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ABSTRACT: The examination of production history from hydrocarbon fields
composed of turbidite deposits indicates that fluid flow behaviour is often more
complex than expected. The cause is commonly linked to the presence of fine-scale
sedimentary heterogeneities, which complicate the reservoir. This is especially true in
the case of turbiditic submarine channel complexes with final channel-filling stages
composed of lateral migration deposits. These fine-scale heterogeneities are usually
below seismic resolution and are rarely represented in initial reservoir models
designed for such fields. Thus, it is difficult to match the production history or
identify methods to improve production and reduce associated risks.

The various depositional patterns recognized in channel migration and aggrada-
tion packages from the Oligocene Malembo Formation of the Congo Basin, offshore
Angola, exhibit different dynamic responses when modelled in a reservoir simulator.
These dynamic differences are related to the different preservation rates of bank
collapse sediments within isolated channel bodies, hereafter referred to as ‘elemen-
tary channels’. According to these preservation differences, the vertical stacking
pattern of channels results in better connectivity than the true lateral migration. This
effect has been incorporated into a full-field simulation model by applying
petrophysical upscaling methods. The recognition and modelling of detailed sedi-
mentological heterogeneities, and their distribution along full-field models produces
a better history match when the inherent uncertainties have been taken into
account.

Incorporating all available data and concepts to define reservoir architecture is
essential in understanding the impact that fine-scale heterogeneities have on
reservoir management. As the lateral extent and areal distribution of heterogeneities
is still unknown, our modelling workflow incorporates uncertainty in the form of
multiple realizations to identify and measure all uncertainties that might impact
dynamic response.
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INTRODUCTION

Most reservoirs encountered in deep offshore West Africa are
large, erosionally confined deep-water channel complexes, dis-
playing a spectrum of architectural styles and channel-fill types
(Abreu et al. 2003). Many of the reservoir-prone intervals
associated with the large, high-quality channel complexes con-
tain significantly sinuous channel elements. With improved
technologies (especially better imaging), several researchers
have begun to report the presence of deep-water channels with
various degrees of sinuosity in modern deep-water fans (e.g.
Garrison et al. 1982; Damuth et al. 1983, 1988). Their relevance
in subsurface exploration has been assessed only recently
(Stephens et al. 1996; Kolla et al. 2001), aided by three-
dimensional seismic technologies and ever-increasing deep-
water exploration.

The highly sinuous channels in the subsurface Tertiary of
offshore West Africa range from simple to complex forms
resulting from a few to numerous laterally and vertically stacked
depositional events (Kolla et al. 1998; Posamentier & Kolla
2003), have now been proven to be viable exploration targets
(Roberts & Compani 1996; Stephens et al. 1996).

Some of the best subsurface examples of confined deep-
water channel complexes are located offshore Angola. High
resolution (approximately 65 Hz) 3D seismic data have allowed
the recognition and detailed mapping of their internal channel
architectures that are not clearly imaged in lower-resolution
seismic data (35 Hz). Multi-attribute interpretation of seismic
facies has led to the definition of architectural elements as
constitutive parts of reservoir architecture. They are character-
ized by a set of consistent sedimentological components
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comprising an erosive channel base, channel margin and
stacked channels, all of which display varying degrees of
aggradation and lateral migration (Kolla et al. 2001; Posamentier
& Kolla 2003). These architectural elements are defined in
wells, characterized by petrophysical measurements and used to
populate reservoir models. However, conventional depositional
models usually focus on external reservoir architectures,
thereby failing to explain reservoir compartmentalization fully
as a control on hydrocarbon recovery (Prather et al. 2000).

New datasets acquired during the development of confined
deep-water channel complex reservoirs (complementary wells,
4D high resolution seismic data and production history) exhibit
differences between the initial reservoir models and subsequent
observations. The inspection of logs and cores shows that
smaller-scale bedding is present within seismically-defined
architectural elements (Prather et al. 2000). New interpretations
have highlighted the importance of sedimentary heterogenei-
ties, such as shale barriers and channel baffles (Kolla et al. 2001),
that cannot be mapped with conventional seismic data –
thereby remaining “sub-seismic”.

History matching of reservoir model predictions with well
test and production data in these Angolan reservoirs has proven
to be problematic, with water and gas breakthrough occurring
earlier and at a higher ratio than predicted by the models. This
demonstrates the importance of reservoir heterogeneity on
production geoscience and the need to incorporate it in greater
detail in the model. Appropriate geology can now be incorpor-
ated effectively in 3D geocellular models at a scale that excludes
the statistical downscaling process (Hurst et al. 2000), but
favours upscaling of petrophysical properties to be included in
the final full-field model.

In this contribution we first describe in some detail the
morphological and infill characteristics of a relatively simple but
sinuous channel form from the Congo Basin (western offshore
Angola) to identify the main heterogeneities that are critical for
modelling, based on observations and previously published
work. This is followed by a methodology used to model these
heterogeneities precisely, integrating our observations, concepts
and uncertainties to assess their impact on dynamic simulations.
These dynamic effects are then introduced in the full-field
model which uses upscaled petrophysical distribution laws, to
lead to a better and faster history match of the model.

GEOLOGICAL SETTING

The Lower Congo Basin lies off the west coast of Africa
between the Republic of Congo and central Angola (Fig. 1). It
covers an area of 115 000 km2 in water depths exceeding
3500 m. The Lower Congo Basin is in the Congo Basin proper,
a sub-basin of the Aptian ‘Salt Basin’ system that occurs along
the western coast of Africa (Clifford 1986).

The tectonic, geological and sedimentary evolution of the
Congo Basin during the Mesozoic and Cenozoic resulted from
the Early Cretaceous rifting of Gondwanaland, the subsequent
separation of Africa and South America, and the progressive
widening of the South Atlantic Ocean by plate accretion
(Lehner & de Ruiter 1977; Stark 1991; Sequeira et al. 1998). In
the Cenozoic, huge quantities of sediment were delivered to the
Congo Basin margin as a consequence of uplift and westward
tilting of the African craton, sea-level variations and increased
river runoff. The sediment supply, especially from the Congo
River during the Tertiary, resulted in the progressive basinward
shift of the Angolan margin and the creation of the Tertiary
Congo Fan (Amaral et al. 1998; Sequeira et al. 1998). Structural
modifications to this fan resulted from sediment loading, updip
extension and downdip compression, as well as mobilization of

the Loeme (Aptian) salt and, to a lesser extent, Albian platform
rafting and basement fractures (Fig. 2). All of the many recent
giant discoveries off the Angolan margin (e.g. Dalia, Girassol,
Hungo, Kuito, Landana fields) have their stratigraphic targets in
the Malembo Formation of the Tertiary Congo Fan (Amaral
et al. 1998; Pettingill 1998).

Sand systems were generally deposited at sequence bound-
aries in cut-and-fill channels which commonly exhibit internal
meandering geometries and variable net-to-gross sand ratios,
both vertically and laterally (Da Costa et al. 2001; Posamentier
& Kolla 2003).

The sinuous channels described in this paper are Oligocene
in age and are from the Malembo Formation of the Tertiary
Congo Fan, which formed seaward of the palaeoshelf margin.
This study focuses specifically on the terminal parts of channel
complex infills, where the channels are unconfined or only very
broadly confined, exhibit the “single cycle” seismic character,
and where individual channels can be resolved very clearly
(Mayall & Stewart 2000).

TURBIDITE CHANNEL MIGRATION

General description

West African confined channel systems are large features up to
200 m thick, 1–5 km wide and at least tens of kilometres long.
They are characterized by intricate, inter-cutting, sand-rich
turbidite channel complexes. Core data reveal that sandstone
reservoirs in these channel complexes are dominated by high-
concentration turbidites and traction deposits. Several authors
have suggested the presence of both lateral and down-system
channel drift (coupled with aggradation), accompanying in-

Fig. 1. Bathymetric map of the Gulf of Guinea, off West Africa
(modified after Kolla et al. 2001), with the outlines shown of
Quaternary (“Recent”) and Tertiary Congo fans. Bathymetric con-
tours are in metres. The location of a schematic geological section
across the Angolan continental margin (Fig. 2) is also shown.
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creased channel sinuosity through time (Stelting et al. 1985;
Kastens & Shor 1985; Peakall et al. 2000; Kolla et al. 2001;
Sprague et al. 2002; Temple & Broucke 2004).

Despite the high variability of channel complex fills (sand
content ranging from 20% to 70%), Mayall & Stewart (2000)
described a general infill model (Fig. 3). This study focuses on
the final part of the channel complex, specifically because it has
a higher degree of heterogeneity and thus generates significant
problems in the hydrocarbon development of turbidite channel
systems (Mayall & Stewart 2000; Mayall & O’Byrne 2002).

Seismic characterization

The seismic data used in this study are a part of a fifty-four-
fold, 3D grid with a bin size of 12.5 m � 12.5 m and cover a
surface area of 13 000 km2. The methodology used here takes
the channel images as seen on the 3D seismic data and divides
them into several intervals, which are then displayed as ampli-
tude attribute maps. The following description is based on 3D
high resolution seismic data (approximately 65 Hz) calibrated
against approximately 60 m of cores from 21 wells.

High resolution 3D seismic data are used for the recognition
and detailed mapping of internal channel architectures. Ampli-
tude extractions and horizon slices in the upper erosional
channel fill “sequence” of the channel complex (Fig. 4a) display
a moderate to high sinuosity map pattern, as described by
Abreu et al. (2003). Meanders along channels evolve, migrate
and are often cut-off over time in a somewhat similar manner
to those of subaerial rivers (Damuth et al. 1988; Mayall &
Stewart 2000) but with aggradational and downdip components
(visible on the seismic section shown in Fig. 4b) suggesting that
deposition is usually composed of longitudinally migrating
sediments (Coterill et al. 1999; Kolla et al. 2001; Abreu et al.
2003; Posamentier & Kolla 2003).

Two typical migration architectures can be distinguished
within the same channel complex: one is referred to as a “true
lateral migration”, where the channels shift in a constant
direction over time; the other is referred to as a “vertical
stacked pattern”, in which the direction of channel shifting is
less regular (Fig. 4b). Lateral migration is characterized typically
by bright amplitudes on the inside of meanders, with a “scroll
bar pattern” visible in map view and associated with shingled
(inclined parallel) seismic reflections observed on vertical

Fig. 2. Regional-scale cross-section
interpreted from 2D seismic and well
data (modified after Broucke et al.
2004).

Fig. 3. Schematic idealized fill of an
erosionally confined channel complex
(modified from Mayall & Stewart 2000).

Fig. 4. Seismic characterization of
lateral channel migration. (a) Amplitude
map of lateral offset stacked channels.
(b) Lateral and downdip migration
interpretation of the amplitude
time-slice, with channel centre-lines
distinguishing lateral migration and
vertical stacked patterns. (c) Seismic
section in the true lateral migration area
showing the accretionary organization
of shingled beds. (d) Close-up of the
morphology of shingled reflections.
(e) Seismic section through the vertical
stacked pattern.

Modelling stacked turbidite channels, West Africa 337



seismic profiles (Fig. 4d). In general, the ‘shingled’ reflections
are parallel to the inside bend of the last position of the
channel-fill (Mayall & Stewart 2000; Abreu et al. 2003). The
geometry of the shingled reflections forms well-defined pat-
terns (Fig. 4a, d) parallel to the channel margin and dipping
towards the channel along which they formed.

The vertical stacked pattern is defined by sub-horizontal
seismic reflections in section view (Fig. 4e) and the absence of
a “scroll bar” pattern in map view. It is described by Abreu
et al. (2003) as a “cut and fill pattern”, associated with sharp
changes in channel direction during the migration process.

Sedimentological model

When measured on seismic data, the individual channels that
stack up to form the lateral migration pattern are typically
200–300 m wide and 15–25 m thick. The lithological character
observed from wireline logs and cored sections and linked and
calibrated to seismic data, is fining- and thinning-upward. Each
channel is composed of coarse- to very coarse-grained sand-
stones at its base, fining upward to fine- to very fine-grained
sandstones and laminated muddy turbidites at the top. Frequent
slumped facies and sediment slides (mass transport complexes
of Pickering & Corregidor 2005, types Ia and Ib) can also be
found within the lower part of the studied facies tract (Fig. 5).
These slumped facies and slide deposits, inducing seismic
contrasts, possibly correspond to amplitude changes described
by Kolla et al. (2001).

The lateral and downdip migration of individual channels
through time resulted in two distinct architectures with distinct
morphological characteristics that can be observed on seismic
data (Fig. 4). Both architectures involve lateral and downdip
shifting of channels, but in a consistent direction in the lateral
migration case (Fig. 5a). However, the vertical stacked pattern
is more varied (Fig. 5b), being associated with the vertical
amalgamation of individual channels between two migrating
meander loops. The resulting succession of architectures is that
of repeated fill and incision, rather than the more continual
lateral migration typical of meandering fluvial channels. This
filling and cutting is fundamental to the preservation or
otherwise of the channel margin facies. For the lateral migra-
tion case, most of the channel margin heterogeneities are
preserved, whereas there is apparently little or no preservation
of channel margin heterogeneities in the vertical stacked pattern
due to the repeated effects of internal channel erosion.

These two distinct architectures can be mapped along
individual channel fairways using seismic attribute maps. Two
different sedimentological end-member models need to
be built to reveal potential differences in terms of the preser-
vation of fine-scale heterogeneities and the consequent
differences in petrophysical characteristics.

METHODOLOGY

The modelling workflow adopted herein is based on a small
depth-converted extraction of the high resolution seismic data,
which focused on a specific area of the final, uppermost part of
the channel complex. This final stage of channel filling is well
organized and characterized by increasing sinuosity and the
development of lateral channel migration. The study area
covers 3.2 km2; it is calibrated by four wells and is limited
vertically by manually picked seismic horizons (base of the
massive sands; top of the laminated sandy turbidites).

The modelled area was separated into two distinct parts for
which high resolution geological models were constructed: one
showing the true lateral migration of single channels; the other
showing the vertical stacking of channels (Fig. 6).

Each of the models was based on orthogonal grids,
1250 m � 1250 m � 70 m thick, with a cell size of 10 m �
10 m � 1 m. Initially, an envelope for each individual channel
was constructed deterministically according to the interpreta-
tion of the seismic section and map observations. The models
were then populated deterministically with turbidite facies
identified from cored wells and according to sedimentological
concepts. The filling of each single elementary channel was
simplified by adopting four facies associations whose charac-
teristics and proportions were obtained from sedimentological
interpretation of wells data.

The four facies associations are:

+ basal channel fills: mass transport complexes and con-
glomerates to massive coarse sands. They represent up to
60% of the channel fill. Basal lag objects (gravel sands to
conglomerates) may also be present at the base of the
channels. These may impact production, as they are prone to
acting as high permeability fluid drains;

+ channel fills: comprising cross-laminated sands and massive
to laminated medium to fine-grained high density turbidite
sands that generally overlie the basal channel deposits. The
sands which represent up to 20% of the channel infill, have
a mean thickness of 4 m, and are typically good reservoirs;

Fig. 5. Conceptual sedimentological
model of the architectures formed by
successive cycles of erosion/
construction of sinuous single channels
migrating downdip and perpendicular to
the flow direction (around five cycles).
(a) The lateral migration pattern: the
migration is uni-directional. The overall
unit is 500–1000 m wide and 15–25 m
thick. (b) The vertical stacked pattern:
the sequence results from one or
several episodes of back and forth
migration. The overall unit is
300–1000 m wide and 25–30 m thick.
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+ abandonment deposits: comprising muddy turbidites with
fine-grained ripple-laminated sands that are typically located
towards the top of the fining-upward channel fill, and
represent waning turbidity current flow. Proportionally they
can reach up to 20% of the channel fill;

+ collapse margins: comprising a mixture of slide deposits and
slumped, laminated sandy to muddy turbidites, which are
irregularly distributed along channel bends. These deposits
have a maximum thickness of 6 m.

The spatial distribution of the main permeability barriers,
which are composed of collapse margin deposits, remains the
major uncertainty in the sedimentological model. The distri-
bution of comparable facies was measured on representative
outcrop analogues (Remacha et al. 2004) and present-day
turbiditic systems (Cronin et al. 2005), although a spatial
distribution law has not been identified clearly to describe the
distribution of these deposits effectively.

Three distribution scenarios were modelled for both areas of
interest (lateral migration and vertically stacked). This was done
to account for a large range of permeability-barrier distributions
inside the ‘high resolution’ models, and to factor in the
associated uncertainties. These scenarios represent end-

members of the distribution of channel margin heterogeneities
encountered in such a depositional environment. The following
scenarios were defined (Fig. 7):

+ lateral channel margin collapse: the margin collapse deposits
are present on the sides of the elementary channel; margin
slide deposits occur more readily;

+ draping channel margin collapse: the margin collapse
deposits are present along the entire basal surface of the
elementary channel, mixing basal mass transport deposits
and slide deposits;

+ basal channel margin collapse: the margin collapse deposits
are present only at the base of the elementary channel. Slide
deposits are not preserved as axial mass transport deposits
travelling further down the channel occur more readily.

For each sedimentary scenario, the modelled permeability
barriers are continuous (by distribution) along the entire length
of the channel, even though one would expect them to be
represented by pods distributed along the channels (Cronin
et al. 2005). However, the actual proportion of these pods
remains unknown; but it can be approximated and its impact
quantified using a “multi-scenario workflow” as described
below.

To extend the scenarios describing the distribution of
heterogeneities so that they approach true sedimentary reality, a
degree of randomness is introduced into each of them. This
randomness is generated using geostatistical object-based mod-
elling inside the regions of the channels that are characterized
by collapse deposits. An object modelling workflow computes
several simulations of collapse pods to distribute the generated
heterogeneities over different areas of elementary channel
borders.

The outcome of the initial deterministic sedimentological
model is used as a framework to build several hundred
equiprobable geological models, thus providing different sedi-
mentological and petrophysical realizations of the reservoir and
their impact on the dynamic fluid flow response.

A review of the petrophysical data obtained from a selection
of validated logs and core plugs was performed. Petrophysical
distribution laws, vertical variograms and correlation coeffi-
cients between variables were determined for each facies
association. Each of the sedimentological scenarios provides a
consistent set of facies envelopes within which several possible
realizations of petrophysical properties are generated. Within
each elementary channel, the petrophysical properties are simu-
lated for the facies associations using Sequential Gaussian
Simulation (Deutsch et al. 1992). The resulting models can be
visualized in 3D, analysed and exported to a flow simulator. For
each of the facies, net-to-gross, clay volume (Vclay), porosity
and permeabilities distributions are defined, based on core data,

Fig. 6. Selected modelling area for the two sedimentological–
architectural patterns. Each model is 1250 m � 1250 m � 70 m.

Fig. 7. Schematic representation of the
end-members of elementary channel
infill. The differences are due to the
distribution of channel margin collapse
heterogeneities: (a) lateral, (b) draping
or (c) basal.
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well logs and analogues. An uncertainty parameter based on the
mean value of the petrophysical parameters is introduced to
cover the range of uncertainty defined by the geologist.

The poorer-quality channel margin collapse facies is the main
heterogeneity expected to act as a barrier to intra-reservoir fluid
flow during production. This facies smears the contact surface
between individual elementary channels. The magnitude of the
permeability contrast between margin collapse deposits and the
better sands of basal channel and channel fills could result in
locally poorly drained or totally by-passed areas. The integration
of the various deterministic sedimentological scenarios, coupled
with simulations of petrophysical properties, enables the defi-
nition of the discriminant parameters for dynamic simulations.

IMPACT ON DYNAMIC RESERVOIR SIMULATION

Only a few selected models were simulated fully using conven-
tional methods because of the long run-times of the two-phase
dynamic simulations. A subset of the several hundred models
was selected to define a relationship between original oil in
place (OOIP) and recoverable reserves, which characterize the
impact of previously incorporated static uncertainties (geologi-
cal and petrophysical) on production. Several methods can be
applied to sample the models to be extracted. In this study, the
criteria used were regular sampling of the OOIP distribu-
tion coupled with representative sampling of the different
sedimentological scenarios.

The eighty models resulting from this selection were flow-
simulated using a simple development scheme consisting of one
injector well and one producer well spaced one kilometre apart
along the channel complex. Two types of dynamic simulations
were tested: water and gas injection. The initial depletion
pressure was 20 bars and input/output rates were set to
1500 rm3 per day (reservoir conditions metres cube per day).

Figures 8 and 9 show an earlier water-cut and higher gas: oil
ratio (GOR) for the lateral migration patterns, while the vertical
stacked patterns exhibit converging values for both water-cut
and GOR.

The dynamic simulation results are similar for each sedimen-
tological scenario (in terms of preservation of margin collapse
facies), but differ between them. Water breakthrough occurs
earlier in those models with high proportions of margin
collapse facies. In the most extreme cases, the low-permeability
collapse facies form gutter-like features, which define elongated
high-permeability zones (Fig. 10) and may act as preferred
conduits for fluid flow.

This comparison clearly distinguishes between the two pat-
terns. The earlier water breakthrough for the lateral migration
patterns can be ascribed to the preservation of lateral hetero-
geneities partitioning the reservoir, whereas these heterogenei-
ties for the vertical stacked patterns tend to be unpreserved due
to multiple cross-cutting erosion, resulting in poor partitioning
of the reservoir. The margin collapse facies form gutter-like
low-permeability features which define elongated conduits for
fluid flow (Fig. 11).

As the mobility contrast between injected and produced
fluids increases with time, effects due to the continuity of
heterogeneities can increase up to ten-fold, leading to a strong
reduction in the recovery factor for this realization. In the case
of water injection over the entire reservoir thickness, the water
front spreads vertically over the whole reservoir section, pro-
gressing preferentially through the channel-fill facies associ-
ations and then branching out into the basal channel-fill facies
associations due to the effects of gravity. High horizontal
permeability accelerates breakthrough. In this case, the front is
generally stable and piston-like, since the water: oil mobility
ratio is close to one.

Fig. 8. Water-cut comparison for the
lateral migration and vertical stacked
patterns. The lateral migration pattern
(left) shows an earlier water-cut than
the vertical stacked pattern (right).

Fig. 9. Gas: oil ratio (GOR)
comparison for the lateral migration
and vertical stacked patterns. The lateral
migration pattern (left) shows a higher
GOR than the vertical stacked pattern
(right).
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In the case of gas injection over the entire reservoir
thickness, the front progresses first through channel-fill facies
associations and then branches out into abandonment facies
associations under the influence of gravity. High horizontal
permeability accelerates breakthrough, but the front is unstable
and presents significant digitation that by-passes oil pools
because of the high mobility ratio between injected gas and
produced oil.

UPSCALING

These detailed, high resolution geological models attempt to
capture the heterogeneities in rock properties that can pro-
foundly affect fluid flow within the reservoir and hence oil
recovery. Typically these models contain too many grid blocks
to be used in full-field flow simulations. Accordingly, a full-field
model grid was constructed to produce a model with a
reasonable number of cells capable of incorporating the rel-
evant sedimentological heterogeneity. The aim of upscaling is
to capture the impact of the heterogeneities in the fine-scale
models by simulating flow through them and thereby calculate
effective properties for use in the coarse grid cells in the
full-field model. Starting from a given grid model, a number of
candidate coarse grids are generated using one or more of the
various up-gridding algorithms available (Fincham et al. 2004).
Coarse grids are constructed by amalgamating cells in the fine
grid (3 m and 5 m).

Subgrids of the ‘high resolution’ models are extracted to
capture the fine-scale heterogeneity in the dominant facies
described in the full-field model. The facies associated with
each coarse grid-block are determined by considering the
dominant facies in the 11�11�3 and 11�11�5 subgrids

(equivalent to coarse grid cells). These subgrids are therefore
representative of the different proportions of the dominant
facies and the different number of channels.

To determine the new upscaled properties distribution to be
used in the full-field model, all the various geological models
are considered using a volume-weighted arithmetic average for
additive properties such as net-to-gross, porosity and water
saturation; and applying a pressure solver to upscale non-scalar
properties such as the permeability tensor.

At the end of the upscaling process, global statistical distri-
bution laws are extracted to fill the full-field model grid with
equivalent parameters (Table 1). Here, the various parameters
are expressed using the characteristic parameters describing
the output probability distribution laws. Normal distribution
(porosity) and log-normal distributions (water saturation and
kv/kh) are characterized using the average and standard devia-
tion parameters derived from probabilistic analysis of the
upscaled parameters. Log-horizontal permeability distribution is
defined by a Beta distribution (a continuous probability distri-
bution) where Alpha and Beta parameters are the shape
parameters estimated from the average and standard deviation
of the upscaled values with finite boundaries (0 and
maximum = scale parameter).

The upscaled parameter kv/kh is best at discriminating
between the lateral migration and vertical stacked patterns. The
upscaled kv/kh ratio exhibits a distinct relationship between
lateral migration and vertical stacked patterns (Figs 12 and 13).
The vertical stacked patterns (Fig. 12) have a kv/kh upscaled
distribution closer to the original one (derived from plug and
log analysis). On the contrary, the lateral migration pattern (Fig.
13) shows narrow distributions that are clearly expressed and

Fig. 10. Impact of the different
scenarios on reservoir production
history. (a) Relationship between earlier
water breakthrough and continuity of
heterogeneities for end-member
sedimentological scenarios.
(b) Relationship between earlier water
breakthrough and the increase in
collapse margin proportions in the same
sedimentological scenario (example
shown for draped margin deposits).

Fig. 11. Schematic representation of the effect of heterogeneity continuity on drainage of injected fluids (water front spreading through a single
channel body). The margin collapse facies form gutter-like low-permeability features which define elongated conduits for fluid flow between the
injector and producer wells. In the example shown, the wells are located in the same elementary channel.

Modelling stacked turbidite channels, West Africa 341



T
a

b
le

1
.

U
ps

ca
le

d
pe

tr
op

hy
si

ca
l

pa
ra

m
et

er
di

st
ri

bu
ti

on
s

D
om

in
an

t
Fa

ci
es

A
ba

nd
on

m
en

t
D

om
in

an
t

Fa
ci

es
C

ha
nn

el
Fi

ll
D

om
in

an
t

Fa
ci

es
B

as
al

C
ha

nn
el

Fi
ll

D
Z

ce
ll

=
3

m
D

Z
ce

ll
=

5
m

D
Z

ce
ll

=
3

m
D

Z
ce

ll
=

5
m

D
Z

ce
ll

=
3

m
D

Z
ce

ll
=

5
m

L
at

er
al

V
er

tic
al

L
at

er
al

V
er

tic
al

L
at

er
al

V
er

tic
al

L
at

er
al

V
er

tic
al

L
at

er
al

V
er

tic
al

L
at

er
al

V
er

tic
al

N
T

G
U

se
r

D
is

tr
ib

ut
io

n
M

ig
ra

tio
n

St
ac

ke
d

M
ig

ra
tio

n
St

ac
ke

d
M

ig
ra

tio
n

St
ac

ke
d

M
ig

ra
tio

n
St

ac
ke

d
M

ig
ra

tio
n

St
ac

ke
d

M
ig

ra
tio

n
St

ac
ke

d

N
or

m
al

di
st

rib
ut

io
n

Po
ro

si
ty

(%
)

A
ve

ra
ge

22
.7

6
23

.1
6

22
.4

0
23

.1
2

22
.7

2
23

.0
7

22
.5

2
23

.1
9

22
.3

2
21

.9
6

21
.7

2
21

.9
3

St
an

da
rd

de
vi

at
io

n
2.

03
2.

55
1.

89
1.

99
2.

05
2.

55
1.

99
2.

00
2.

18
2.

50
1.

96
2.

02
N

T
G

co
rr

el
at

io
n

co
ef

.
0.

26
9

0.
20

8
0.

48
7

0.
28

5
0.

25
8

0.
25

3
0.

40
3

0.
35

6
0.

14
3

0.
32

2
0.

47
6

0.
36

7
L

og
-n

or
m

al
di

st
rib

ut
io

n
W

at
er

A
ve

ra
ge

16
.0

4
16

.5
5

16
.3

16
.6

1
13

.6
8

13
.8

1
13

.6
9

13
.5

9
13

.0
1

12
.8

2
12

.7
4

12
.9

2
sa

tu
ra

tio
n

(%
)

St
an

da
rd

de
vi

at
io

n
5.

05
6.

54
4.

18
4.

85
3.

99
4.

78
3.

14
3.

82
4.

31
4.

32
3.

68
3.

52
Po

ro
si

ty
co

rr
el

at
io

n
co

ef
.

�
0.

16
6

�
0.

17
0

�
0.

24
4

�
0.

19
5

�
0.

21
5

�
0.

14
7

�
0.

22
0

�
0.

13
6

�
0.

04
2

�
0.

13
0

�
0.

22
0

�
0.

13
6

B
et

a
di

st
rib

ut
io

n
L

og
A

lp
ha

(P
)

22
.2

8
17

.4
2

21
.7

4
26

.1
1

25
.0

6
42

.5
5

82
.7

2
24

.7
2

26
.5

1
20

.4
7

44
.4

8
28

.3
5

(h
or

iz
on

ta
l

B
et

a
(Q

)
4.

68
2.

96
4.

00
3.

69
3.

66
6.

42
17

.8
0

3.
07

4.
26

3.
59

7.
52

4.
44

pe
rm

ea
bi

lit
y)

Sc
al

e
(m

ax
)

3.
72

3.
86

3.
70

3.
85

3.
92

4.
12

4.
13

3.
96

4.
00

4.
00

4.
01

3.
96

Po
ro

si
ty

co
rr

el
at

io
n

co
ef

.
0.

13
9

0.
06

8
0.

39
0

0.
16

6
0.

23
2

0.
00

2
0.

29
5

0.
02

8
0.

01
7

0.
09

8
0.

18
7

0.
23

5
L

og
-n

or
m

al
di

st
rib

ut
io

n
kv

/k
h

A
ve

ra
ge

0.
03

3
0.

04
7

0.
03

7
0.

02
6

0.
07

9
0.

12
9

0.
03

8
0.

11
5

0.
11

6
0.

15
3

0.
07

0
0.

09
3

St
an

da
rd

de
vi

at
io

n
0.

02
5

0.
07

4
0.

01
4

0.
01

5
0.

04
1

0.
06

3
0.

02
0

0.
07

5
0.

07
6

0.
13

1
0.

04
4

0.
06

6
Pe

rm
ea

bi
lit

y
co

rr
el

at
io

n
co

ef
.

�
0.

12
7

0.
08

9
�

0.
41

5
0.

11
5

0.
14

8
0.

08
4

0.
23

3
0.

09
5

�
0.

16
7

�
0.

05
7

0.
19

8
0.

15
0

R. Labourdette et al.342



deviate considerably from the original input distributions, when
the dominant facies is the channel fill or the basal channel fill.
In both depositional patterns, the upscaled kv/kh distribution
for dominant abandonment facies does not differ greatly from
the input distributions (derived from plug and log analysis).

Analysis of the upscaled parameters shows the impact of
internal heterogeneity distributions. In the case of the dominant
abandonment facies associations, the upscaled parameters are
not affected by margin collapse heterogeneities, due to the
similar distribution of petrophysical properties between margin
collapse deposits and abandonment facies (low permeability
and porosity). By contrast, upscaled parameters for channel fill
and basal channel fill facies associations are affected greatly by
the extent of preservation of channel margin collapse facies.
Internal multi-directional erosional surfaces within vertical
stacked pattern areas improve connectivity because of a reduc-
tion in the preservation of margin collapse heterogeneities.
Within the true lateral migration pattern, uni-directional erosion
(parallel to the channel margin) favours the preservation of
outer bend margin collapse heterogeneities. According to this
observation, the vertical stacked pattern will have better con-
nectivity than the lateral migration pattern.

These upscaled petrophysical properties are the bases for
multi-realization simulations at the full-field scale, permitting a

coherent distribution of equivalent petrophysical properties
according to geological observations and interpretations. The
integration of the upscaled petrophysical properties distribu-
tions in the full-field model, taking into account their inherent
uncertainties and their layout, defined by seismic interpretation
along the channel fairways, enables a faster and more accurate
history matching of the full-field model.

CONCLUSIONS

The evolution of meandering channels over time results in
different stacking patterns along channel complexes, ranging
from lateral migration, which is best developed in meander
loops, to a vertical stacked pattern in the cut-off areas. Seismic
map patterns extracted along these channel complexes are
clearest in the lateral migration areas, suggesting low-
connectivity between individual channels. This low
connectivity is usually extrapolated to the entire complex,
over-emphasizing the role of mass transport complexes as
permeability barriers.

Our 3D modelling indicates that the multiple erosion
events observed in vertically stacked areas result in pods of
vertical connectivity. This contrasts with areas of lateral migra-
tion (meander loops) where more heterogeneities are preserved,

Fig. 13. Upscaled kv/kh for the lateral
migration stacked pattern compared
with initial distributions derived from
plug and log analysis.

Fig. 12. Upscaled kv/kh for the vertical
stacked pattern compared with initial
distributions derived from plug and log
analysis.
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resulting in better reservoir facies connectivity. The degree
of connectivity reflects both the original proportion and distri-
bution of the margin collapse facies and their preservation
subsequent to channel switching and erosion. The resulting
fluid flow pattern is focused much more along individual
channels.

An up-scaling process was used to represent this impact in
the full-field model. Based on seismic-derived maps, the up-
scaled parameter distributions were integrated in the full-field
model, to distinguish between the true lateral migration pat-
terns and vertically-stacked patterns. This resulted in a spatial
distribution of equivalent petrophysical properties along the
channel complex, facilitating faster and more accurate history
matching of the full-field model.

The deposits of lateral channel migrations are an under-
recognized type of deep-water channel type, but are being
described increasingly in subsurface and outcrop examples.
High-resolution 3D seismic datasets show that these migrations
are a common feature in the late phase of evolution of a
channel complex from the Oligocene Malembo Formation of
the Congo Fan, offshore Angola. The lateral migration set,
which is identified as the last depositional element of the
channel complex infill, constitutes the greatest uncertainty in
the hydrocarbon development potential of individual channel
systems because of the effect that sub-seismic sedimentological
heterogeneities can have on production and reservoir manage-
ment. Understanding the internal heterogeneity distribution and
the dynamic impact these heterogeneities have on production
is essential to optimize hydrocarbon recovery strategies and
well placements, especially in stacked turbidite channel
complexes.
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