (e.g.

Brackenridge et al., 2013), grain-size trends and sedimentological
structures (Alonso et al., 2016) associated with clean, well-sorted high
net-to-gross (N:G) sands suggesting that exploration potential could
exist in similar deep-water settings (Stow et al., 2013). First discoveries
in similar settings were made in the ultra deep-water oil fields of the
Atlantic Brazilian margin (Mutti et al., 1980, 2014; Viana and Faugères,
1998; Mutti and Carminatti, 2011), in the Gulf of Mexico (Ewing Blank;
Shanmugam et al., 1990, 1993) and North Sea (Frigg Field; Enjolras
et al., 1986), but following the Mamba and Coral discoveries, further
fields have been found worldwide (e.g. Tanzania margin; Sansom,
2017, 2018), and similar prospects may be ready for drilling in the near
future.

Because of the complexity of the interacting processes and the subtle
nature of the resulting physical sedimentary structures, Stow et al.
(1998) and later Hüneke and Stow (2008) suggested a multi-scale
analysis for a systematic identification of fossil bottom current influ-
enced deposits. This multi-scale approach requires either large outcrops
or a combination of high-quality seismic and supporting well data
which in most cases are only available as a result of deep-water ex-
ploration and production activities. A lack of unambiguous sedi-
mentological data could be one of the reasons why univocally accepted
case studies of fossil, sand-rich bottom current influenced deposits are
generally rare. Furthermore, there are several ways in which unsteady,
relatively short-lived gravity flows and the more permanent and steady
bottom currents can interact. Mulder et al. (2008) propose three main
forms of interaction which are conceptually sketched in Fig. 2: a)
contourite-turbidite alternations (Stow et al., 1998; Viana et al., 1998;
Michels et al., 2002; Brackenridge et al., 2013); b) redistribution of
gravity flow deposits by bottom current processes (e.g. Mutti et al.,
1980; Mutti, 1992; Stow et al., 2002; Hanquiez, 2006; Mutti and
Carminatti, 2011; Gong et al., 2013) and c) interaction of synchronous
bottom and turbidity currents (Fonnesu, 2013; Palermo et al., 2014;
Sansom, 2018). All these types of interactions have to be seen as end-
members, but many gradational examples between these processes can
occur. In the first case (contourite-turbidite alternations - Fig. 2A)
contourite and turbidite systems develop at different stratigraphic

Fig. 1. Location map of Area 4 off the coast of Northern Mozambique. Eocene and Oligocene Mamba and Coral systems are indicated including their straddling
equivalents in the Area 1 (from Fletcher, 2017).
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times. The topography created by contouritic drifts and moats may
influence the pathway of turbiditic channels and the formation of
ponded systems in the depressions formed by contouritic erosion
(moats). Similar examples of these intercalations are recorded in the US
Atlantic margin (Locker and Laine, 1992), Brazil (Moraes et al., 2007),
and the Cretaceous of southern Tanzania (Sansom, 2018). In the second
case (Fig. 2B), the freshly deposited turbidite fans are reworked (in the
same stratigraphic interval) by contour-currents modifying the shape of
the system, which became indented at the lateral edges and elongated
in the direction of the current. They can form sand ribbons, sandwaves
and detached sand-dunes composed of reworked gravity flow deposits.
The reworking action is expressed on previously deposited sediments
which can be transported by traction for a few kilometres. Sandbodies
with similar geometries are recorded in the Brazil offshore of the Santos
and Campos basins and are characterized by well-sorted sands (Mutti
and Carminatti, 2011; Mutti et al., 2014). The third case (Fig. 2C), re-
presenting synchronous contour currents and turbidity current inter-
action, is the main focus of the present study, and includes turbidite
flows which are affected by bottom currents at the time of their de-
position. Examples and interpretation of this case have been provided
by Fonnesu (2013) on the same northern Mozambique dataset and by
Sansom (2018) in the southern Tanzania offshore.

The attribution of relative timing between bottom current action
and turbidity current deposition is often challenging and some confu-
sion is added in the literature by what is really intended as synchronous
or post-depositional. A conceptual depositional model for the syn-
chronous interaction between bottom and turbidity currents was pub-
lished by Shanmugam et al. (1993). However the interpretation of
bottom core facies and the depositional model applied in the paper for
the Ewing Bank Field in the Gulf of Mexico, points more towards post-
depositional reworking of turbidite deposits by bottom currents. The
same process is also presented in the conceptual depositional model of
Hernández-Molina et al. (2008a, 2008b) which suggests that turbidite

channel complexes are uni-directionally stacked in the direction of
bottom current flow. However, the application of general concepts re-
mains problematic due to the complex nature of the two depositional
mechanisms and has to be evaluated case by case.

The peculiar stacking pattern of the main reservoir units of the
Mamba complex was first observed and described by Fonnesu (2013).
The observations were supported by different datasets at several scales
and suggested that a true synchronous interaction of bottom currents
and high-density turbiditic flows took place. Flow stripping of turbulent
suspension fines by bottom currents is considered the main driver for
the overall stacking pattern and the extraordinarily low-clay content of
the reservoir rocks. With few discriminations, very similar considera-
tions can also be applied to the Mid Eocene Coral system (Palermo
et al., 2014, 2015), which is the main focus of this study.

The present paper unravels for the first time part of this unique
dataset, which includes high-resolution 3D seismic (full, partial stacks,
elastic inversion, spectral decomposition), well logs from three drilled
wells, and hundreds of metres of boreholes bottom cores, in order to
support the sedimentological interpretation and depositional model
proposed. Furthermore, a state-of-art static reservoir model was de-
veloped based on the data provided by three of the discovery and ap-
praisal wells (Coral-A, B, and C) and the interpretation of the inversion
volume. The prediction made by the model has been confirmed with a
high level of accuracy by the final appraisal well Coral-D, effectively
validating the sedimentological model itself.

The present paper therefore aims to highlight how an innovative
sedimentological model contributed to the assessment and development
strategy definition of one of the biggest conventional gas discoveries of
the last decades.

2. Study area and oceanography

The Area 4 deep-water offshore block is located 80 km east of the

Fig. 2. Conceptual deep-water depositional and process models for the interaction of gravity flows and bottom currents at different temporal scales. (A) Contourite-
turbidite alternations (Locker and Laine, 1992; Moraes et al., 2007; Viana et al., 2007; Faugères and Stow, 2008; Brackenridge et al., 2013); (B) Redistribution of
gravity flow deposits by contour-current processes (Faguères and Stow, 2008; Mutti and Carminatti, 2011; Mutti et al., 2014; Gong et al., 2013); (C) Interaction by
synchronous contour and turbidity currents (Fonnesu, 2013; Palermo et al., 2014; Sansom, 2018). The red arrows indicate the gravity flow pathways, the blue arrows
indicate the effect and direction of bottom currents. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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northern Mozambican coastline (Fig. 1) and south of the Rovuma River
delta, close to the Tanzanian Border. The oceanographic setting of the
Mozambique continental shelf and slope is nowadays strongly influ-
enced by a divergence of the Mozambique Current, a southward flowing
current that passes through the Mozambique Channel eventually
joining the Agulhas Current (Talley, 2011), and the northward flowing
East African Coastal Current (EACC; Fig. 3). The Mozambique current
(MC) is characterized by southward-drifting anti-cyclonic seasonal ed-
dies (MCE), rather than being a continuous directional current. These
eddies are mesoscale (300–350 km diameter) and drive into the Mo-
zambique continental slope (Lutjeharms et al., 2006; Backeberg et al.,
2008; Nauw et al., 2008; Harlander et al., 2009; Breitzke et al., 2017).

In the deep-water, an undercurrent with cold Antarctic Bottom
Water flows equator northwards along the continental slope (de Ruijter
et al., 2002). The velocities and northward direction of these bottom
water currents have been measured during an Eni campaign using
Acoustic Doppler current profilers on three deep-water moorings in the
area, which measured current directions and velocity from March 2013
to September 2014. Velocities were typically 0.2–0.4 m/s, with a
maximum of 1.2 m/s. Furthermore, recent studies based on high-

resolution bathymetry and sub-bottom profiler data (Breitzke et al.,
2011) suggest the occurrence of significantly stronger bottom current
velocities in the recent geological past.

3. Geological setting and petroleum system

The study area is part of the Rovuma Basin that forms a major se-
dimentary basin on the East African continental margin, which includes
the coastal plains and offshore basins of Tanzania, Kenya and Somalia
(Salman and Abdula, 1995). The basin is delimited to the west and
south by the Pre-Cambrian cratonic basement, and separated by the
“Rovuma Saddle” from the Mandawa sub-basin to the north. The
characteristic narrow continental shelf has a width of 5–30 km and is
built on top of a series of gravitational structures of the Palma and
Macimboa thrust belts (Fig. 4; Mahanjane and Franke, 2014). Down-
slope to the east, the basin is bounded by the Davie Fracture Zone,
forming the Querimbas Graben, and by a prominent basement high
(Davie Ridge) which is a dextral transpressive feature oriented in N-S
direction (Edwards and Lainchbury, 1999; Franke et al., 2015; and
Fletcher, 2017).

Fig. 3. Ocean floor bathymetry and circulation in the modern Rovuma basin. (A) The basin is located in the offshore of northern Mozambique, within the
Mozambique Channel, a tropical gateway for strong southerly surface currents and rotational eddies, with deeper undercurrents flowing northwards along the
continental slope (modified from Breitzke et al., 2017). (B) Shaded relief map overlain by bathymetry of modern depositional systems and circulation pattern. (C) 3D
seabottom visualization of the bathymetry highlighting the distribution of modern deep-water fans. (D) Detail of seafloor features including large-scale scour marks
(flutes and crescent) created by northerly directed bottom currents. MC - Mozambique Current; EACC - East African Coastal Current; NADW – North Atlantic Deep
Water; MCE – Mozambique Channel eddy.
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The evolution of the East African Margin and the Rovuma basin
starts with the break-up of the Gondwana supercontinent, from the Late
Carboniferous to the early Jurassic (Reeves et al., 2016; Reeves, 2018),
which made the separation between Africa and Madagascar.

Today, the sedimentary infill (Figs. 4 and 5) of the Rovuma basin
can reach a thickness of over 10 km and is affected by two major tec-
tonic-stratigraphic stages (Salman and Abdula, 1995).

The first tecto-stratigraphic stage is characterized by:

a) The deposition of Late Carboniferous to Triassic epicontinental,
clastic deposits of the Karoo Supergroup in form of syn-rift con-
glomerates and sandstones with shale intercalations, that are

preserved in grabens and half-grabens (Salman and Abdula, 1995;
Catuneanu et al., 2005; Macgregor, 2018).

b) The formation of Early-Middle Triassic syn-rift sediments of intra-
cratonic basins that document the initial break-up of Gondwana
(Cox, 1992).

The second, post-Gondwana stage, is marked by:

a) Drifting of the Madagascar block from Africa between Upper
Jurassic and the Early Cretaceous (Torsvik et al., 2008; Reeves et al.,
2016; Davis et al., 2016; Phethean et al., 2016; Reeves, 2018).

b) General stabilization of the basin and marine transgression from the

Fig. 4. Structural context of the Rovuma basin. (A) Sea bottom morphology and the main tectonic elements of the Rovuma basin (modified from Mahanjane and
Franke, 2014 and Franke et al., 2015), with respect to the location of the Coral Field (red star). (B) Regional interpreted profile showing the basin stratigraphy and
the general architecture of the extensional and compressive structures. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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Early Cretaceous to the Eocene (Geiger et al., 2004), leading to the
formation of several thousands of metres of marine marls (Key et al.,
2008) and Cretaceous to Palaeocene deep-water fans.

c) A final neo-rifting phase connected with the development of the East
African rift system originated the opening of the Querimbas graben
(from Eocene) and the doming of the African Craton from the
Oligocene to present (Salman and Abdula, 1995; Mulibo and
Nyblade, 2016; Franke et al., 2015; Macgregor, 2018).

The Cretaceous marine sequence is the oldest drilled interval in the
area. It documents transgressive-regressive mixed shelf deposits related
to the evolution of the Mozambique Channel until the Late Cretaceous
stabilization phase. The Palaeocene and Eocene periods complete the
stabilization of the East African continental margin. Shallow water shelf
carbonate sediments are widespread, with reef facies formed along the
outer edge of the shelf. In the northern part of the Rovuma Basin, the
deltaic progradation of the Rovuma River sediments produced a thick,
eastward-prograding wedge of clastic sediments, sourcing the deep-

water turbidite systems with high reservoir quality sands. From the
Oligocene, a regional uplift and a large increase in sediment supply
interest the area. The phase can be related to the initiation of the
African Superswell (Lithgow-Bertelloni and Silver, 1998) and a roughly
contemporaneous global climatic cooling (Zachos et al., 2001, Zachos
et al., 2008, leading the formation of the Mamba and Area 1 Oligocene
fan systems.

The large sedimentation rate of the Late Tertiary triggered a series
of gravity-driven tectonic structures involving the previously deposited
sediments. Listric extensional faults are formed during the Miocene
time in the onshore and shallow water areas, meanwhile compressional
folds and toe thurst belts formed down-dip (Edwards and Lainchbury,
1999; Fletcher, 2017). The structures are linked by a single regional
detachment layer in the Palma thrust belt and a multiple complex de-
tachments in Macimboa (Mahanjane and Franke. 2014).

a. Petroleum system, sealing and trapping.

Fig. 5. Regional lithostratigraphic subdivision of the Area 4 succession and biostratigraphic zonation of the Coral reservoir based on Piva et al. (2018). Global-time
scale according to Ogg et al. (2008).
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An active petroleum system is proven in the Rovuma basin, though
some of its aspects are still inferred. An undrilled marine Jurassic
source is thought to provide thermogenic gas (Sayers, 2017 and
Sullivan et al., 2017), whose migration into younger reservoir rocks in
the discovery areas appears to have occurred through the normal faults
bordering the Querimbas graben. The Palma toe-thrust fold belt pro-
vides a major trapping mechanism for hydrocarbons in the up-slope
area (Fletcher, 2017) forming thrust-top anticlines or acting as the up-
dip closure of basinal sequences against the frontal ramp. Purely stra-
tigraphic traps are also present due to up-dip shaling of feeder channels
(as in Coral). Reservoirs are Tertiary in age (Oligocene to Palaeocene)
and are mainly represented by thick basin floor fans deposited in dif-
ferent stages during lowstand periods of depositional sequences
(Palermo et al., 2015). Sealing shales were deposited in sediment-
starved highstand conditions. In one of the reservoirs, a hydrocarbon
column of more than 500m has been proven to be composed almost
entirely of methane gas with a small component of condensates. Some
of these gas-prone reservoirs extend up-dip within Area 1 (Fletcher,
2017) and the inferred in place gas volumes were subjected to uni-
tization between Anadarko and Eni joint-ventures (Fig. 1).

b. The Coral reservoir

The Coral reservoir is entirely comprised within the southern part of
Area 4 (Figs. 1 and 4). Its sediments form the final infilling of a Lower to
mid-Eocene large-scale submarine channel complex and were deposited
between the Late Ypresian and the Upper Lutetian (Piva et al., 2018,
Fig. 5). The reservoir forms on a regional unconformity (3rd order

sequence boundary) (Fig. 6). This seismic marker is conventionally
considered to represent in Area 4 the boundary between Palaeocene
and Eocene, however a precise dating of the unconformity where the
oldest onlapping reflection occurs cannot be done due to the location of
presently available wells. The reservoir is overlain by fine-grained se-
diments which provide an extensive and effective regional seal. The
trap is considered to be stratigraphic with the gas bearing reservoir
encased by shale. The reservoir has been drilled by four wells between
2012 and 2014: all the boreholes found gas in pressure communication,
although no well found a clear gas-water contact (GWC). The Coral
reservoir holds over 15 TCF of estimated gas originally in place (Orsi,
2013).

4. Subsurface dataset and workflow

High quality wireline logs (Gamma Ray, Sonic Logs, Density,
Neutron-Porosity and Resistivity), Oil Based Mud Image (OBMI) logs,
pressure (MDT), well test data and side-wall samples from the four
wells drilled in the Coral Field were used in the study, alongside 144m
of bottom-hole cores from two of these wells. Wire-line logs were used
to define electro-facies, which were used as the input for sequence
stratigraphic correlations, integrated with 3D seismic interpretation.
Cuttings and sidewall-cores were used for the biostratigraphic study,
which analysed microfossils, nano-plankton and palynomorphs to
support the chronostratigraphic dating of sedimentary sequences and
the paleo-environmental interpretation. A detailed sedimentological
study at reservoir scale was carried out based on slabbed bottom-cores.

The Coral area is covered by a high quality 3D seismic dataset. The

Fig. 6. Arbitrary S-N orientated seismic section and interpretation of Area 4 sedimentary bodies (Full volume). The seismic line is displayed in European polarity
(black peak shows a decrease of acoustic impedance). The line highlights the stratigraphic distribution of the Mamba, Coral and Palaeocene systems. Within each
system individual sandbodies show a diachronous seismic geometry expressed by a unidirectional (southward) lateral stacking of component elementary units and
the constant lateral transitions from sand (high-amplitude responses) to transparent shaly facies along southward gently dipping seismic reflections. This geometry
characterizes most of the Mamba reservoirs and is particularly evident in the Coral. Each sequence is sealed by extensive fine-grained deposits forming regional seals.
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seismic dataset is composed of a high resolution 3D Anisotropic Pre-
stack Depth Migrated (PSDMA) volume and partial angle gathers.
Polarity convention adopted throughout the study was for a seismic
peak to represent a decrease in acoustic impedance (European polarity).
Therefore the peaks (blacks) represent a decrease in acoustic impedance
(soft), and the troughs (whites) represent an increase of acoustic im-
pedance (hard). Partial angle gathers were used to perform a model-
based, constrained sparse-spike inversion to acoustic impedance and
Vp/Vs ratio (Cavanna et al., 2014). Inversion attributes were stochas-
tically calibrated to log-derived lithological facies, to generate 3D
probability volumes of sand, shale and tight lithofacies (Galbiati et al.,
2014). Inversion attributes and stochastic facies volumes were key to
seismic interpretation and reservoir characterization, as reservoir rocks
display strong AVO anomalies related to both lithology and fluid con-
tent (Ciurlo et al., 2011).

A specific seismic interpretation strategy was employed in order to
make best use of the seismic dataset and to map internal reservoir ar-
chitecture. The main sequence stratigraphic boundaries were manually
interpreted on the partial angle stack volumes. A semi-automatic 3D-
interpretation software (Paleoscan™) was then used to track the internal
stratigraphy of the reservoir as imaged by the Near Angle stack with its
higher resolution. This seismically-derived stratigraphic skeleton was
then used to adjust well correlation, to build an internal zonation of the
reservoir sequence and to extract reservoir properties from the inver-
sion attributes. The Far angle stack was used to map the envelope of gas
filled sand bodies at the top of the reservoir for the volumetric assess-
ment (Fig. 7).

5. Large scale: seismic stratigraphy and stacking patterns

The Lower Eocene Coral sequence has a gross thickness of about
400m along the channel axis and a maximum width of 15 km. It is
interpreted as a weakly confined, channelized deep-water fan deposited
on a topographically complex low-angle ramp with multiple gradient
changes (sensu Sprague et al., 2005). Detailed biostratigraphic studies

suggest a depositional time span of six to eight million years from the
basal erosive unconformity to the top of the overlying transgressive
shale package (Fig. 5). The base of the sequence is formed by a com-
posite large-scale incision interpreted to represent a 3rd order sequence
boundary (Fig. 6). The lowstand part of the sequence is a composite
high and low-amplitude body rapidly thickening northward and
forming a mound-shaped feature with internal low-angle gently
southward dipping reflectors, and thin abruptly southward before be-
coming completely condensed. The highstand system tract is char-
acterized by a low-amplitude package that appears to be more homo-
genous, draping and smooth the below topographic relief (Fig. 8).
Although locally may be partially eroded by the Upper Eocene sequence
boundary (upper 3rd order sequence boundary in Fig. 8) it constitutes a
continuous shale blanket acting as efficient top seal of Coral gas bearing
sandstone reservoir. The Coral system shows a steep erosive flank on
the southern border of the canyon and a slightly inclined counterpart on
the northern side. The lower portion of the infilling is composed of
high-amplitude reflections that were proven to be sand-prone by dril-
ling, onlapping onto the southern border of the paleo-canyon. These
onlapping reflections progressively dim northwards, probably because
of a conformable transition to thinner and layered fine-grained sedi-
ments and seismically transparent shales. The moderately incised paleo-
canyon mapped out by the base unconformity extends from west to east
forming a gentle northward bow. The integration of well-data made it
possible to calibrate the seismic data and to distinguish five different
seismic facies-types in the Coral sequence (Fig. 8):

Hemipelagic shale complexes: mostly parallel low-amplitude re-
flections of a nearly-transparent character, with relatively constant
thickness.

Sandy channel-lobe complexes: fairly continuous to dis-
continuous, high-amplitude reflections, commonly with erosional
bases, showing a southward migrating, low-angle offset stacking pat-
tern. Both gas- and water bearing channel sandstones show a prominent
amplitude response on the far-angle stack volume.

Mud/fine-grained dominated drift-mounds: low-amplitude

Fig. 7. Comparison between Near and Far angle stack seismic data (PSDMA) highlighting their different imaging of the Coral reservoir. (A) Near Angle stack section
with intra-reservoir horizon layering and reservoir base (thick red horizon). (B) Far angle stack section. Yellow horizon represents the top of gas reservoir sands. Maps
on the right hand side of the figure show the amplitude of the top reservoir reflection on far angle data (below) and a scheme of the interpreted depositional bodies
(above). Higher amplitudes are visualized by warmer colours. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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intervals of parallel to sub-parallel reflections with a distinctive convex-
up shape, forming elongated ridges that are only present to the north of
the paleo-canyons and confine the adjacent channel complexes. The
drift-mounds have a thickness of a few hundred meters and extend
laterally for a few kilometres. They show a high level of internal or-
ganization and follow the offset stacking pattern of the associated
channel complexes.

Channel complex lag deposits: This seismic facies is characterized
by erosional, sub-parallel reflectors with strong amplitudes. They can
mainly be found above the basal unconformity, but also occur at the
base of individual channel complexes. Well data shows that the lag
deposits host a high amount of carbonate clasts and seem therefore
more prone to carbonate cementation.

Mud-prone mass transport deposits and slumps: Convolute to
chaotic reflection pattern with poor amplitude contrast and variable
size are found preferentially within the channel complexes and against

the southern bank margin.

6. Medium-scale: seismic anatomy of channel and lobe complexes

Several depositional elements can be distinguished from the seismic
amplitude maps, and the colour-blended spectral decomposition of the
seismic data (Fig. 9). Red, Green and Blue (RGB) colours were used to
capture respectively the 10 Hz, 20 Hz and 40 Hz components of the
seismic bandwidth, respectively. The RGB extraction is obtained across
a horizon picked on the Near-offset in correspondence to the inferred
mfs surface of Fig. 8, and represents a set of depositional elements
which are roughly isochronous and genetically linked.

Visible depositional elements include: High N:G and Low N:G
meandering channels, channel complex lag deposits, lateral deposi-
tional lobes and proximal to distal drift deposits. Generally, the best
imaging of sand bodies is obtained in areas that are covered by thick

Fig. 8. South-North oriented seismic section through the Coral sequence showing the main stratigraphic surfaces (above) and seismic facies interpretation (below)
(PSDMA Near volume). The overall southwards migration and offset stacking pattern of the Coral channel complex is visible as channel complexes are flanked by
prominent asymmetric drift-mounds on the northern side of the fans. The reservoir shows a systematic internal organization linked to 4th and 5th order base level
cycles (SB: sequence boundary; HST: highstand system tract; mfs: maximum flooding surface).
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transgressive shales or drift-mound fines, which enhance the acoustic
impedance contrast with the sands, while their imaging is considerably
poorer below inner channel complexes along the axial portions of the
system.

The basal part of the visualized succession (Fig. 9) is dominated by
large lobe complexes with a width of more than 4 km and an overall
west-east orientation following the depositional dip direction. Their
faint internal pattern indicates a general backstepping trend of the lobes
in western direction (Fig. 9). These are cut by a slightly meandering
channel complex that was tested by wells and found to be sand-prone
with a N:G>80%. The channel axis shows a systematic southward
bending which is consistent with the asymmetric offset stacking of the
channels as seen in the north-south cross-section (Fig. 8).

Smaller depositional lobes (500–1000m wide and 1500m long)
appear to be connected to the central channel complex in northward
direction. These smaller-scale lobes, interpreted as original lateral
splays directly fed by the adjacent feeder channel (e.g. Posamentier and
Kolla, 2003) show an evident northward elongation and an eastern
progradational pattern that seems to be consistent with the overall
northward building direction of the drift-mound. Due to their shape,
stratigraphic position and facies, these bodies are defined as drift-lobes.
The external part of the drift is less well defined in the map (Fig. 9),
however a series of arched wrinkles, interpreted as sediment waves, can
be detected. Their pattern seems to be characterized by a northward
and backward, up-channel deviation of the flow trajectories. These
bodies are schematically represented in Fig. 8 with the pale green fields
within the mud/fine-grained dominated drift-mounds.

7. Small-scale: core facies associations and stacking patterns

Sedimentological facies associations and their stacking patterns
have been studied from slabbed bottom-hole cores from Wells B and C
(Fig. 10). The Coral reservoir can be subdivided in two main units: (a)
an upper high N:G composite body made of amalgamated and hy-
draulically-connected lobe and channel deposits which progressively
shale-out into the lateral drift and, (b) an underlying low N:G body

comprising smaller laterally migrating channels and lobes confined by
the master sequence erosion surface, which are mostly hydraulically
disconnected. A non-reservoir seal facies is also locally interbedded in
the cored interval. The stratigraphic intervals are described in their
facies associations and the individual facies are later grouped into facies
tracts, accounting for their inferred process interpretation (Fig. 11).

a. High net-to-gross facies association

The high N:G facies association represents the largest and upper-
most portion of the Coral reservoir and is characterized by the best
reservoir properties. The bulk of this facies association consists of
poorly to fairly sorted, coarse to very coarse grained sandstones with
varying pebble content and some shale rip-up clasts (Facies F5 of Mutti,
1992, Figs. 11a and 12). Coarse sandstones are mostly massive, with
occasional flame and dish (fluid escape) structures. In a few cases,
subtle cross-lamination is found (F5-D) at the top of the event beds
(Fig. 11b). All these facies are characterized by moderate to poor
sorting but a very limited (< 10%) matrix detrital clay content, which
accounts for the excellent reservoir quality. Although diagenetic phases
may include some authigenic chlorite and calcite cement.

Individual beds can show subtle normal or coarse-tail grading and
may reach thicknesses of several meters. The beds are amalgamated,
with very minor facies changes and without any preservation of shale
intercalations over the entire reservoir package that attain an overall
thickness> 50m with a N:G of> 80%. The vertical stacking pattern of
the unit is blocky and internal sequences often start with a sharp ero-
sional base, cutting into debris flow deposits below that are several
metres thick (F1-2). The base of the blocky massive sandstone sequence
is commonly composed of very coarse, pebble-rich sandstones or con-
glomerates with a variable amount of mud clasts representing the
channel lag (F3).

Interpretation: Massive sandstone facies (F5 and F8) with de-wa-
tering structures indicate sediment transport and rapid deposition by
suspension fall-out of large amounts of sand by the basal high density
part of high volume gravity flows. Basal lag deposits (F3), rich in mud

Fig. 9. Spectral decomposition and related depositional elements interpretation in a window (+- 20 ms) across the interpreted mfs horizon of Fig. 8 (modified from
Palermo et al., 2014). (A) Slice of a spectral decomposition volume of the seismic data (Near stack gather) through the Coral Sequence. Colours show different
spectral components of the seismic signal (Red= 10Hz; Blue=20 Hz; Green= 40Hz). (B) Schematic interpretation of the genetically-linked medium scale de-
positional elements. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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clasts and conglomerates, point to an initial phase dominated by ero-
sion and sediment bypass. A notable contrast to more conventional
deep-water fans is the almost complete absence of intercalations of
medium-fine grained sands, silts and shales within the blocky sandstone
sequences (Mutti, 1992; Kane et al., 2009; Talling et al., 2012). Wells
log correlation (Fig. 10) and high resolution seismic amplitude mapping
suggest that these facies types and the associated stacking patterns are
prevalent within stacked channel complexes or proximal lobe com-
plexes.

b. Low net-to-gross facies association

This facies association has a N:G ratio of 40–60% and its typical
stacking pattern is composed of a lower part with blocky, coarse and
massive facies types (F5) several metres thick, with varying pebble and
mud-clast content or conglomeratic lag deposits (F3). The upper part is
composed of prominent fining-upward units that can reach a thickness
of up to 20m. Fining-upward units start with fine to medium grained
sandstones at the base, followed by a few decimetres of structureless
(F8) to parallel-laminated deposits, overlain by sandstone beds that can
be normally or inversely graded (F8-D). The upper part of the fining-
upward units comprises heterolithic, centimetre to decimetre thick al-
ternations of current-ripple laminated, fine to very fine sandstones (F9,
F9a-D) and silty shales (F10; Figs. 11b and 13). The sandstones of this
finer grained part commonly show normal grading and a variable in-
tensity of bioturbation. The laminae of the current ripples are often
separated by thin clay-drapes (F9b-D).

In the middle part of the sequences, abrupt decimetre-thick coarse
to very coarse sandstone facies with high-angle trough cross bedding
(F5-D) are commonly found. These beds can show slight normal or
inverse grading. In contrast to the poorly sorted F5 sandstones, the
individual cross-laminae show very good internal sorting and are often
separated by aligned shale rip-up clasts and accumulation of for-
aminifera on cross-lamination planes.

Interpretation: The massive sands and conglomerates are interpreted
to represent basal channel complex deposits formed by high density

turbidites with enhanced erosion and bypass capacity. The fining up-
ward units above are interpreted as internal levee complexes doc-
umenting the successive off-axis deposition of finer material and
channel migration. The facies characterized by high sediment sorting,
variable lamination and mud offshoots (sensu Shanmugam et al., 1993;
F8-D, F9a-D, F9b-D) highlights the presence of tractive currents with
variable velocity pulses and periods of slack water, capable to rework
the original turbidite sediments when the delivery of gravity flows
decreases and the activity of the “background noise” bottom current
becomes the prevailing process. Seismic amplitude extractions indicate
that the lower N:G facies association occurs commonly within irregu-
larly meandering channels, distal drift-lobes and internal levee com-
plexes.

c. Non-reservoir facies association

This facies association consists mainly of homogenous hemipelagic
shales (F10), thinly laminated heterolithic silty shale, with ripples and
mud-drapes (F9 and F9-D) and mud-rich slump and debris flow deposits
(F1, F2). Whereas the heterolithic silty shales occur preferentially in the
thick drift-mounds in the northern part of the fan (where only wireline
logs but no cores are available in Coral but a comparable unit is cored in
Mamba), slumps and debris flow deposits also occur within the canyon
fill area. They are highly variable in thickness and in composition, but
are generally below seismic resolution and occur preferentially below
the High N:G facies association and near the base of the Coral 3rd order
sequence.

d. Sedimentological processes and depositional elements

The sedimentological analysis of bottom hole cores from the Coral
wells showed on one hand common deep-water gravity flow facies
types sensu Mutti (1992) (Fig. 11a) and on the other some atypical fa-
cies types indicating additional transport mechanisms (Fig. 11b). The
former facies can be interpreted in terms of the facies tract proposed by
Mutti (1992), which represents the deposits of gravitational flows

Fig. 10. Seismically-driven stratigraphic correlation of sedimentological facies between three of the Coral wells (modified from Palermo et al., 2014). Gamma-ray
wireline log, CPI (computer-processed interpretation of lithologies) and cored intervals are shown.
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Fig. 11. Characteristics and reservoir properties of depositional facies attributed to (A) gravity flow processes (after Mutti, 1992) and (B) bottom current related
sediment traction and fallout processes.
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Fig. 12. Gamma-ray log response, computer-processed interpretation (CPI), sedimentological core description and slabbed core photographs of the High N:G as-
sociation in one of the Coral wells.

Fig. 13. Gamma-ray log response, computer-processed interpretation (CPI), sedimentological core description and slabbed core photographs of the Low N:G asso-
ciation in one of the Coral wells. Examples of gravity flow and bottom current influenced deposits in the low N:G interval: (I) flaser and lenticular bedding and mud
offshoots, (II) planar parallel lamination, ripple cross lamination and mud drapes, (III) cross lamination.
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undergoing transformations during their down-slope motion. This fa-
cies tract can be described and experimentally reproduced as the result
of bi-partite gravity flows (Tinterri et al., 2003; Breien et al., 2010).
These are characterized by basal over-pressured dense flows (or grain
flows) transporting the coarser grain-sizes and an upper turbulent
suspension cloud, which carries the finer grain-sizes. In the Coral re-
servoir, massive, coarse to very coarse sandstones (F5 facies) represent
the largest proportion of the reservoir-sequence and are found pre-
ferentially along the channel axes. However, in contrast to conventional
deep-water settings, massive medium and graded fine sands and silt-
stones (F8 and F9 facies types), related to the waning turbulent flow,
are poorly represented.

The facies belonging to the facies tract represented in Fig. 11b are
more atypical, although not completely uncommon, in deep-water
turbidite systems. They include (Fig. 13): inversed-graded coarse to
medium grained cross-laminated sandstones (F5-D and F8-D), beds with
repeated vertical transitions between parallel lamination and ripples,
presence of mud-drapes within the small-scale cross laminae, flaser and
lenticular-bedding and bi-directionality of the cross-laminae (F9-D and
F10).

Tractional structures and cross-bedding are common in channel-
lobe transition areas of deep-water fans (Mutti and Normark, 1987;
Stevenson et al., 2015). However this interpretation doesn't account for
the large amount of mud-draped and rapidly interbedded structures
associated in virtual stratigraphic continuity. These sedimentary
structures seem to indicate the effect of pulsating tractive currents,
which are here interpreted as bottom currents. Very similar facies have
been described by Shanmugam et al. (1993, 1995), Shanmugam (2008),
Martin-Chivelet et al. (2008), Mulder et al. (2008), Mutti and
Carminatti (2011) and Rebesco et al. (2014) as typical of bottom cur-
rent influenced deposits. Flow velocities can be derived from sedi-
mentary structures and associated grain sizes (Stow et al., 2008, 2009),
By applying the Stow's bedforms stability diagram to the present case,
current ripples and horizontal parallel laminations may suggest steady
flows around of 0.4–0.6m/s Medium grained cross bedded megaripples
could be related to sporadic velocity peaks of up to 2m/s.

Gravity flow and bottom current affected facies can be related in a
compound depositional model (Fig. 14) taking into account the effect of
the two interacting processes and the geometries of the diverted lobe
bodies extracted from the amplitude and spectral decomposition images
(Fig. 9). The model is based on vertical facies relationships found in the
lower part of Coral reservoir, but a similar facies variation is expected
at larger scale between the axis and the off-axis sectors of the upper
high N:G bodies and the lateral drift.

8. Depositional model for syndepositional mixed turbidite and
contourite systems

The combination of seismic and core facies observed in the Coral
sequence and the similar Mamba complex allowed the development of a
new depositional model for mixed turbiditic and contouritic deposi-
tional systems (Fonnesu, 2013). The seismic facies types observed in the
Coral sequence are similar to those described in other deep-water set-
tings characterized by fan lobes and laterally migrating channels (e.g.
Mayall et al., 2006; Janocko et al., 2013; Gong et al., 2013). In parti-
cular the stratigraphic superposition of these two depositional elements
(channels on top of lobes) found in the upper part of the Coral sequence
is typical of many deep-water fans (e.g. Fonnesu, 2003) and is inter-
preted as the product of two distinct phases of growth of the system. In
the first stage, turbidite flows decelerate and expand in the depositional
area, forming a lobe complex; in the second stage the system keeps
prograding and the channel erodes into the previously deposited lobes,
increasing in sinuosity as a consequence of the changing local gradient
of the slope. However, some significant differences in the geometrical
relationships, internal organization, facies associations and stacking
patterns between the Coral system and more conventional deep-water

gravity flow dominated fans, must be highlighted.
A prominent feature of the Coral system is the presence of highly

organized, laterally low-angle offset stacked channel complexes asso-
ciated with large asymmetrical drift-mounds, which systematically
migrate southwards for the entire observable down-dip length (about
35 km) of the sequence (Figs. 7 and 8). The same asymmetrical systems
and offset stacking-pattern can consistently be observed in all Eocene to
Oligocene sequences in Area 4 (Fig. 6). This organization is consistent
at several scales, from the general asymmetric shape of the channel
complex basal erosive surface (steep southward inner-band and slightly
inclined northern outer-band), to the geometry of the individual
channel-lobe elements (Fig. 10). It is significantly different from com-
monly less organized channel and proximal fan sequences in more
conventional gravity flow dominated deep-water settings (e.g. Mutti,
1992; Gardner et al., 2003; Mayall et al., 2006; Janocko et al., 2013;
Abreu et al., 2003) where the asymmetric shape of levees and the
progressive lateral offset stacking of internal elementary channels may
be observed but is commonly related to lateral accretion phenomena of
channel-levee sinuous systems. In those cases the orientation of the
asymmetry in the strike sections changes rapidly according to the
bending orientation of the meanders loops.

A second distinctive feature of the Coral Field is the continuity and
progressive dimming of seismic reflectors that can be individually
traced northwards from channel axes following inclined gently dipping
surfaces. It reflects a relatively continuous facies transition from sandy
to shaly deposits (Fig. 8). The interpretation of these features is con-
sistent in all the area and supported by the amplitude extractions and
spectral decomposition along the specific horizons, which demonstrate
relationship between the axial channels and the northward diverted
lobes (Fig. 9). Similar features are also observed in the nearby Tanzania
margin (Sansom, 2017, 2018).

A third, peculiar character of the Coral depositional systems is the
geometry of the fine-grained associated deposits, which do not show the
conventional cuspate shape of channel levees but have a mound shape
with resembles the lateral accretion pattern of drift sediments. In ad-
dition, the facies revealed by the wells drilled in the Coral sequence
highlight an upper axial body with exceptionally high net-to-gross and
a lack of fine-grained sediments and lateral deposits with associated
variable velocity traction current deposits.

All these features can be well explained by the effect of bottom
currents, acting simultaneously with the deposition of the Coral deep-
water system (Fig. 15; Fonnesu, 2013). A northward-flowing current is
inferred, which direction is consistent with the paleogeographic setting
of the basin during the Tertiary and the measured circulation of modern
deep thermoaline currents in the area (Breitzke et al., 2017). The in-
teraction between down-slope gravity flows and cross-slope bottom
currents is interpreted to result in significant flow-stripping and de-
viation of the turbulent, fine-grained suspension cloud to the north at
the time the gravity flow occurred. Such a process may explain the
accumulation of fine-grained sediments on the leeward part of the
channel complex and the formation of asymmetrical drift-mounds ra-
ther than bi-lateral levee complexes (Fig. 8). It may also explain the
presence of thick and extremely mud-free facies types along the channel
axis, due to the deposition of only the dense part of the original gravity
flows.

The current interaction also accounts for the systematic and uni-
directional offset stacking pattern of the large- and medium-scale se-
quences. The lateral southward migration of the channel system
(against the direction of the prevailing bottom currents), is provided by
the lateral accumulation of finer sediments in the drift-mounds, con-
fining the successive turbidite flows, and forcing the system to bend and
shift laterally. The internal medium-scale sequences onlap on the
canyon flank, which shape is modified due to the erosive phase at the
base of each channel, forming a composite and diachronous southerly-
younging 3rd order compound surface.
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9. Discussion on multi-scale observations

Ranking the diagnostic features that could indicate the influence of
bottom currents on each scale individually, the most indicative are the
highly regular seismic offset stacking pattern, combined with the pre-
sence of drift-mounds and the absence of finer-grained deposits from
the high N:G facies association.

Low-angle lateral offset stacking patterns forming lateral accretion
packages (LAP) are described in the literature on deep-water mean-
dering channel systems (e.g. Cook et al., 1994; Haughton, 2000; Abreu
et al., 2003). LAPs are mostly related to channel belt extension and
translation through time (Janocko et al., 2013), since sediment is de-
posited on the inside bend and eroded from the outside bend in

traction-dominated flows (Amos et al., 2010). Lateral offset stacking
pattern directions in sinuous deep-water meander belts, however, are
highly variable and mostly controlled by meander-loop orientation and
expansion directions. In contrast, offset stacked channel complexes in
the study area are relatively straight and show a highly regular lateral
migration in a single direction (south) over the entire observable down-
dip length (35 km) of the system. This pattern is consistent throughout
the Eocene and Oligocene sequences, affecting at least four deep-water
fans (Fig. 6).

Asymmetric deep-water levees have also been described in the lit-
erature in a multitude of cases (e.g. Carter and Carter, 1988; Klaucke
et al., 1998; Deptuck et al., 2003; Sylvester et al., 2011). In absence of
progressive tectonic tilt (McCaffrey et al., 2002; Casciano et al., 2019)

Fig. 14. Conceptual model of a depositional lobe influenced by bottom currents, showing the distribution of sedimentological log patterns of the different facies
tracts, observed in the Coral cores. (Grain size: P= pebbles, G= granules, C= coarse sand, M=medium sand, F= fine sand, S= silt).

Fig. 15. Block-diagram (after Fonnesu, 2013) of depositional processes affecting the Coral system, which account for the stacking pattern and the high sand-content
of the reservoir facies. The model suggests the syndepositional interaction between northward directed bottom currents and perpendicularly downslope (eastward)
flowing sand-rich gravity flows.
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or systematic migration of the feeder fluvial systems, sinuous meander
belts at low latitudes (e.g. Pirmez and Imran, 2003) form thicker levees
preferentially in the outer bends of meandering deep-water channels,
and smaller levees in the inner bends. The process is due to increased
flow-stripping of the diluted part of the flow induced by centrifugal
forces in the external overbank areas of outer bends, meanwhile the
coarser and lower part of the flow remains confined within the channel
and may deposit in the inner bend (Peakall et al., 2000). Consequently,
the position of the thicker levee changes rapidly in function of the lo-
cation of the outer bend along the meander belt, and does not show a
preferred geographical orientation. In contrast, the thick asymmetric
levee complexes (drift-mounds) of the Coral system occur exclusively
on the northern flank of relatively straight channel complexes (or
gently northward bended), reaching a thickness of several hundred
meters. This geometry is not limited to the Coral system alone but is
common in all Eocene and Oligocene systems of the Rovuma basin, but
also in the Zambezi fan (Droz and Mougenot, 1987; Thiéblemont et al.,
2019) and the Tertiary systems of the southern Tanzania margin
(Sansom, 2017, 2018).

A similar geometry depicting unilateral asymmetry and offlapping
architecture of channel levees in a generally rectilinear channel com-
plex has been described in the Forties Sandstone of the Huntington
Field, UK North Sea (Edwards et al., 2018). In that case the Coriolis
force affecting the Northern Hemisphere at high latitude was assumed
as the main driver resulting in the preferential sediment accretion along
the right-hand banks.

Flume tank experiments conducted by Cossu et al. (2010, 2015) and
observations by Peakall et al. (2012) demonstrate that the Coriolis force
can influence high-volume gravity flows to form asymmetric levees and
cause deviation traction-dominated gravity flows at high geographical
latitudes, but not at low latitudes. The Coral Field is currently located at
a latitude of 12.9° S in the southern hemisphere, and was approximately
located at a latitude of 23° S during the Eocene (Seton et al., 2012).
Being at relatively low-latitude, it implies a limited influence of Coriolis
force on gravity flows. However The Coral channel complex have an
extension over 10 s km of the asymmetrical fine-grained levees in
comparison to smaller systems documented at higher latitudes (e.g.
Klaucke et al., 1998) where the effect of Coriolis forces is assumed to be
significantly stronger.

Therefore, the most probable regional allogenic controlling factor
that can explain the presence of consistent asymmetric levees, is the
existence of steady bottom currents influencing the stacking patterns of
gravity flow deposits. Asymmetric levee-drifts associated with laterally
migrating linear channel belts have previously been related to bottom
current influence (e.g. Rebesco et al., 1996, 2002; 2007; Faugères et al.,
1999; Rasmussen et al., 2003; Mulder et al., 2008; Brackenridge et al.,
2013, Stow et al., 2013; Alonso et al., 2016, Hernández-Molina et al.,
2014; Gong et al., 2013, 2018; Sansom, 2017, 2018). Most of these
studies interpret a bottom current direction which is parallel to the
direction of the lateral channel shift. In contrast the models based on
East Africa examples (Fonnesu, 2013, Palermo et al., 2014; Sansom,
2017, 2018) are in favour of an up-current migration direction of the
channel belt controlled by the progressive lateral accumulation of drift-
related fines.

In our opinion the contrasting models depict two different processes
(Fig. 16): in the model proposed by Gong et al. (2013) the deposition of
the axial channel facies and the progradation of the drift happen in two
slightly different time-periods during the evolution of each channel
complex set. In the first stage the channelised sands are deposited and
possibly reworked by across-flow bottom currents (Fig. 16A). In the
second stage the drift-mound progrades and collapses depositing fine-
grained sediments and slumps/debris flow deposits on top of the
channelised sands. This implies the formation of a geometrical un-
conformity (downlap) between the basal sands and the overlying drift
sediments, before the development of a subsequent phase of channel
activation and lateral migration. In other cases where a synchronous

turbidite-contourite interaction is interpreted, as the channel-related
drifts of the Antarctic Peninsula, the turbidity current channels may
migrate against the bottom current direction (Rebesco et al., 1996;
2002; 2007) However, in the Antarctica examples, the sub-parallel re-
flectors of the drift seem to be truncated by the channel edges testifying
a time gap at event scale between the two systems.

In the model proposed by Fonnesu (2013) the interaction between
the gravity flows and the bottom currents is truly syndepositional, with
the more dilute part of the flow being pirated by the northward flowing
contour current (Fig. 16B). The key factor in determining which of the
two models is more appropriate in each case is the observation that, in
the latter case, seismic reflectors record a lateral transition from a high-
to a low-amplitude response from axis to off-axis locations without the
presence of any unconformity or truncation in between (Fig. 15). Fur-
thermore, the drift-mound associated with the Coral system does not
have any other time-equivalent active entry point that could provide
large quantity of fine-grained sediments fed from the north as con-
ventional mixed systems models would predict. Moreover, the Coral
sequence is condensed in a thin and planar-bedded succession in
southward direction and no other drift-mounds exist, as it would be
expected from a southward directed current producing multiple drifts.
Therefore the thick succession of fine-grained sediments of the Coral
drift can only derive from the Coral entry point and strictly genetically
linked to the development of the Coral system.

A true syndepositional pirating of fine-grained fines from active
gravity flows is also supported by the core facies. Coarse, poorly sorted
and very thick event beds are found in the Coral channel complex axis
which facies revel the common preservation of dish structures. The
rapid dewatering of the freshly-deposited sand, contrasts with a per-
sistent in-place reworking by bottom currents on the sea-floor that
commonly forms relatively fine-grained, and well-sorted deposits with
potential formation of large-scale tractive structures (Shanmugam
et al., 1993). The syndepositionally “pirated” fines are otherwise ac-
cumulated in the lateral drift-mounds, as part of the flow captured in
suspension by the bottom current. The deposits are made of facies F10,
and F9-D including only shales, rapidly alternating silts and fine-
grained sandstones with bi-directional ripples, and mud-drapes, testi-
fying effect of a pulsating current (Shanmugam et al., 1993; Martin-
Chivelet et al., 2008).

A probable exception to this prevailing process is testified by the
presence of few examples of faint cross-bedding at the top of some of
the thick and coarse-grained events (F5-D; F8-D; Fig. 11), and the
geometry of deflected lobes and sediment waves found in the north-
ward diverted drift-lobes (Fig. 9). These facies and geometries may
suggest that during the final infilling stage and system deactivation the
northern flowing bottom current may prevail on the dying gravity
flows, not only in deflecting the turbidite suspended load but also re-
working and redistributing the original turbidite sand. Despite the
difficulties to obtain comparable visualization to that shown in Fig. 9, it
is reasonable that a similar phenomena can happened several times at
the top of the component 4th and/or 5th order cycles during periods of
relative gravity flows deactivation.

Furthermore, the few mass-transport and debris flow deposits de-
tected seem to derive either from the steeper southern channel margin
by conventional processes of channel margin failure, or come down
along the channel axis from the proximal areas, instead of the drift
(Fig. 16). The northward direction of bottom currents is consistent with
the measurement undertaken on the modern seafloor (Fig. 3). However
important basin re-configurations as the closure of Tethys and the Za-
gros orogeny occurred from Oligocene to present (Ajirlu et al., 2016),
and they may have altered the thermohaline circulation.

The model presented here has important implications in terms of
reservoir quality because it can account for the accumulation of huge
amounts of medium-to coarse-grained, clay-poor sandstones with very
minor facies changes and few shale intercalations, which form excellent
reservoir rocks. The absence of detrital matrix-clay in the reservoir
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sandstone (which is not very well-sorted in the sandy component) can
be only explained by a process of segregation of fine grain sizes prior to
the deposition of the sediment carried by the flow, and not by post-
depositional winnowing.

Therefore, it is crucially important to determine the relative
chronology between depositional and reworking events which may
have significantly important consequences in terms of facies and ex-
pected reservoir quality. It is also possible that similar ancient mixed
depositional settings have been overlooked elsewhere due to either
insufficient datasets or observations at too small scale. However, the
observations of this study also confirm the necessity of multi-scale da-
tasets and analysis for a systematic identification of fossil bottom cur-
rent influenced deposits as proposed by Stow et al. (1998).

10. Reservoir modelling

The knowledge and the concepts matured through the data analysis
and during the building of the conceptual model were integrated into a
geo-cellular reservoir model that represents a digital analogue of the
reservoir. The integrated data and information included components at
all scales previously discussed in this paper, from cores and logs to the
seismic inversion attributes (Fig. 17).

The construction of the comprehensive reservoir model of the Coral
gas field provided a fundamental tool to support the analysis of the

fluid-flow behavior. This enabled identification of the best locations for
both producer and injector wells, prediction of the hydrocarbon pro-
duction and the overall assessment of the field management strategy.

The Coral field is characterized by a relatively simple structure, and
lays on a gentle monocline with very limited faulting; its geometry is
effectively described by the high quality PSDMA interpretation, cali-
brated to the available wellbores. The main challenge of the geome-
trical modelling was to effectively define the complex stratigraphic
architecture of the field. This goal was achieved by adopting a model-
ling workflow based on pillar gridding, a methodology that allows grids
to be built along unconformable surfaces and allowing the management
of irregular geometries. The grid boundaries were defined based on
large-scale (3rd order) stratigraphic depth surfaces, bounding the Coral
system. (Fig. 8). The succession pertaining to this cycle was further
subdivided internally into five zones, bounded by additional relevant
stratigraphic surfaces interpreted on the high-resolution near angle
stack seismic volume which are related to the phases of lateral stacking
of the channel complex (Fig. 8). These stratigraphic zones were further
subdivided into finer layers, each with a thickness varying pro-
portionally to the zone thickness and with a minimum cell height of
0.5 m. (Fig. 18).

The high quality of the seismic data and the use of state-of-the-art
seismic interpretation workflows allowed the construction of a detailed
deterministic model of the main reservoir bodies, integrating seismic

Fig. 16. Comparison between different depositional models for bottom currents affected channel complexes. (A) Depositional model taken from the unidirectionally
migrating slope channels of the Pearl River (Gong et al., 2013). (B) Main aspects of the model for syndepositional turbidite-contourite interaction applied in the Coral
system (modified from Fonnesu, 2013).
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attributes and wellbore data to define medium-scale sedimentological
bodies (Fig. 19).

The medium-scale sedimentological bodies (Fig. 18A) were grouped
into individual geo-bodies, characterized by consistent reservoir prop-
erties. The dominant fluid-flow behaviour of the bodies was defined
based on both average facies associations and on connectivity, as re-
vealed by pressure measurements of the formation fluids (Fig. 18B).
They were classed as: 1) Upper bodies with High N:G; 2) Isolated Low
N:G bodies; 3) Connected bodies with Low N:G; 4) Non reservoir
background lithology (shales and cemented sandstones).

The upper portion of the reservoir was limited by a roof surface,
corresponding to the uppermost envelope of the gas-bearing sandstone
(Fig. 18B). The surface was derived from seismic inversion attributes
(Fig. 17) and was cross-checked on the angle-stack seismic data (Far
envelope surface picked on soft-horizon; Fig. 7b). This surface can be
considered as a boundary marking the transition between the high N:G
bodies and the uppermost lower N:G or shaly lithology associated with
drift-mounds.

Within the 3D geometrical cellular model, the Volume of shale
(VClay, as defined by the Computer Processed Interpretation analysis of
wireline logs - CPI) was used as the building block for the modelling of
the physical properties (porosity, permeability, gas saturation) con-
trolling the distribution and flow of fluids in the field (Fig. 19). In order
to correctly distribute it within the geocellular grid, a relationship be-
tween Vclay and the sedimentological facies observed on cores was
defined: coherent groups of sedimentological facies were used to train a
neural network to recognize correlation with wireline logs. Three dis-
tinct electro-facies where thus defined: a) Massive sandstones (F5, F5-
D) b) Thin sand beds within distal lobes, levees and drifts (F8, F8-D) c)
Non reservoir rocks (F9, F9-D, F10, debris flow, slumps, shale). The
deterministic mapping of individual reservoir geobodies allowed to use
simplified electro facies types to populate sedimentologically-consistent
scenarios, while respecting the facies proportions observed at wells.

In order to address the substantially different heterogeneities and

sedimentology within individual geobodies, the facies modelling was
carried out in a hierarchical way. The final facies distribution, parti-
cularly within geobodies with a high N:G ratio, was a key driver for the
positioning of subsequent boreholes in the Coral field (Fig. 19).

The High N:G geobodies show a high level of amalgamation and
therefore the remaining relict shale bodies were considered to have
limited lateral extent. The modelling was carried out with statistical
tools that honor the constraints imposed by the orientation of the de-
positional system. 3D facies probability cubes were applied while po-
pulating the bodies to generate a geologically realistic transition be-
tween different facies, rather than an abrupt change between massive
amalgamated sandstones and the drift deposits.

For the distribution of facies in Low N:G zones, a background area
containing shales and thin-bed facies types was modelled with relevant
properties, following a statistical workflow approach accounting for
appropriate azimuth trends and relevant variogram. In a similar way,
but using different parameters, the individual channels were modelled
within the background volume. Channel parameters (e.g. thickness,
width, sinuosity) were derived from measureable analogues within the
low-net-to-gross bodies and checked against dimensions of turbidite
channels in the shallower portion of the overburden. The orientations of
the channels and their lateral connectivity were defined by means of
polygons, interpreted integrating the seismic data and the fairways
defined in the depositional model.

a. Model Predictiveness

After completion of the reservoir model we had the chance to verify
the reliability of the interpretation and of the corresponding 3D re-
servoir model by drilling the Coral-D appraisal well (Fig. 19). The well
was drilled in summer 2014 at the northern edge of the field, about five
kilometers from the Coral-C and Coral-B wells, in the marginal portion
of the channel complex. The results confirm that the reservoir model
has been highly predictive in terms of thickness, facies, N:G and average

Fig. 17. Results of the elastic inversion of 3D seismic post-stack gathers (Left hand-side: Compressional impedance and Vp/Vs Ratio), which were stochastically
calibrated to litho-elastic facies (Right hand-side: sand, shale and tight lithologies) and used for the interpretation and analysis of the Coral Field. Figures display
random sections (see inset sand probability map for location) of the inverted attributes through existing wells, and relevant well values (black squares) of the
corresponding calibrated seismic properties and facies.
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porosity (Table 1). Pressure data measured in well Coral-D also showed
that the High N:G geobody was in pressure communication across the
field as expected. As a result, the 3D reservoir model was used to define
the location of future development wells in areas of the field where
thick sections of High N:G massive sandstones are expected.

11. Conclusions

The Coral field provides a significant insight into a new deep-water
play-type with excellent reservoir quality and a peculiar stratigraphic
architecture. Detailed seismo-stratigraphic and sedimentological ob-
servations support the model of Fonnesu (2013) (Fig. 15) and the
proposed explanation that the excellent quality of the reservoir results

from extensive flow-stripping by the syndepositional interaction of
high-volume gravity flows and bottom currents during the deposition of
the sequence. The resulting large and small-scale features are:

a) Deposition of mud-free high-quality reservoir facies types along the
axis of channel-lobe complexes.

b) Formation of genetically-linked asymmetric drift-mounds on the
northern flanks of the system.

c) Regular uni-directional southward low-angle offset stacking pattern
of the channel and lobe complexes.

d) A series of deep-water facies types with strong evidence for trac-
tional transport. This facies tract is interpreted to be the result of
reworking and syndepositional pirating of fine-grained sediments by

Fig. 18. The workflow applied for the 3D geometrical modelling of the reservoir. Sedimentological bodies interpreted from seismic and well data (A) were grouped
into individual geobodies and (B) delimited at the top by the surface defining the envelope of gas bearing sands, interpreted from Far seismic data.
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bottom currents.

The seismic and facies evidence supports the interpretation of a
northward-directed bottom current during the Eocene in the area of
deposition of the Coral deep-water system. The interpreted direction of
the bottom current flow is opposed to the direction of lateral channel
migration. This contrasts with previous models proposed in other areas
by Shanmugam et al. (1993) and Gong et al. (2013), but is consistent
with the data presented and from other East Africa examples (e.g.
Tanzania, Sansom, 2018) including: continuity and amplitude variation
of the seismic reflectors, northward deviation of medium-scale lobes,
axis and off-axis facies variations and distribution of chaotic deposits.

The Coral Reservoir consists of two main reservoir units with dif-
ferent characteristics:

a) Single, large and connected High N:G body composed of highly
amalgamated channel and lobe deposits, with an average thickness
of 50m and a N:G of> 80%. Well test data confirmed the excellent
quality of these bodies and the limited lateral extent of mudstone
baffles.

b) Bodies with a lower N:G ratio (40–60%) and variable connectivity
due to thicker mudstone baffles and barriers. Based on the in-
tegrated seismic and sedimentological interpretations on multiple

scales, these bodies have been deterministically modelled within a
3D reservoir grid and used for the stochastic simulation of the
electro-facies types.

An appraisal well (Coral-D), drilled after the construction of a 3D
geocellular model, demonstrated the interpretation and the resulting
model to be highly predictive in terms of thickness, facies, N:G and
average porosity. Moreover, formation pressure data supported the
overall connectivity of the main reservoir body and the excellent
quality of the reservoir that will lead to an optimized field development
plan. The oncoming development drilling campaign, scheduled in the
next years, and the future production flow rates, will further validate or
suggest a revision of the sedimentological and reservoir model.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
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Fig. 19. Vertical and plan-view sections along an interpreted horizon (red lines) of the 3D geocellular model showing the distribution of electro-facies derived from
neural network correlation of sedimentological facies from cores and wireline logs. The facies distribution allowed a precise gross thickness, N:G and porosity
prediction in the forthcoming Coral-D well. (A) Distribution of the reservoir bodies which facies legend refer to Fig. 18; (B) Distribution of the Shale, Massive Sst and
levee and drift facies in the final reservoir facies distribution model. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 1
Prognosis and results of the appraisal well Coral-D.

High N:G Body Reservoir Model Prognosis Coral-D Well Results

Well Results Difference

Gross thickness 65m 72m +10%
Net to Gross [%] 91% 82% - 10%
Average Porosity [%] 16.5% 16.9% +2%
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