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Contrasting the Stratal Architecture of Highly-Confined and Poorly-
Confined Deep-Marine Sinuous Channel Systems – An Outcrop 

Perspective 
 

Arnott, R.W.C., Navarro, L., and Khan, Z.A.  
Department of Earth Sciences, University of Ottawa, Ottawa, Ontario, Canada, K1N 
6N5. (warnott@uottawa.ca) 
 
Deep-marine strata of the Neoproterozoic Windermere Supergroup, western Canada, 
exhibit two end-member kinds of sinuous channel systems – poorly confined and 
highly confined, differentiated on the basis of composition and architecture of channel 
and channel-bounding strata. Poorly-confined channel systems are large composite 
features made up of stacked and typically amalgamated channel fills (Fig. 1). In 
contrast, highly-confined systems consist of numerous isolated channels typically 
separated vertically by a thick succession of thin-bedded turbidites (Fig. 2).  
 

 
Fig. 1. Poorly confined channel system 
 

 
Fig. 2. Highly confined channel system 
 
The intrachannel architecture of poorly confined systems occur as two types: 
amalgamated and partly amalgamated. Amalgamated channel fills are individually 
several meters thick but stack to form units up to 45 m thick. Strata are composed 
mostly of coarse sandstone to granule conglomerate in beds that range from a few 
decimeters to a few meters thick. Grain size generally changes little upward or 
laterally. Partly amalgamated channels are a few meters thick forming units up to 15 
m thick and show a facies change from axis to margin. Channel axis strata consist of 



amalgamated sandstone that fine, thin and become interbedded with thicker, more 
abundant mudstone toward the margin. 
 
Highly confined channel systems, on the other hand, consist of a single, flat-based 
channel fill with well-developed lateral accretion deposits. Channel fills range from 
10-15 m thick and consist of amalgamated beds of decimeter-thick, very coarse 
sandstone/granule conglomerate that grade upward to medium sandstone. Mudstone 
occurs only as isolated patches of intraclast breccia.  These sandstone-rich strata are 
abruptly overlain vertically and also obliquely upward along the lateral accretion 
surfaces by mudstone interbedded with thin-bedded turbidites.  
 
Channel-bounding strata in poorly- and highly-confined channel systems are starkly 
different. In poorly-confined systems the fill either lapouts against an erosion surface 
scoured into older stratigraphy, or onto levees. The stratigraphy and internal 
architecture of levees depends on the distance from the channel and on which side of 
the channel bend it developed. Levees along the outer bend side, at least in their 
proximal reach (<300 m from channel margin), tend to be sand rich with beds that 
show an initial thickening (over the first ~120 m) and then thinning trend. Beyond 
about 300 m strata are dominated by thin-bedded turbidites that thin negligibly 
laterally, also sandstone content averages about 25-30% less compared to strata nearer 
the channel. The contact between coarser-grained channel deposits and sandy outer-
bend levee strata is erosive. On the inner-bend side channel strata either onlap 
abruptly sandy levee deposits (amalgamated channels), or grade laterally into finer, 
thinner levee deposits (partly amalgamated channels), suggesting continuity of the 
flows that deposited in the channel and over the inner-bend levee.  
 
In highly-confined channel systems the outer bend is always erosive, and typically in 
contact with fine-grained levee deposits (thin-bedded turbidites) related to an older 
(underlying) channel. Sandstone injection complexes are locally well developed. On 
the inner-bend side of the channel, a distinctive obliquely-upward interfingering 
pattern of coarse-grained channel deposits terminating abruptly where they onlap fine-
grained levee deposits is observed. This intercalation suggests episodes of fine- and 
coarse-grained sediment deposition on the inner-bend levee related to recurring 
variations in local flow and/or channel conditions.  Moreover, the abrupt upward 
termination of coarse channel deposits against conterminous fine-grained levee strata 
suggests emplacement from the lower part of highly stratified turbulent flows that at 
least locally were depositional on the inner bend of a deep-marine sinuous channel.  
 
Differences in the stratal architecture of poorly- and highly-confined channel systems 
is interpreted to be related to first order differences in channel sinuosity, dimensions 
and nature of the formative channellized flows. Poorly-confined channels are 
interpreted to be broad, relatively low sinuosity systems through which large, laterally 
expansive, poorly-density-stratified flows were conveyed. Where not constrained 
laterally by erosional levees the flows overspilled their initial lateral confinement and 
formed sand-rich levees on both sides of the channel. Highly-confined channels, on 
the other hand, are thought to be related to comparatively small, highly-density-
stratified flows in highly sinuous channels. The sand-rich basal part of the 
channellized flows was almost always maintained below the height of the channel-
margin levees resulting in the virtual absence of sediment coarser than fine sand in 
levee strata. Also, the position of the density interface most likely coincided with the 



top of the coarse-grained part of the channel fill where it onlaps and interfingers with 
fine-grained inner-bend levee strata deposited from the dilute upper part of the flow.  
 
The two end-member kinds of channel systems identified at Castle Creek may have 
correlatives in channel systems previously described, for example, from the 
subsurface of offshore Nile Delta, west coast Africa and the GOM. Stratigraphic 
differences between these systems should have important implication on reservoir 
distribution and production. 



 
Application of Outcrop-Based Modeling of Deep-Water Channels, 

Okume Complex, Offshore Equatorial Guinea; How Much Reservoir 
Detail Do you Need? 
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Recent production performance information from many deep-water fields indicates 
the presence of sub-seismic reservoir baffles and barriers. To address the issue of sub-
seismic reservoir heterogeneity and compartmentalization we have turned to outcrop-
based modeling applications. The Beacon Channel (Brushy Canyon) outcrop offers 
exceptional 3D views of a sinuous slope channel-fill. The scale and geometry of 
Beacon Channel is analogous to the smallest-scale stratigraphic features resolved by 
3D seismic images of West African slope channel complex systems. Therefore, 
detailed analysis of Beacon Channel can potentially provide information regarding 
reservoir distribution and heterogeneity at a sub-seismic scale. A high-resolution, 
fine-scale 3D geocellular model was generated incorporating geometries and facies 
architecture observed in the Beacon Channel outcrop, along with rock and fluid 
properties based on turbidite-dominated reservoirs from deep-water fields. This 
outcrop-based model was subjected to fluid-flow simulation for baseline behavior. 
Next, the outcrop-based model was resampled / upscaled and new models were 
generated and subjected to fluid-flow simulation. The dynamic behavior of outcrop-
based model and upscaled counterparts were compared to determine the appropriate 
level of detail required in the simulation model to retain characteristics modeled 
directly from the outcrop. Initial results indicate, as expected, simulations from the 
coarse, upscaled models reveal differences from the baseline behavior. The baffled 
reservoir connectivity observed in the dynamic pressures in the baseline model was 
not retained in the upscaled counterparts. Actual field experience has demonstrated a 
significant degree of pressure baffling. Therefore, flux regions which attempt to 
approximate the complex reservoir architecture, were tested in the upscaled models to 
"pressure match" the baseline model behavior. The impact of these "baffles" on the 
fluid flow in the dynamic reservoir models was found to be significant.  Future work 
needs to focus on improved ways to understand the probability and location of 
associated baffles or barriers for various depositional elements and the geocellular 
modeling workflows that best reproduce these characteristics.  
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Deep water “turbidite” channels are relevant sites of sand and gravel deposition in 
slope to basin settings where they may form hydrocarbon reservoirs. The details of 
their external shape and internal architecture, as well as their erosional/depositional 
evolution, are the present-day subject of outcrop-based research, in view of new 
advances in understanding and forecasting heterogeneity of this kind of reservoirs.  
Among several outcrop examples of deep-water channels, the Oligocene Millesimo 
Unit of the Tertiary Piedmont Basin (TPB, Northern Italy) provides good exposures 
of conglomerate and sandstone bodies that we interpret as the fill of a submarine 
channel cut into slope mudstones.  
The preserved  exposures of this unit form a belt of lens-shaped bodies, up to 1.0 km 
wide, 5 km long (along the average palaeocurrent trends) and up to tens of meters 
thick, whose envelope yields the planform of a bending channel. Several 
conglomerate-sandstone bodies lay above a major erosional boundary (Fig.1) and are 
stacked with second-order erosional relations. Generally the individual bodies show 
fining-upward sequences up to 15 m thick, that are formed by disorganized boulder 
conglomerates passing to graded-laminated sandstones and thin bedded turbidites. 
These bodies are laterally stacked by means of downlapping, sigmoidal sets of 
conglomerates passing to massive sandstone beds then to mudstone-sandstone 
couplets that characterize their lateral wedging-out. We interpret these individual 
units as second-order channel fills within the first order one. Palaeocurrent 
measurements suggest that these dipping units accreted obliquely and radially with 
respect to the SSE-NNW average trend of the first-order channel. Slumps, rotated 
beds and boulder-bearing debris flows are frequent both at the base of the first-order 
channel and at the base of the second order ones. Slumps occur almost everywhere at 
the base of the entire system, in close association with synsedimentary faults and 
folds. These features, together with the westward polarity of the stacking patterns, 
suggest that westward lateral migration and cross-cut relationships were forced by 
synsedimentary folding and faulting that occurred during the Oligocene relative uplift 
of the TPB marginal slope. Every tectonic increment determined a lateral shift and 
entrenchment of the axial channel, resulting in erosion of the faulted and tilted fringe 
of the previous valley fill and/or of the uplifted slope mudstones. This evolution 
promoted also the downcurrent migration of the conglomerate-sandstone-mudstone 
facies tracts.  
The bend-shape, the internal architecture and the evolution of the Millesimo Unit 
slope channel were primarily controlled by the mobile slope morphology and by 



synsedimentary tectonics during the transtensional opening, deepening and widening 
of this sector of the TPB. 
 
 

 
 
Fig.1 – Lateral termination of two stacked channelized conglomerate-sandstone 
bodies, with fining-upwards sequence, cut into slope mudstones (NW to the right).  



Large scale architecture variation and first order reservoir 
heterogeneity prediction in deep-sea fans based on Total Nigerian 

fields and modern analog studies 
 

Martine Bez and Adrien Marante 
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The construction of 3D sedimentological predictive models remains a big issue in 
subsurface turbidite systems. After 20 years of deepwater exploration-development 
and production history, TOTAL has developed a fully integrated workflow for 
turbidite depositional systems analysis. Based on a multi-scale and multi-tool 
approach, this workflow goes from detailed sedimentary facies analysis and 
description to seismic scale interpretation. 

Recent improvement in seismic imaging and available cored wells drilled to deep 
buried intervals, from proximal to distal turbidite fan settings of Nigerian deep-
offshore fields, have provided a unique dataset. Combined with core, seismic 
acquisitions and biostratigraphic analysis on outcrop and modern analogs, this dataset 
provides a three-dimensional understanding of the turbidite depositional elements 
distribution, their internal architectural organization and their preservation potential.  

At small scale, depositional processes are now well understood and elementary 
channels or lobes can be described with a limited number of depositional facies. At 
larger scale (channel/lobe complexes, fan) the variability increases due to the 
combination of those elementary units and the prediction of 3D reservoir models is a 
challenge. 

Based on various examples of Nigerian deep-offshore turbidite systems, outcrops and 
modern analogs we present here the workflow we used to analyze such depositional 
systems in order to provide a 3D sedimentological predictive model as robust as 
possible.  
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The value of investigating the incision and infill history of a submarine channel 
complex exposed at a single outcrop is limited. High resolution data of facies extent 
and variability may be collected but its applicability is restricted by the scale 
limitations inherit to outcrop datasets. Conversely, seismic scale studies may lack the 
small-scale detail necessary for building a representative model. Geelbek (Unit D of 
the Permian Fort Brown Formation, Laingsburg Karoo) is an example of a channel 
complex where high resolution stratigraphic and facies data derived from a detailed 
outcrop study can be integrated with a basin scale understanding of sediment routing 
and depositional patterns. 
 
The slope-channel system of Unit D has been mapped from the C-D Ridge slope 
valley to distributive lobes over a downdip distance of more than 30 km. Geelbek is 
located 25 km from the C-D Ridge and its architectural evolution is interpreted to be 
controlled by autocyclic processes of avulsion and channel re-routing within the Unit 
D system. Two major phases of channel incision and infill are identified at Geelbek. 
The first phase is initiated with the deposition of a precursor lobe several kilometres 
in width which is later incised by the downdip advancement of a genetically related 
channel. Channel infill occurs before temporary abandonment of the Geelbek system. 
A thick accumulation of thin-bedded heterolithics overlies the deposits of phase 1 and 
is interpreted as the levee to a channel axis located 5 km to the north. The second 
phase is marked by the formation of a 750 m wide composite erosional surface which 
incises through earlier Unit D deposits to a depth of 75 m. A strong asymmetry in the 
fill of the channel is observed as a transition from structureless sandstones deposited 
against a steep western margin to thin-bedded siltstones in the east. The asymmetry 
may reflect the development of a more sinuous channel planform. Unit D and the 
Geelbek channel complex is abandoned following the emplacement of an extensive 
2m thick plant fragment rich debrite. 
 
 
 
 
 
 
 
 



 
Downslope Internal Evolution of a Slope Channel Complex:  Giza 

Field, West Nile Delta 
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The West Nile Delta has a number of Pliocene-aged channel complex, (channelised) 
sheet and channel-levee reservoir systems deposited post the Messinian salinity crisis 
and the re-establishment of a muddy depositional slope on the Nile Delta cone.  Gas 
discoveries in all these different turbidite channelised architectural elements (Ruby, 
Fayoum, Giza Fields) in the offshore Nile Delta are amplitude anomaly driven, and 
are dispersed around the modern day Rosetta Canyon in water depths ranging from 
300m to 900m. 
 
Structurally, the West Nile Delta is characterised by steep, fault-bounded margins 
which exerted a fundamental control on the deposition of slope canyon and channel 
systems in the Pliocene play fairway. The Giza Field comprises a middle Pliocene 
slope channel complex, and forms an integral part of the Phase I BP West Nile Delta 
development project.   
 
Visualisation of the internal geometry of the Giza channel complex is based on 3D 
multi-azimuth (MAZ) seismic data aligned to complete conventional core data 
recovered from both the exploration discovery well and a subsequent appraisal well.  
The combination of high resolution seismic tied to the core scale observations 
provides spectacular insights into the gross seismic architecture, internal geometry, 
stacking patterns and downslope evolution of the internal fill of the Giza Field slope 
turbidite channel complex. 
 
This paper will demonstrate the facies shift and channel geometry variation with the 
Giza channel reservoir fairway, from incision and bypass to the initial backfill within 
a low sinuosity aggradational stacked channel phase, to a more sinuous constructional 
channel levee fill style and ultimate channel abandonment.  Understanding the 
internal fill based on the conventional core data is key to understanding connectivity, 
net:gross distribution, perched water and aquifer modeling.  
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The Canyon San Fernando channel system within the late Cretaceous Rosario 
Formation of Baja California, Mexico, represents an ideal natural laboratory to study 
ichnological variability across a well-studied channel-turbidite system. Trace fossils 
and ichnofabrics have been studied in the field across a lateral transect through a 
channel system, from depositional environments ranging from the channel axis, 
channel overbank/terrace and the proximal and distal parts of a major channel-
bounding levee. A wide range of ichnotaxa have been observed including 
Ophiomorpha rudis, Scolicia, Phycosiphon and Nereites. Significant differences in 
trace fossil assemblages, bioturbation intensity, bioturbation style, ichnodiversity and 
ichnofabrics are observed between the various depositional environments within the 
system. Characteristic ichnofabrics and ichnofabric assemblages are identified for 
each depositional environment, which highlights the potential application of 
ichnology in the detailed palaeoenvironmental analysis of heterolithic sediments 
within turbidite systems. Furthermore, the field-based ichnofabric data from the 
Rosario Formation is directly comparable with data available from cores. 
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The Capistrano Formation exposed near San Clemente State Beach, California 
consists of laterally amalgamated channels typical of channels and channel complexes 
that form the building blocks of high-frequency sequences in slope and basin floor 
settings. In the study area, the Capistrano is a sandstone-dominated formation that is 
about 20m thick and 1.2km wide, forming an excellent analog for seismically defined, 
single-cycle reservoirs. From smallest to largest, architectural elements in the 
Capistrano fit into a hierarchical framework that includes lamina, beds, bedsets, 
storeys, channels, channel complexes, and channel complex sets. From a subsurface 
point of view, channels are a fundamental element of the hierarchy because they are 
the smallest architectural element that can be resolved with high-frequency seismic 
data (>60 Hz) and detected with conventional exploration seismic data (25-30 Hz), 
whereas channel complexes can be resolved with conventional exploration seismic 
data.   
In the Capistrano, channels are defined by erosional boundaries that have at least 20m of 
relief, the height of the outcrop and a predictable change in turbidite lithofacies from 
channel margin to channel axis. Individual channels exhibit a systematic change in sand 
fraction, facies preservation, and bed architecture from channel margin to channel axis.  
Typically, successively younger channels erode into older channels leaving channel 
remnantsl.  Successive channels that exhibit similar lateral and/or vertical migration patterns 
define channel complexes.  Usually, genetically related channels have the same trend in flow 
direction and similar turbidite lithofacies. At least three channel complexes comprise the 
Capistrano. These channel complexes are made of laterally amalgamated channels; within 
each complex the channels exhibit a lateral change of lithofacies from channel‐complex 
margin to axis.  

Channels are made of sub-channel elements called storeys.  Storeys consist of 
stacked bedsets that are bounded by surfaces of erosion or non-deposition. These 
storey boundaries are confined to a channel and exhibit onlap onto the channel 
boundary.  Storeys exhibit facies change from channel axis to channel margin, and the 
vertical stack of bedsets within a storey evolve through steps interpreted as erosion, 
bypass and channel-plugging.  In the channel margin setting, the storey base is 
marked by thin-bedded Tde and Tc beds that overlie an erosional surface, typically a 
mudstone-draped surface, whereas in the channel axis, the same erosional surface is 
overlain by gravel beds (R1) or traction sand beds. Storeys exhibit a thickening- and 
coarsening-upward pattern along channel margins; thin-bedded Tde and Tc beds 
transition upward to medium-bedded S3/Ta beds.  In the channel axis setting, 
individual storeys fine upward, and the stack of storeys in the channel axis exhibit a 
fining-upward pattern. Whereas most deepwater channel remnants examined in 
outcrop are 10-20 m thick, storeys are less than 5 m thick.  Storeys are considered a 
fundamental building block of deepwater channels. Recognition of their stacking 
arrangement can aid in determination of channel thickness using core and well log 
data. 



 

 
 
 
Fig. 1. Architectural Hierarchy and Lithofacies Distribution of Deep-Water Channels.  



The Large-Scale Reservoir Architecture of the Serpent Field, West 
Delta Deep Marine Concession, Offshore Nile Delta, Egypt 
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The Serpent Field consists of three main reservoir intervals; Channel 10, 12 and 13. 
Channel 12 and 13 are the main focus of this study. 
 
WDDM reservoirs are gas-bearing slope-channel turbidite sandstones, which are well 
imaged on seismic amplitude maps (Samuel et al., 2003) due to their lower acoustic 
impedance than either the underlying water-bearing sandstones, or the enveloping 
mudstones (Cross et al., 2009). However, this study aimed to see past the high-
amplitude gas sands, to better understand the detailed geology and sedimentology of 
the depositional sequence as a whole. 
 
High-resolution 3D seismic data was used to determine the decametre to kilometre 
scale channel geomorphology by producing attribute maps and slices through the 3D 
seismic volume to show the large-scale planform geometry of the channel systems. 
This was integrated with the centimetre to metre scale detail observable in wireline 
and core data. 
 
It was recognised that the Serpent channel system has a hierarchy of channel-fill, and 
from this depositional elements were able to be categorised into four main 
depositional environments. Channel evolution over time revealed dominantly 
aggradational stacking of low energy, highly sinuous channels, with waning energy 
and flow characterising the late-stages of the system. High-energy deposits such as 
basal sand sheets and splays and gravel-filled channels were not identified in the 
Serpent system as they are in other WDDM channel systems, signifying overall that 
Serpent is a lower-energy channel system, likely to be positioned in a more distal 
setting on the continental slope. An extension to Channel 13 was revealed to the NE 
with implications for a large down-dip aquifer. Planform analysis also revealed 
possible structural influence from splay faulting associated with the NDOA high to 
the West, and/or interplay of the underlying topography with channel development. 
 
 
 
 
 
 
 
 
 
 



Channel or mini-basin?  Core and outcrop perspectives from the UK, 
Norway, Italy and West Africa. 
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Understanding the depositional processes operating in confined systems is the key to 
interpreting their depositional setting and thus predicting sand-body geometries and 
reservoir performance. Systems may be confined either within ‘channels’ (topography 
eroded by accumulative turbulent flows) or ‘mini-basins’ (topography generated by 
differential subsidence, typically due to intrabasinal faulting, slope collapse, salt 
withdrawal or differential compaction). 
 
Ichron have documented a large number of cored examples of deep-marine gravity 
flow systems, many of which record confinement within sea-floor topography.  The 
type of confining mechanism is directly imaged on seismic data for some of these 
systems.  Characteristics of confined and unconfined systems will be discussed, with 
reference to linked debrites and mud-rich ‘banded’ or ‘slurry’-type facies.    
 
This presentation illustrates a variety of ‘channel’ and ‘mini-basin’ fills, based on core 
lithofacies, image log data and wireline log character.  Outcrop data from the Italian 
Apennines and subsurface data from the UK (Jurassic, Cretaceous and Palaeocene), 
Norway (Palaeocene) and West Africa (Miocene) record the common occurrence of 
channel-fills within and between mini-basins.  These can occur at a variety of scales.  
Down-range transition from one style of confinement to another is commonly 
observed.  This warns against over-interpretation of limited datasets.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



A slope systems-based approach for the assessment of turbidity 
currents, comparing confined and unconfined systems in the Western 

Mediterranean 
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The conditioning and/or triggering factors for recurrent or periodic turbidity current 
activity in the Western Mediterranean are primarily thought to be related to climatic 
transitions (e.g. lowstand to highstand), tectonic activity (e.g. earthquakes) and fluvial 
discharge (e.g. flood events); however a key control on the nature and direction of 
these currents is related to the relative confinement caused by pre-existing seafloor 
architecture.  Most turbidity flows are concentrated within submarine canyons, 
following a confined pathway, finally spreading as a sheet flow across the outer 
abyssal plain floor as shown in Figure 1.  Other turbidity flows may be generated by 
earthquakes, increased river discharge or sediment failures on slopes and move down 
open slope systems as unchannelised gravity flows.   

 
Figure 1: Example of focussing effect of confined system 
 
Thomas et al. (2010) presented a systematic approach to classification of slope 
domains, primarily focussed on geohazard impact assessment for subsea infrastructure 
including pipelines, flowlines, manifolds and wells (Figure 2).  This approach is 
expanded on in this paper with specific reference to two primary slope systems 
identified in the in the Western Mediterranean - canyon (confined) and open-slope 
(unconfined).  This approach references a hierarchical framework for turbidite 
architecture as developed by Mutti and Normark (1987), Pickering et al. (1995) and 
Stow and Mayall (2000).   



 
Figure 2: Potential impacts modified from Thomas et al. (2010) 
The authors’ experience in the Western Mediterranean has shown that: 
 
i) Ultra high resolution AUV Chirp data provide a useful tool to image the shallow 

sub-seabed (<50 m below seafloor); however multiple event deposits may not be 
distinguishable solely using such geophysical tools, as proven by high resolution 
sedimentological logging thus providing incorrect derivations of event frequency 
and magnitude.  An example is provided in Figure 3 wherein tens of low density 
turbidite deposits were identified within one seismostratigraphic unit.  This is also 
confirmed by the authors’ experience offshore Nile Delta (Thomas et al., 2011); 

ii) Sedimentological observations of turbidites, in particular those in confined 
systems, do not match with ‘textbook’ examples of the traditional turbidite model.  
While parts of the Bouma sequence were often observed in most deposits, no 
examples of a complete sequence were identified, and often features that do not 
conform to published classifications were seen such as in Figure 3, insets A to D; 

iii) Turbidity flows are complex, dynamic processes; hence initial geological 
expectations may be challenged by the results of ground truthed data.  In the case 
of Figure 1, low density turbidites were deposited from a canyon system, and high 
density turbidites from a different, relatively open slope system; 

iv) The influence of slopes and restriction of flow pathways can cause significant 
modification of gravity flows, often in contrast with conventional published 
downslope evolution of mass movements.  Similarly to observations in Wynn et 
al. (2010) an evolution from turbidity to fluidised and liquefied mass flows has 
been observed resulting in examples such as those in Figure 3, insets C to D; 

v) One of the most important factors governing the potential impact to subsea 
infrastructure relates to the aspect of turbidity currents relative to seafloor 
structures, in particular pipelines.  An understanding of slope and canyon 
architecture is essential to defining and modelling run out and quantifying impact 
assessments. 



 
Figure 3: Example AUV Chirp data, interpretation and annotated core photos 



Slope channel fill styles of the Eocene Ainsa Basin, South-Central 
Pyrenees 

 

Julian D. Clark1, Andrea Fildani1, Nicholas J. Drinkwater2 
1 Chevron Energy Technology Co., San Ramon, CA, USA. (clrk@chevron.com) 
1 Chevron CALAEP, Luanda, Angola. 
 
 
 
 
Different styles of slope channels can be documented in the Eocene Ainsa Basin of 
the South-Central Pyrenees, Spain.  Changes in geometry, internal architecture and 
facies can be related to the relative contributions of two distinctive and genetically 
related phases of channelized flow processes.  An initial bypass phase results from 
multiple high energy flows which transport the bulk of their sediment further down 
slope.  These flows form composite erosional surfaces with significant incision and 
scouring, and their deposits comprise scoured thin beds, fine-grained drapes on 
erosion surfaces, and relatively coarse-grained deposits with inclined stratification 
surfaces, interpreted as bars.  Debris flow deposits are commonly associated with 
these initial bypass facies.  The second phase of flow is characterized by backfilling 
resulting from lower-energy flows that deposit the bulk of their sand-grade sediment 
within the channel conduit. These deposits are generally finer-grained.  In the channel 
axes thick-bedded facies are commonly amalgamated, with dewatering and flame 
structures common. Towards the margin these facies change laterally to thinner inter-
bedded planar and ripple laminated graded turbidites.  It is the relative contribution of 
these two phases of channelized flow processes that determines differences in internal 
channel architecture.  Bypass-phase dominated channel-fills are characterized by 
multiple scour surfaces and coarse-grained bars, but the other, more commonly 
observed channel-fills are characterized by largely horizontal strata of axially 
amalgamated beds that taper and onlap channel margins. 
 
Temporal and spatial changes in channel style within depositional sequences are 
observed and can be related to changes in the delivery of sediment flows or changes 
in channel floor gradient as channels attempt to establish equilibrium gradients on an 
irregular or dynamic slope. Generic models deriving from this work can be used to aid 
interpretation and modeling of analogous reservoirs. 
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Sinuous submarine channels are the conduits that transport clastic sediment into the 
deep ocean. Much of this sediment is transported by density-driven currents and such 
flows are thought to be key in the formation and evolution of sinuous submarine 
channels. As a result of their inaccessibility and the infrequency of flows in such 
systems at current sea-level highstand conditions, our knowledge of the processes that 
govern submarine channels is poor and thus our understanding of their evolution is 
lacking. In the absence of direct measurements, scaled experimental modelling and 
numerical simulation have provided some insights into the flow processes operating 
within such environments. However, these previous studies have failed to agree on the 
details of bend flow and the direction of the secondary circulation at bend apexes in 
particular. Based on knowledge derived from work in subaerial river channels, the 
nature of secondary circulation will be an important controlling factor in the shear 
stress distribution around bends, the movement and sorting of bed sediment, bedform 
stability and the magnitude and location of channel flow overspill. As these factors 
are key in controlling the evolution and migration of sinuous submarine channels, a 
fuller understanding of the interplay between morphology and detailed flow field 
dynamics is vital.  
 
This paper reports on an investigation of the effect of Froude number as a control on 
the direction of secondary circulation within an experimental submarine channel. 
Recent studies have suggested that Froude number may be a key physical control on 
the direction of secondary circulation. However, the data from this study show a 
reverse (when compared to fluvial channels) direction of secondary circulation was 
always present within the channel model across the range of hydrodynamic conditions 
tested and the results from this study thus suggest that a reversed sense of secondary 
circulation is ‘normal’ within submarine channels. This apparent lack of Froude 
number control would suggest that reversed secondary circulation occurs across a 
wide range of bends within sinuous submarine channels and thus has serious 
implications for our understanding of the processes that govern sinuous submarine 
channel evolution and sedimentology.  
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The topographic nature of the continental slope in which deepwater channel systems 
are accommodated is a major control on the position and geometry of channel 
systems. The coarse-grained Cretaceous-age San Fernando Channel System which 
crops out in Baja California, Mexico is an example of an oblique-to-slope channel 
system produced by syn-sedimentary fault-generated slope topography. Here an 
asymmetric channel system results, such that channel-fills lap directly on to the slope 
on the upslope side of the channel system while an external levee is only developed 
on the downslope side.  
Detailed field studies of the channel system have shown that four different types of 
‘slope contact’ are evident: (1) Erosive contact whereby channel axes stacked and 
eroded in to the slope, creating ramps or steps contact surface. These are typified by 
coarse-grained channel-axis lithofacies which are laterally adjacent to the fine-grained 
slope sediments; (2) Lateral facies change from conglomerates to massive sands 
towards the onlap surface geometry contained within an erosive surface. This 
represents the erosion and migration of channel axis and deposition by off-axis and/or 
sandy flows; (3) Fine-grained overbank and inter-channel heterolithics which 
passively onlap the slope and are non-erosive. The onlap geometry is determined by 
the existing slope angle (which is sub-horizontal). These deposits show a generally 
thinning and fining trend towards the onlap surface; (4) Collapsed overbank deposits 
(e.g. inner-levee, terrace) create accommodation that is filled by sand and 
conglomeratic lithofacies. The onlap geometry in this case is determined by the scale 
and geometry of the evacuated space (scar).  
 
The variation in onlap character observed within the San Fernando Channel System 
are dominantly controlled by (1) stage of the channel complex (Thompson, 2010), (2) 
the proximity of the axis of the channel system to the slope onlap, and (3) the nature 
and presence of overbank sediments. 
 
 
 
 
Reference: 
 
Thompson, P. 2010. The spatial and temporal variation of stratigraphic components 
within the San Fernando Channel System, Baja California, Mexico. (Unpublished 
doctoral thesis). 
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The Brushy Canyon Formation, a predominantly fine-grained siliciclastic system, was 
deposited on the slope and basin floor of the late Paleozoic Delaware Basin.  Our 
project focuses on resolving intra-channel sediment sorting within upper-slope 
channel deposits, in comparison to channel fills on the proximal basin floor.  
The depositional facies on the upper slope fall into two broad classes: A) open-
channel facies associated with bypass of sediment to deeper water; and B) channel-
filling facies associated with bed aggradation and significant loss of channel relief. 
Deposits associated with bypass are: (i) thick-bedded, cross-stratified lags 
(D50=156µm) containing ~10% cm-scale carbonate clasts. (ii) Thin-bedded, steeply 
inclined, planar- or ripple-laminated deposits with mud drapes (D50=110µm), 
interpreted to have accumulated as eddy bars in low-velocity, bank-attached zones of 
flow separation.  The channel-filling deposits (D50=156µm) form thick-bedded 
sandstone bodies containing stratification associated with migrating dunes and intra-
channel barforms. On the proximal basin floor, the channel-filling sandstones 
(D50=110µm) are dominated by stratification associated with trains of dunes climbing 
at sub- to super-critical angles suggestive of high rates of sediment fallout from 
suspension.   
 Grain-size analyses show that particles in the 200-400µm range are common in both 
the lag and channel-plugging deposits of upper-slope channels, but are poorly 
represented in the upper-slope eddy bars and channel fills on the proximal basin floor. 
The eddy bars and basin-floor channel fills primarily consist of particles finer than 
200µm, which we interpret as the size fraction that was fully-suspended on the upper 
slope.  This size fraction dominates the eddy-bar deposits because only fully 
suspended particles can be advected into the bank-attached zones of flow separation 
in significant volumes. We will synthesize the depositional styles and grain-size data 
in order to: 1) estimate flow velocities and current thicknesses, and 2) assess sediment 
sorting and storage between channels on the upper slope and proximal basin floor. 
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Channel inception and development in deep-sea environments has been an 
important research focus during the last few decades. We present a general model for 
channel inception and evolution in the deep-sea by integrating observations from two 
complementary datasets: (1) high-resolution multibeam bathymetry (1 m lateral 
resolution) and chirp sub-bottom profiles (11 cm vertical resolution) of the Lucia 
Chica channel system on the seafloor offshore central California, and (2) the 
exquisitely exposed channelized strata of the Tres Pasos Formation in southern Chile. 
The Lucia Chica system offers a unique opportunity to observe four recognizable 
channels (or channelized features) with varying planform morphologies and 
stratigraphic architectures. A morphologic transition from a single continuous channel 
up-dip to a distributive pattern of lower relief channels is observed across an avulsion 
node. The channels imaged on the seafloor record channel evolution because adjacent 
channel features preserved on the seafloor individually represent different stages of 
channel maturity. The stratigraphically oldest channel is characterized by a narrow 
thalweg and well-developed levees while the younger “channelized features” are 
broader and bound by low-relief levees or no levees at all.  

The high-resolution Lucia Chica dataset is integrated with cm-scale field 
observations of channel axis-to-margin sedimentary facies relationships and the 
stratigraphic context afforded from depositional-dip continuity in outcrops of the Tres 
Pasos Formation. Many channels from the outcrop belt are characterized by similar 
initial erosional stages and internal stratigraphic architectures.  A single low-sinuosity 
channel deposit (“GC Channel”) is considered here in order to provide sub-seismic 
architectural insights and illustrate the systematic stratigraphic patterns that are the 
basis for our conceptual model of channel inception. 
 By combining these two datasets, we observe that an initial erosional template 
extends into a basin as the “condicio sine qua non” for creation of channels in deep-
sea environments. Channel narrowing and levee growth seem to follow rather than 
promote channel focusing, representing a mature stage of channel evolution.  
Observations from high-resolution outcrop mapping and from analysis of the Lucia 
Chica seafloor images and seismic-reflection data are corroborated with numerical 
analysis, experimental work, and previous interpretations of additional outcropping 
strata and seafloor examples. We propose that channels traversed by turbidity currents 
are erosional at inception. Erosion at inception firmly separates deep-sea channel 
processes from those in fluvial environments, where initial confinement is possible by 
levee formation alone. 
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Outcrops at Whangaparaoa Head demonstrate the evolution of an unstable channel 
complex involving large erosional events associated with the emplacement of a Mass 
Transport Deposits (MTDs), deposition of channelized conglomerates and 
emplacement of highly deformed material interpreted to result from lateral collapse. 
The main aim of this field study is to understand the affect of large-scale intra-channel 
bathymetry on sedimentation pre and post collapse events.  

 
Figure 1. Geological map of Whangaparaoa Head, Waitemata Basin New Zealand. 
Five distinct units have been mapped based on distinguishing internal characteristics 
and cross cutting relationships. The areas shown in Figs. 2 and 3 are indicated. 
 
The headland known as Whangaparaoa Head (Army Bay) is part of the Miocene 
Waitemata Basin, New Zealand, which was located in a convergent tectonic setting. 
The deposits consist of deepwater gravity flow deposits including slumps, slides, 
debris flows and turbidites. This section of Whangaparaoa Head represents deposits 
from channels, levees, slumped horizons and MTDs, and is divided into Units 1 – 5 
(Fig.1). The levee deposits (Units 1 and 5) are represented by thinly bedded turbidites 



containing climbing ripples, convolute laminations and ripped-up mud clasts (CCC 
turbidites sensu Posamentier and Walker, 2006). The MTD (Unit 2) significantly 
incises the underlying material creating an unstable channel margin. This unit 
contains large clasts of columnar jointed lava up to 20 m wide. The lower part may 
have an erosional base with sole structures and is overlain by up to 1 metre of clast 
supported block/boulder grade conglomerate. Inverse grading may occur in the lowest 
10 cm. The upper part of the bed is characterised by chaotic mud-matrix supported 
boulder conglomerate containing slide blocks of folded sandstones and deformed 
heterolithics. The upper chaotic part can be in excess of 8 m thick. The slumped 
deposit (Unit 3) contains stacked large-scale disharmonic folds (Fig.2) and is bounded 
by flat lying strata (Fig.3). In some areas entire sections of turbidites appear to have 
been rotated. These rotated sections contain CCC turbidites as well as small slumps 
involving one or two beds, strongly suggesting a levee origin for the thinly bedded 
turbidites and hence a levee-failure origin for the disharmonic folding and rotation as 
a result of channel undercutting. 

Figure 2. Cross-section showing large-scale folding and faulting within the slumped 
horizon (Unit 3). This in turn is being incised by the channel complex which in turn is 
overlain by flat lying overbank strata. A winged-channel is seen in the West. 
 
Channelised deposits (Unit 4) are represented by thick bedded, amalgamated medium-
grained pebbly sandstones to very large pebble - sized conglomerates, with an 
incisional base. Amalgamation surfaces are inferred from sharp grain-size breaks and 
horizons of rip-up clasts at these abrupt grain-size changes, thus suggesting evidence 
of erosion and lag. There is a significant change in grain-size laterally, which may be 
an effect of changing channel bathymetry with varying amounts of confinement. This 
unit is interpreted as an evolving channel complex with a mixed mode of deposition. 
The hiatus seen between units 3 and 5 is linked to the incisional base of the 
channelized unit 4 (Fig. 3 left). There is a change in the key erosion surface from the 
base of the channel to ~ 2 metres below it thus representing a channel wing (Fig. 3 
right).  
 
Whangaparaoa Head is a specific example of an evolving channel complex providing 
evidence of multiple incisional, collapse and heal events, therefore we can infer large-
scale architectural implications from the observations made here.   



 
Figure 3. Cross-section showing hiatus between units 3 and 5 is the same event at the 
incision occurring at the base of the channelized event (Unit 4). To the southwest the 
main erosion surface has move from the base of the channel suggesting that unit 4 to 
the SW is a channel wing. 
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Slope channels are characterised by complex infills that can form important 
hydrocarbon reservoirs. As a consequence, they have been extensively studied using a 
variety of techniques, at varying scales of resolution. The study of ancient slope 
channels is particularly important for resolving the fine-scale stratigraphy and 
lithology of their fill. Data from the present-day seafloor allow high resolution 
imaging of the planform geometries of geomorphological elements. More importantly 
modern systems can provide information on the continuity and dimensions of channel 
elements that are usually difficult or impossible to obtain from outcrop. In contrast, 
modern seafloor data provide limited lithological calibration of the observed 
elements. The integration of modern and outcrop data can partially bridge this 
resolution gap, and thus advance our understanding of the 3-D distribution of 
geomorphological elements, their stratigraphic evolution, and the lithological make up 
of slope channels. By comparing modern slope channels in the Tyrrhenian Sea, with 
an ancient system at outcrop (Cretaceous Rosario Formation, Mexico), we show that 
slope channels are composed of various geomorphological elements, the depositional 
history of which combines to determine the stratigraphic architecture of the slope 
channel infill. A range of scales characterise the elements but the combined modern 
and ancient data support a hierarchical organisation of the elements: the first order 
element is the slope channel, composed of a channel belt bounded by erosional 
confinement or external levees; the second order element is the channel belt itself, 
consisting of single or multiple channels; the third order elements are channels, bars, 
confined levees, and slump bodies; fourth order elements include thalwegs, 
intrachannel bars, bar top chutes, scours, sediment waves and plunge pools. Each of 
the fourth order elements is characterized by specific depositional facies and 
geometry and their mutual relationships dictate the character of channel element infill.  
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High-quality 3D seismic data of the Espírito Santo Basin was used to investigate the 
distribution of Neogene channel systems and its relation to nearby salt structures. In 
particular, this study focuses on the analysis of submarine channel confluence and on 
a new method to analyse the distribution patterns of submarine channels. Four sub-
units with distinct channel styles were identified. Numerous circular-shaped 
depressions were mapped in detail, most of which constitute poorly connected 
features associated with turbiditic flows.  
The channel distribution analysis method present consists in the identification of 
Channel Points (CP) in evenly spaced (125m) seismic sections. The total 5348 CP 
obtained where distributed in 256-cell grid. CP density maps show high channel 
concentration upslope of the high diapir confinement, coincident with the main 
channel confluence region, with a marked decrease downslope of this area. In middle 
and distal slope regions the highest channel concentrations are observed on the rims 
of diapirs.  
In the older canyon, upslope tributaries merge at equal levels with the main channel.  
Width increases abruptly to twice the tributary width at the channel junction, but 
height changes are gradual. In the modern canyon, tributaries join at unequal levels 
thus forming a morphological step at the channel confluence point. Distinct 
confluence geometries may relate to the proximity to base level. Mature systems 
acquire confluences at a common level, whereas immature ones will present unequal 
junctions until they reach equilibrium.  
The data suggest a predominance of vertical stacking in the analysed channel systems, 
and limited lateral migration. Testing the CP spatial distribution using a chi-square 
goodness-of-fit test shows a non-uniform distribution. The closest probabilistic 
distribution is provided by a negative binomial model. Nevertheless, this fails to 
predict high channel densities in pre-confluence area. Our results provide insights on 
the complexity and distribution of potential hydrocarbon exploration targets at 
submarine channel confluences that can be applied in continental margins worldwide. 
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Miocene stratigraphy of the deepwater Sabah Trough records progressive, gravity-
driven compressional deformation of a fold-thrust belt, developing on the 
northwestern margin of the Borneo island. Slope succession contains numerous, 
seismically well imaged turbidite channel deposits. Interpretation of channel 
geometries allows genetic classification of the channel types as distributary,  
meandering or bypass. Development of a particular channel type is predominantly a 
function of the syndepositional slope gradient.  
 
Channels entering ponded or healing-slope accommodation become distributary. If 
the gradient change is abrupt, they tend to transform into lobe deposits over short 
distances, while more subtle changes in gradient favour the development of extensive 
braided-pattern channel complexes. Distributary channels in Sabah are sand rich, with 
amalgamated fills. Channels evolving on the slopes with near-equilibrium profiles 
typically show meandering geometries, and organize themselves into belts stacked 
within levee-confined submarine valleys. Meandering channels fill is difficult to 
predict, but it locally contains a significant proportion of thick-bedded sand. At the 
steep end of the paleo-slope gradient range, incised channels without associated 
levees can be found. Their high amplitude seismic facies in most cases represent 
shale-dominated fill indicating sand bypass. 
 
The evolution of a channel system in time can be classified as passive or active, 
depending on whether the channels are filling a pre-deposition formed 
accommodation or depositing under rapidly changing bathymetric conditions. An 
active environment is sustainable if deformation and deposition show similar rates, 
which keeps the slope gradient and accommodation geometry almost constant through 
time, resulting in thick stacks of architecturally similar deposits. If accommodation 
geometry changes faster than deposits accumulate, the architecture of channel systems 
changes through time. In an accelerating variety of the active environment, the 
deformation increases with time. This, depending on the 3D geometry of 
accommodation, results either in the development of bypass or a distributary variety 
of channels, or even a capping of channels with lobe deposits. A deteriorating variety 
represents deposition disturbed by external factors, such as local slope instabilities, 
filling the accommodation with non-reservoir facies and reducing the connectivity of 
the remaining space. 
 
 



3D seismic analysis of the migrating canyons on shelf margin in 
Qiongdongnan Basin, northern South China Sea 

 

Yunlong He1,2, Xinong Xie1 
 
1Key Labrotatory of Tectonics and Petroleum Resources of Ministry of Education, 
China University of Geosciences, Wuhan, China 
2Department of Geology and Petroleum Geology, University of Aberdeen, UK 
(heyunlong06@163.com) 
 
Based on the high-resolution 3D seismic data on the shelf margin in Qiongdongnan 
Basin, northern South China Sea, the architecture characteristics of the submarine 
canyons have been illustrated in detail. The length, depth and width of these canyons 
can be up to 25km, 150m and 1500m, respectively. There are two types of geometric 
shape on the cross section of the canyons, which are narrow “V” type and wide “V” 
type. The narrow “V” type appears at the tail end of them which is close to the shelf 
break, while the wide “V” type is located at the head of each canyon. Furthermore, the 
incised depth of the canyon on the shelf will decrease with the increasing distance 
from the slope break. In these canyons, the characteristics of their flanks are totally 
different. Contrasted with the erosional eastern flank, which has much less deposition, 
the western frank is characteristic by the lateral incline packages. In planview, the 
talweg of the canyon is northeastward migrating, especially in the head area of the 
canyon where the maximum shifting distance can be up to 5000m, contrasted with the 
much less migrating distance in the tail end. According to these results, combining 
with the geological background, it is inferred that the upstream processes from the 
upper slope may be the initiation of these canyons, then the interplay of turbidite and 
bottom current leads to the different features of the migrating canyons.    
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Submarine channels and channel complexes constitute an important element of deep 
marine reservoirs world-wide. Exceptional seismic resolution subsurface datasets 
from West Africa provide a unique laboratory for studies of deep water depositional 
systems. These data display a wide range of depositional bodies (architectural 
elements) with different geometries, including; single, sinuous and straight channels 
with varied vertical and lateral stacking patterns, levees and overbanks, depositional 
lobes and a wide scale range of mass transport complexes (Figure1). These 
architectural elements are spread on a basin slope setting and are present at different 
levels in the stratigraphy. The complexity and unique internal architecture of the 
individual channel/channel complex reservoirs makes prediction of lithology, as well 
as development of production drainage strategies a challenging issue that demand a 
multidisciplinary approach. 

 
Figure 1. Main types of sinuous deep marine channels and associated architectural 
elements. 
 
Standard seismic interpretation and volume attribute maps have been used to delineate 
overall geometries and architectural elements. In addition, more sophisticated 
interpretation techniques, such as true 3D volume interpretation in time and strata 
domain has been applied to detect individual geobodies. Well logs and –cores 
together with significant input from outcrop analogue studies (e.g. sinuous channels in 
Elazig Basin, Turkey) are used to calibrate seismic data.  



 
Heterogeneities occur at all scales, and grain size, -shape and -orientation may be 
critical in defining hydrocarbon flow units. These factors will obviously also affect 
the elastic properties within the reservoir. Preliminary studies show that, in pure 
media, grain shape may exert a stronger control over elastic properties than grain size. 
Innovative seismic techniques are used to deduce reservoir properties from seismic 
velocities.  
 
The overall shape of sinuous channel complexes, their internal geometries and 
lithology result from repeated erosional and depositional processes. To gain a better 
understanding on the physics behind these processes, laboratory tank-experiments 
have been run in parallel with computer based simulations of turbidity currents. The 
tank experiments show that the relationship between flow thickness and topographic 
relief is critical in determining whether flows will erode or deposit sediments.  
 
Computer simulation makes it possible to build geological models and construct 
turbidity currents with known measures on both substrate and flow properties. This 
enables further refinement on what factors are most critical for the development of 
reservoir geometries. 
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Two seismic-scale submarine channel–levee systems exposed in the Karoo Basin, 
South Africa provide insights into slope conduit evolution. Correlation of closely 
spaced measured sections and mapping demonstrate that one channel-levee system 
(Unit C) is incised by a younger channel-levee system (Unit D). Adjacent to the Unit 
C channel system are constructional external levees that confined the channels. The 
Unit D channel system also has external levees, but the component channels are 
confined by a >100m deep asymmetric composite erosion surface beneath the base 
levee surface. Component channel fills in a levee-confined channel system (Unit C) 
and an entrenched channel system (Unit D) follow common stacking patterns; initial 
horizontal stacking (lateral migration) is followed by vertical stacking (aggradation). 
This architecture is a response to an equilibrium profile shift from low 
accommodation (slope degradation, composite erosion surface formation, external 
levee development, sediment bypass) through at-grade conditions (horizontal stacking 
and widening) to high accommodation (slope aggradation, vertical stacking, internal 
levee development). This architecture is likely common to other channel–levee 
systems. 
 
Mapping these systems down-dip and across strike for 10’s of km allows their 
evolution within a fuller depositional architecture to be understood as they transform 
into less confined systems with increasing distributive characteristics. Commonly 
identified at the base of external levee successions are thick sandstone beds, which are 
interpreted as frontal, or precursor, lobes. Furthermore, overlying deposits exhibit an 
overall upward and lateral fining and thinning trend that indicates decreasing flow 
spill through time. To account for these observations a conceptual model is presented 
where, as the external levee is constructed, flows at that point on the slope profile are 
increasingly confined and therefore increasingly efficient in bypassing sediment 
farther into the basin. Therefore, external levee successions and erosional confinement 
form during periods of increasing sediment supply (slope degradation and basinward 
growth of submarine lobes). The period of most efficient sediment supply is when the 
flows are most confined. Ultimately the channel belt will aggrade, driven by 
decreasing flow magnitude and frequency, and/or lowered channel gradient (slope 
aggradation and landward stepping of submarine lobes). The excess accommodation 
developed by entrenchment and/or external levee construction promotes the 
development and preservation of internal levee deposits. In this model, external levees 
form during waxing supply conditions, and internal levees form during waning supply 
conditions, which are likely tied to externally modulated relative base level cycles. 



Deciphering a More Complete Record of Sediment Transfer Across 
Basin Margin Slopes 
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Macauley, R.V.1 
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Slope-channel deposits preserve a variable record of high-energy sediment transfer 
across ancient basin margins. Sandstone-dominated channel fill tends to bias the 
stratigraphic record towards the preservation of the terminal phase of channel-filling 
processes at the expense of the record of potentially long-lived sediment bypass. 
Levee complexes only provide a record of turbidity currents thick enough to be 
impacted by flow stripping, as smaller flows do not escape the channel. An 
exceptional outcrop of slope strata in the Cretaceous Tres Pasos Formation of 
southern Chile comprises >25 stacked channel elements; this stratal package is 
present in the lower reaches of a high-relief (>800 m) slope system. The outcrop is >3 
km in length and consists of ~300 m of slope channel stratigraphy. Channels 
transition from 12-14 m thick in the lower portion of the outcrop to 25 m thick up-
section. The outcropping slope channels provide a robust record of sedimentary 
processes associated with an ancient slope-channel system and yield unique insight 
into sediment transfer across high-relief basin margins (Figure 1). 

We interpret five distinctive channel-forming and -filling turbidity-current 
processes from the examination of slope-channel deposits in the Tres Pasos 
Formation: (1) Currents that carved the channels. These are recorded by broad scours 
(300-400 m wide) and overlying 2-m thick fine-grained units. These overlying units 
drape the channel floor and are attributed to deposition from the low-density tails of 
the largely bypassing turbidity currents (Figure 1A-B). (2) Less energetic, incisional 
currents are interpreted to be responsible for smaller-scale scours, which are draped 
with thin fine-grained deposits, preserved towards the margins of channel fills (Fig. 
1F). (3) Collapsing high-density turbidity currents deposited proportionally significant 
thicknesses of sand in channels (Figure 1A and D). Structureless sandstone beds 4 m 
thick characterize these deposits in channel axes, which markedly thin off-axis. (4) 
Turbidity currents that were underfit deposited mud- and silt- rich units within 
channels that had elevated preservation potential at channel margins (Figure 1B). (5) 
Turbidity currents associated with deposition of non-amalgamated, more heterolithic 
beds represent channel abandonment processes.  

Erosive currents impart a strong control on the preservation of deposits attributed to 
lower-energy flows in the channel environment. Channel fill is dominated by thick-
bedded sandstone; however, associated units only record a small proportion of the 
turbidity currents that passed through the channels. Drape and underfit flow deposits 
are well preserved at channel bases and in margin units, which provide unparalleled 
insight into sedimentary processes. These deposits provide evidence for the long-lived 
nature of the channels. The evolution of these channels is dominated by processes for 
which evidence is not widely preserved, attributed to extensive sedimentary bypass 
and erosive events. 
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New insights from experimental data into the concept of equilibrium 
in composite submarine channel-levee systems 

Hunter, K.1, McCaffrey, W.D.1, Keevil, G.M.1 and Kane, I.A.2 

1 School of Earth and Environment, University of Leeds, LS2 9JT, UK 
(js06kmh@leeds.ac.uk) 
2 Statoil ASA, Research centre, Bergen, P.O. Box 7200, NO-5020 Bergen, Norway. 
 

Submarine channel systems are important for conveying sediment into deep marine 
basins by turbidity currents and although currently active channels are located all over 
the world, understanding the mechanics of the turbidity current flows that run within 
the channels is hampered by difficulties in direct measurements in the natural systems 
due to their size and the power of the currents. In recent years physical modelling 
using a scaled channel model has allowed for the investigation of flow processes and 
evolution, but the link between the evolution of an equilibrium flow state and the 
channel levee system hasn’t been fully explored. 

The relationship between the evolution of the turbidity current and the sinuous 
channel model is investigated through scaled experiments measuring the velocity of 
nominally identical particulate turbidity currents created using a known initial mass 
concentration suspension of silica flour and changing the down channel dip slope 
angle.  

 

 
 

 

Figure 1 - For every slope angle, the measurements were collected at each inflection 
point as shown, along the channel model consisting of 15 bends of constant radius. 

The current understanding of the flow development leads to expect that the turbulence 
of the flow would decrease as the slope dip decreases. However preliminary data 
show an unexpected trend in the results, whereby the turbidity current turbulence 
decreases between 3 degree slope and 2 degree slope and increases between 2 degree 
slope and 1 degree slope, indicating a low at the mid slope angle. The initial findings 
question the present understanding of the development of an equilibrium state flow 
and turbulence propagation through a sinuous channel system. 

Due to the possible interpretations of the initial data, further work is needed to 
understand the processes which govern these unexpected results. 



Experimental constraints on process links between intra- and extra-
channel deposit character 

Hunter, K.1, McCaffrey, W.D.1, Keevil, G.M.1 and Kane, I.A.2 
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(js06kmh@leeds.ac.uk) 
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Sinuous submarine channels are significant conduits for the transport of sediment 
from major river systems into deep marine basins all over the world. These channel 
systems can vary greatly in size, from a few metres wide to a few kilometres, with the 
levee crest several hundred of metres above the channel floor and can extend for 
thousands of kilometres into the basins. The turbidity currents which occur within the 
channel are significant events that transport large quantities of terriginous sediment. 
Due to the nature of the turbidity currents, direct measurements are difficult to obtain 
in currently active channels and therefore the interaction between the turbidity 
currents transportation of sediment and the confining channel is poorly understood. 
Channel levees are formed by sediment deposited from the turbidity current flows that 
overspill from the channel and stacked channel levee deposits created form a large 
proportion of the sediment accumulations on the continental slope.  

Physical modelling allows 
examination of the inner channel 
and overspill flow properties, 
alongside their associated 
deposits using a channel model 
consisting of 15 sinuous bends. 
The flow morphology evolves 
and adjusts to the channel form 
throughout the system. In the 
proximal bends the velocity and 
overspill is greatest 
(Photographs A-D) and the levee 
deposits are coarse grained. In 
the distal bends the deposit 
becomes progressively finer, 
until the final five bends, as flow 
velocity decreases and overspill 
is predominantly confined to the 
outer edge of the bend apex 
stripping the flow of the coarse 
grains (Photographs E-H). The 

inter-channel deposit grain size decreases down channel and remains finer grained 
then the levee deposits. 
The flux in overspill seen along the model channel indicates that the rate at which the 
channel levees are built alter throughout the system. The inter-channel deposits are 
fine grained as the coarser grained sediment is removed during overspill. The 
overspill continues to occur through the system with the rates and mass decreasing 
which is why in natural channel systems, the levee height and channel width 
decreases down channel and the levee deposits are well sorted. 
 



In-phase flow in submarine sinuous channels – a prerequisite for 
point bar formation 
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Fluvial hydraulic research has shown that the phenomenon of meandering is an 
intrinsic property of fluid flow and that a water current can assume a meandering 
pattern even without a channel or an erodible substrate(1,2). The inception of 
meandering is considered to be a function of discharge and hydraulic drag at the base 
of the flow, resulting in helicoidal flow geometry. As it has been recently pointed out 
the combined role of these parameters may also be the initiating factor for meandering 
of turbidity currents(3). However, the channel pattern of meanders with point-bar 
lateral accretion can be maintained only if the successive meandering flows are ‘in 
phase’ with the channel’s hydraulic geometry (curvature and cross-sectional area). If 
the hydraulic geometry of the flow does not match the host channel geometry, the 
development of meanders will be inhibited(2). 
 
In the present study, a series of numerical CFD simulations has been carried out to 
analyse the behaviour of in-phase and out-of-phase flows in subaqueous sinuous 
channels. The simulation model of low-density turbidity currents has been verified 
against laboratory experiments and includes the effects of erosion and deposition. The 
simulated cases involve turbidity currents with varied hydraulic properties, released 
into pre-defined but erodible sinuous channels.  
 

The results show that an in-phase flow at the channel bend develops a helicoidal 
secondary circulation rising along the base of the channel against the inner bank and 
causing outbound expansion of the sinuous thalweg. An out-of-phase flow develops a 
reverse helicoid, rising against the outer bank, or displays no bend-related helicoid at 
all. Such a flow can lead to the deposition of sediment in the flow separation zone at 
the downstream end of inner bend, but does not result in bend expansion.  
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3D Architecture of sinuous slope turbidite channels 
(Sobrarbe Formation, Ainsa Basin, Spanish Pyrenees) 
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The Sobrarbe Formation of the Ainsa basin (Upper Lutetian, South Pyrenean foreland 
basin) corresponds to a deltaic complex prograding northward and passing in a few 
kilometers to slope and deep-marine deposits. Slope turbidite channels developed on 
the front of the Sobrarbe delta during a period of active tectonics linked to the 
Pyrenean orogeny: thrusts and lateral ramps controlled the geometry of the confined 
Ainsa basin, but also induced within the basin small synsedimentary anticlines that 
trapped the channelized system (Dreyer et al., 1999; Crumeyrolle et al., 2005, 2007; 
Razin et al., 2010). 
The analysis of a large-scale correlation shows that the Sobrarbe Formation 
corresponds to a prograding depositional sequence (duration around 3 Ma), which is 
made of small-scale prograding-retrograding sequences (genetic units). Slope 
channels generally developed within these small scale sequences during periods of 
relative sea level fall: progradation of the fluvial delta induced the feeding of the slope 
siliciclastic channels by hyperpycnal related to fluvial floods on the continent, which 
evolved downslope in turbidity currents; during relative sea level rise, retrogradation 
of the fluvial delta led to the development of nummulitic shoals, and triggering of 
carbonate slumps and mass flows. 
The detailed architecture of four channels has been reconstructed at a kilometre scale 
through the interpretation of photo-panels, the measurements of numerous 
sedimentological sections, palaeocurrents and restored sedimentary dips. All this 
information has been compiled in a georeferenced database to draw detailed 
correlations and maps of each channel. This 3D analysis enables us to quantify the 
geometrical characteristics of the channels and demonstrated the sinuous pattern of 
the channels and the systematic development of internal lateral accretion surfaces 
with high dip and high degree of heterogeneity (Figure 1). 
A model of development of a sinuous slope turbidite channel has been established. It 
comprises three phases (figure 2): 
1- Initiation phase, dominated by the building of shaly heterolithic accretions with an 
aggrading component: facies are dominantly medium to fine grained rippled or 
bioturbated sandstones interbedded with silts or shales, 
2- Activity phase, characterised by sandy homolithic accretions in lateral offset 
(inducing a decrease of the channel width and an increase of the sinuosity); facies are 
dominantly medium to coarse grained laminated sandstones or coarse to very coarse 
grained graded sandstones with mud pebbles, 



3- Filling phase with deposition of a heterolithic plug with very strong bioturbation. 
The geomodelling of the external geometry of the channels and of their internal 
architecture has led to the construction of a 3D facies model that is consistent with all 
the information compiledon the field. This model is used to evaluate techniques of 
reconstruction of small-scale heterogeneous reservoirs such as turbidite channels 
recognised by 3D seismics on delta slopes 
in deep offshore. 
 
 
 

 

 
 
 
Figure 1: Photo-panel of a turbidite channel on the slope of the Sobrarbe delta. 



 
 

Figure 2: Successive phases of activity of the sinuous turbidite channel and 
related 3D architecture (green: heterolithics; yellow: medium sandstones; 

orange: coarse sandstones; red: very coarse by-pass facies with mud pebbles).



Flow Tuning within an experimental submarine channel 
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Submarine channels act to control the distribution of clastic sediment into deep 
oceans. In order to understand the distributary mechanisms it is necessary to 
investigate the fluid dynamics that operate within submarine channels; it is the details 
of the fluid dynamics that governs sediment deposition patterns. The majority of 
recent laboratory and numerical studies have focused on the structure of fluid velocity 
within single bends. Coherent flow structures are common within submarine channels, 
but these structures differ significantly from those found within fluvial channels. This 
paper focuses on the processes of adjustment to a series of bends and the resultant 
overspill. 
 
The results from a series of experiments are presented in which saline gravity currents 
flowed through a fixed form channel model which comprised 14 bend pairs, where the 
channel model was contained within an elongate flume tank. The dense fluid 
overspilling the channel was allowed to escape laterally, modelling the likely flow 
process within aggradational channel systems. The results from the study show that 
the properties of the flow exhibit a very rapid adjustment to the channel form and then 
display a relatively constant phase. This adjustment, or flow tuning, occurs over just a 
few bend pairs and was found to affect flow velocity, discharge and turbulence. Thus 
the tuning acts to equilibrate the magnitude of the flow with the geometric capacity of 
the channel. 
 
This study reveals in detail the process of flow adjustment to channel form and 
highlights the autogenic nature of this. A greater understanding of flow within 
compound channel bends will lead to a better understanding of bend evolution, 
channel migration, stability and also bed thickness distribution patterns within levees 
and terminal lobes. This work suggests that the distribution of overbank sediments 
will be highly complex and controlled by the interaction of both discharge and 
channel geometry.  
 



 
Morphology of Deep-Water Turbidite Deposits on an Unstable Slope 
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The Nile Delta in the Eastern Mediterranean is a prolific hydrocarbon province with a 
long history of exploration and production both on and offshore. Large areas of the 
delta, especially offshore, are covered by 3D seismic data and a significant number of 
wells have been drilled in the region. During this study we have created regional-scale 
Gross Depositional Environment (GDE) maps over the concessions in the West Nile 
Delta currently held by BP and RWE and will show their value as a tool to better 
understand the evolution of an active deep-water depositional system. These maps are 
the result of integrated studies of basin-scale seismic and well datasets within a 
sequence stratigraphic framework, supported with detailed seismic facies analysis at a 
prospect/reservoir-scale. 
 
We will present regional GDE maps for a series of Pliocene stratigraphic intervals. 
The maps show the evolution of the margin both in terms of the rate of clastic input, 
and the distribution of accommodation space with time. A clear link between a 
marked increase in clastic input and enhanced rates of structural growth and 
gravitational collapse resulting in the localisation of accommodation space can be 
observed. 
 
Focussing in on the Late Piachenzian and Early Gelasian Sequences we show how 
detailed seismic attribute analysis on high-quality 3D seismic volumes coupled with 
image-log analysis enables the small-scale morphology of sheet and levee systems off 
the main fairway to be characterised in considerable detail. The importance of slope 
instability as a driver for creating accommodation space, and causing post-
depositional deformation of potential reservoir units is also highlighted. 
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Field development in channel-levee complexes - where are the limits 
of interpretation? An example from the Gudrun Field, Norwegian 

North Sea 
 

Knaust, D., Hoth, S. and Sánchez-López, A. 
 
Statoil ASA, 4035 Stavanger, Norway. (dkna@statoil.com) 
 
 
Development of oil and gas fields with reservoirs situated in turbidite channel 
deposits becomes increasingly important but is also subject to various subsurface risks 
and higher investments, especially within an HP/HT environment. The Gudrun Field 
of Block 15/3 in the Norwegian North Sea serves as an example because of its 
complex reservoir architecture due to sedimentological, structural and diagenetical 
compartmentalization. The main reservoir is related to turbiditic sandstone units 
within the Upper Jurassic Draupne Formation, which were deposited in form of 
channel-levee complexes and related submarine fan systems from the Utsira High in 
the SE. Limits in seismic resolution and scattered well data restrict detailed 
interpretation as basis for well planning and make adequate conceptual models and 
scenario evaluation invaluable. Sediment deposition commenced in the rifting stage of 
the South Viking Graben and was influenced by normal fault activity (mainly of the 
Gudrun and Brynhild Faults). In addition, minor salt withdrawal may have guided 
depot centre evolution. In contrast, the younger channel deposits (including the main 
hydrocarbon accumulations) are linked to the onset of basin inversion with a 
significant transpressional component and reconfiguration of the basin floor 
topography. This is evidenced by the reorganization of the palaeocurrent regime as 
depict by dipmeter data, by structural seismic interpretation highlighting the ponding 
of sediment along the forelimb of the Gudrun anticline, and confirmed by a 2D 
reconstruction of selected seismic lines. 
 
The Gudrun Field (including the Brynhild structure) is situated on the moderately 
west-ward inclined Gudrun fault block. The thickness of the middle Oxfordian to 
Ryazanian Draupne Formation in the wells is varying between 346 and more than 800 
m. Four main sandstone units were drilled in the area (Draupne Fm. 1 to 4), three of 
which partly contain recoverable oil and gas condensate (Draupne Fm. 1 to 3). Four 
facies associations can be classified based on the log response, including OBMI data 
and well cores, and thus are interpreted in terms of architectural elements of a 
channel-levee complex on the slope (Figure 1): (1) Deformed and reworked heterolith 
comprising slump units, debrites and injectites in relation to mass-transport 
complexes; (2) homogeneous to crudely bedded, coarse- to fine-grained sandstone 
resulting from deposition within tidal channels; (3) thinly to very thinly bedded 
sandstone/claystone alternation occuring adjacent to channel sandstone and reflecting 
deposition in levees; and (4) laminated claystone representing basin-floor deposits. 
 
The channel sandstone (facies association 2) is the main target for placing production 
wells and thus the prediction of its distribution, shape and size is crucial. Because low 
seismic data resolution does not allow an identification of individual sandstone 
bodies, facies interpretation and well-by-well correlation remain the main procedures 



to establish conceptual models. Moreover, a robust reservoir zonation, guided by 
biostratigraphy, allows for a confident application of dipmeter data in order to 
delineate the preferred depositional direction of individual channel-levee systems in 
different well positions. The reconstruction of major palaeomorphological elements 
(such as folds and salt withdrawal basins) and subsequent turbidite simulation 
provides an important clue for understanding the influence of topography on the 
deposition of turbidites. Dimensional data can be obtained from analogue studies and 
relevant searchable databases. All this information is compiled in palaeogeographical 
maps for each reservoir unit (Figure 2). 
 
This study shows that complex fields with limited data and increased uncertainties 
require implementation of all relevant data, adjustment of existing workflows, and 
scenario-based modelling. Regional and special studies, as well as analogue data are 
important in complementing the reservoir understanding on a field scale and to guide 
field development. 
 

 
 
Figure 1: Interpretation of the cored and reservoir interval in the Upper Jurassic 
Draupne Fm. 3.4 in well 15/3-9T2. 
 



 
 
Figure 2: Structural and palaeogeographical reconstruction of the Draupne Fm. 3.4 
(main reservoir level) in the Gudrun/Brynhild area (one possible scenario). The 
contrasting direction of turbidite deposition in the Brynhild 15/3-9T2 well versus the 
Gudrun wells is interpreted as a result of a southward directed tilted fault block in 
connection with an initial inversion. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Paleogene deep-water depositional systems of the Gams basin (Gosau 
Group, Styria, Austria) 
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The sedimentary succession of the Gosau Group of Gams comprises deposits of Late 
Turonian to Ypresian age of the Northern Calcareous Alps (NCA). 
Cretaceous/Paleogene-boundary intervals (K/Pg) and Paleocene/Eocene-boundary 
intervals (P/E) have been reported. The Nierental Formation and the Zwieselalm 
Formation (Upper Gosau Subgroup, Campanian – Ypresian) are composed of deep-
water deposits, mainly coarse mass flow deposits, sandy turbidites and hemipelagites. 
Along the Gamsbach creek several outcrops of this deep-water succession are 
exposed.  
 
The Danian section of the Nierental Formation (calcareous nannoplankton zone NP1 
– NP4) consists of hemipelagic to pelagic red and grey marls and marly limestones, 
intercalated with thin, graded sandstone turbidite beds as well as slump layers and 
submarine debris flow deposits. The turbidite sandstones are rich in carbonate and 
include redeposited material from the NCA, biogenic components (i.e., foraminifera, 
corallinacea) are common. The debris flow deposits comprise miscellaneous 
components, including reworked Lower Gosau Subgroup and shallow-marine, 
Paleocene limestones. Frequent slumps and sheet-like geometries of these coarse 
layers indicate a slope apron sedimentary system. 
 
The basal part of the Zwieselalm Formation (NP5) is marked by thick (> 1m) turbidite 
sandstone beds. Sandstones, i.e. classical sandy turbidites, grey marls and marly 
claystones are deposited on top of the Nierental Formation (NP5 – NP9), changing 
into a largely carbonate-free succession of turbidites and dark claystones. Turbiditic 
shales are dark grey, mainly only a few centimetres thick and largely devoid of 
carbonate. Fining- and thinning-upward cycles related to the filling of channels are 
present and indicate a small turbidite fan prograding into a confined slope basin. A 
sedimentation depth below CCD is supposed. 
The P/E-boundary interval is characterized by thin-bedded sandy- to silty turbidites 
with thin, dark-grey silty claystone intervals. Grading and water escape structures are 
ubiquitous. Thicker sandstones show complete Ta-e Bouma sequences; thinner beds 
often show only Tcd intervals. This largely carbonate-free turbiditic succession grades 
into a succession dominated by carbonate turbidites (NP10 – NP11), intercalated with 
hemipelagic marl layers. Breccia layers at the basal part of the turbidites, interpreted 
as channel fills, and several slump beds are characteristic. The top of the Zwieselalm 
Formation (NP12) comprises a succession of marls and thin-bedded, fine-grained 
sandstone turbidites, marking the top of the slope basin fill succession.  
 
 
 



Turbidite Deposits of the Low Cretaceous Achimov Formation, 
Urengoy Field, West Siberia, Russian Federation 

Miley, E.1, Nassonova, N.2 and James, S.J.1  
 
1TNNC, Tyumen, RF 
2TNK-BP, Moscow, RF 
 
The Urengoy field is situated in the north-eastern part of the West Siberian Basin, to 
the immediate south of the Yamal Peninsular. The West Siberian Basin evolved 
during the Mesozoic and early Tertiary with relatively minor Permo-Triassic and 
Paleogene tectonic activity. Paleozoic extensional faulting was followed by deposition 
of post-rift Triassic continental sediments on basement. The basin underwent regional 
subsidence and widespread marine transgression during the Lower Jurassic resulting 
in a basin- fill stratigraphy controlled essentially by eustasy. The most characteristic 
element of the basin fill is a series of spectacular clinoforms that prograded 
westwards. 
The Achimov Formation is a lithostratigraphic group of deposits that accumulated at 
the toes of the clinoforms as part of lowstand systems tracts and today are the 
locations of prospective gas accumulations. The area under study was a deep water 
basin with water depths some 1000m when Achimov deposition commenced. These 
sediments were transported in turbidity currents, sourced on the edge of the shelf, via 
a series of transit channels to the basin floor. Successively younger lowstand and 
highstand systems tracts were deposited as the edge of the shelf prograded in a 
westerly direction.  
An example of this lowstand depositional system is represented by the Achimov 
Formation in the Urengoy field. The depositional model has been investigated by 
integrating seismic attribute analysis and core data. Seismic attribute slices illustrate 
the connectivity between source, transit channel and basin floor and wireline logs and 
cores enable characterization of the transit channel fill: Four main facies have been 
identified; channel fill, proximal channel bank, distal channel bank and overbank 
splay. 
Continued analysis of the architecture and reservoir quality variation of these deposits 
is central to further exploration and field development.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Facies and geometry of channel and channel-lobe transition deposits 
in a confined turbidite basin (Lower Messinian Laga Formation, 

central Apennines, Italy). 
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The lower Messinian turbidite deposits of Laga Formation comprises synorogenic 
deposits involved in the eastward orogenic transport of the Apennine chain. The Laga 
turbidite succession deposited since the late Tortonian when the ensuing propagation 
of the Apennine compressive thrust front led to the progressive fragmentation, 
reorganization and closure of the Marnoso-arenacea foreland basin system. Causing 
this the Laga Basin shows the features of a confined basin in which thrust propagation 
controlled shape, dimension and topography of the basin as well as the geometry of 
the deposits and resulting facies. The turbidite deposits of Laga Basin constitute a 
turbidite complex made up of several turbidite systems in which it is possible to 
recognise, from up to down current (i.e., from NW to SE), a channel complex zone, a 
channel-lobe transition zone, and a lobe zone. Downslope and upslope migration of 
these zones determines, through time, their superimposition and gives rise to a 
generation of depositional units of different hierarchical order, ranging from meter-
thick simple facies sequence to decameter-thick composite facies sequence, 
expression of single and composite architectural elements as channel and lobe and 
channel and lobe complexes. 
The channelized deposits of Laga Basin form a complex hierarchy of sandstone 
bodies reflecting deposition of gravity flows at different scales. Field analysis based 
on the measure of stratigraphic-sedimentological section (86, for a total thickness of 
about 13 200 m) and detailed correlation panels, allow recognition of a channelform 
hierarchy ranging from single 
channels, to channel complexes. The surfaces bounding the single channels constitute 
diachronous surfaces forming through the passage of several turbidite currents. On the 
other hand, surfaces bounding channel complexes represent the envelopment of 
several erosional surfaces formed by the migration of single channels. Channel 
complexes show a general fining and thinning-upward trend and are internally 
characterized by a hierarchy of channel bodies reflecting i) the lateral channel 
migration driven by avulsion, and ii) the back-filling processes of the flows. A single 
channel records several episodes of cutting and filling related to the passage of 
turbidity currents, giving rise to simple or composite facies sequences. These 
sequences are the expression of by-passing, re-elaboration, partial deposition, and 
subsequent back-filling. Most of the channel deposits are constituted by thick 
sandstone bodies (Fig. 1) showing a complex hierarchy of 3D bedforms. Ripples and 
dunes document the movement of sediment bedload and constitute the building blocks 
of compound and composite dunes, approximately from 1 to 3-4 meters thick and 
several tens of meters long (Fig. 2, 3). Single compound dune often occurs at the top 
of the channel fill, embedded into siltstone deposits. The reconstruction in plan 
geometry of single channels indicates that these elements are essentially straight, 



having a narrower section in the more proximal part and a wider section in the more 
distal portion, a sector that in part coincides with the channel-lobe transition zone. 
Correlation between proximal and distal portions of turbidite systems also highlights 
channel lobe relationships for the Laga deposits. The persistence of single channels 
controls the stacking pattern of lobes at the level of lobe stack, while avulsion 
processes in the channel sector control the stacking pattern of lobe at level of lobe sets 
and lobe complexes. 

 
Fig. 1. Panoramic view of the Laga 1 channelized sandstone bodies. Paleocurrents are 
from left to 
right (towards SE). 

 
Fig. 2. Superimposition of compound dunes constituting the filling of a single 
channel. Thicker black 
lines indicate the crest of single dunes; thinner black lines indicate the bottom of the 
single dunes. The direction of dune migration is from right to left. 



 
Fig. 3. Detail showing trough cross-bedding formed by migration of 3D bedforms 
(dunes). Paleocurrent towards the observer. 



A laboratory perspective on the processes controlling the 
arrangement of deposits that build and fill submarine channels 
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We summarize patterns of sedimentation and erosion associated with both 
depositional and bypassing turbidity currents traversing subaqueous channels with 
three different sinuosities; 1.00 (straight), 1.04, and 1.32. Each experimental channel 
is trapezoidal in cross-section, 0.10 m deep and between 3.60 m and 4.00 m in length.  
Inlet thickness for every turbidity current is 0.10 m. By varying the sediment 
composition of both the turbidity currents and the channel substrate, we address the 
following questions tied to the evolution of submarine channels and channel-filling 
deposits: (1) what controls the development of bar forms constructed by bed load 
versus suspended-load deposition along the inner banks of channel bends; (2) what 
controls of the occurrence of sediment erosion versus deposition on the outer banks of 
channel bends; (3) how do relatively coarse-grained deposits interpreted as bypass 
facies develop; and (4) what is the overall control of channel sinuosity on levee 
construction and overbank sedimentation?   
  
We observed two distinct styles of bar construction at the inner banks of channel 
bends. One end-member bar type is constructed by deposition of bed load only. The 
sediments composing these bars are worked into trains of bed forms that are actively 
migrating down flow. The second end-member bar type is entirely constructed of 
sediment deposited from suspension.  These bar forms are connected to zones of flow 
separation that occur along the inner banks of bends. Only fully suspended sediment 
is mixed into a low-velocity separation eddy where it settles down to the bed and is 
not reworked. In the laboratory these end-member bars can be distinguished from 
each other by the position they occupy in each bend. The bars accumulating in low-
velocity eddies are constrained by the points of flow separation and reattachment. The 
point of flow separation is at or immediately downstream of a bend apex; the flow 
reattaches to the bank before reaching the apex of the next bend. The bars built from 
bed load are not limited to points down flow from bend apexes. Each bed-load bar 
begins up flow of an apex and persists past this point of minimum channel curvature. 
 
Laboratory currents document how the outer banks of channel bends can switch from 
sites of focused sidewall erosion to sites of deposition depending on whether the 
sediment-transporting currents are producing bypassing or channel-filling conditions.  
The lateral movement of channel bends and growth of channel sinuosity only occurs 
when the turbidity currents are at least weakly net erosional in their transport 
properties.  Depositional currents accumulate sediment at the site of the outer bank, 
preserving this sidewall and potentially reducing the overall sinuosity of a submarine 
channel. 
 
Successive erosional turbidity currents systematically rework bed material in a 
channel, coarsening it through time. We will show examples of how this coarsening 



can continue to a point where no additional sediment is entrained from the bed, 
forming a lag deposit that protects the channel bottom against further erosion by 
following currents. These lag deposits slowly evolve via bed load transport only of 
these coarsest particles. 
 
Laboratory channels with different sinuosities are used to illustrate the control of 
channel plan form on properties of overbank sedimentation and channel-levee 
construction.  Everything else being equal, a channel with a 1.32 sinuosity has outer-
bank levee sedimentation that is 3.4 times greater than its paired inner-bank levee.  A 
channel with a 1.04 sinuosity has outer-bank levee sedimentation that is 1.8 times 
greater than its paired inner-bank levee. Levee sedimentation on a straight channel is 
very close to being axial symmetric. In the case of high sinuosity, the large 
asymmetry in sedimentation is connected to an asymmetry in the coarsest particle 
sizes deposited in and on the levees. However, high channel sinuosity and levee 
asymmetry is not connected to an overall increase in total overbank and levee 
sedimentation. We will show how the magnitude of out-of-channel sedimentation is 
not connect to channel plan form, but is primarily a function of turbidity-current 
thickness relative to submarine-channel depth.   
 
We will conclude our presentation by discussing how each one of these four 
properties influence the stratigraphic configuration of submarine-channel fills.  
 



Sand-rich external levees at outcrop and in core – origin, geometry 
and subsurface implications 
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Generally, external levees to submarine channel systems are perceived to be mud- and 
silt-prone. Here, an example of a sand-rich (>80% sand) external levee is presented 
from Unit C3 of the Permian Fort Brown Formation, Laingsburg depocentre, Karoo 
Basin, South Africa. The complete basin floor and slope fill of the Laingsburg 
depocentre comprises a 900m thick mudstone rich succession punctuated by 7 sand-
rich units of the Laingsburg (Units A and B) and Fort Brown Formations (Units C-G). 
Unit C is interpreted as a lowstand sequence set comprising 3 sand-prone units (C1, 
C2 and C3) and two regional intra-unit mudstones. Unit C3 is bounded by two 
regional mudstones that maintain almost constant thicknesses; an 8m thick mudstone 
below and a 25m mudstone above. The sedimentary facies of C3 have been captured 
through high-resolution logging of behind-outcrop cores and outcrops and the 
geometry of C3 has been mapped and correlated at outcrop along limbs of gently 
dipping E-W trending anticlines and synclines near the town of Laingsburg.  
Along the northern limb of the Baviaans syncline the unit forms two sand-prone 
wedges. From east to west, C3 thins from 17.5m to 3m then thickens to 50m in ~2km 
across depositional strike. Beds downlap onto the underlying isopachous mudstone, 
indicating that wedge-like this geometry is depositional in form. A C3-aged channel-
fill between these wedges has not been recorded during outcrop studies, however, C3 
outcrops down-dip of the external levee deposits indicating that sediment was being 
actively transported through this area. The C3 channel may have been mud-filled, 
and/or the construction of the interpreted levee wedges was in front of an up dip 
erosional parent channel. The sedimentary facies in both core and outcrop is 
dominated by dm-scale sigmoidal stoss-side preserved bedforms, with low-high angle 
climbing ripple laminated fine-grained sandstones. Palaeoflow direction is primarily 
towards the N-NE, even within beds thinning to the west. This indicates that flows 
were highly depositional, but the mechanism of deposition on top of the wedges and 
not in the intervening lows. Nonetheless, the architecture and facies indicates local 
flow confinement by spilling sand-prone flows. Deposits with similar geometry and 
facies characteristics have been found towards the base of larger more established 
external levees in the Fort Brown Formation (Units D and F2) supporting the 
interpretation that the C3 deposits may represent a rare example of a ‘proto’ external 
levee preserved at the initiation of levee development prior to subsequent 
modification and erosion as the parent channel lengthened. 
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The shapes of submarine channel levees have been assessed in a variety of systems, 
over a range of slope gradients, measuring both their thickness decay away from the 
parent channel, and also the maximum gradient on the back-slope of the levee. The 
mathematical description of the shapes of the levees has been based on normalized 
data, using as characteristic length scales the distance from channel axis to the levee 
crest, and the thickness of the entire levee (or levee package) at the levee crest. The 
variation in levee thickness away from the channel shows a clear pattern of power-law 
decay on steeper slopes (generally >0.7) and either exponential or logarithmic decay 
on gentler slopes. The levee shape is sensitive to local variations in slope, and may 
change over only a few hundreds of meters in the flow direction. The threshold 
gradient between these two styles shows some variation, and may be dependent on 
grain-size. The maximum gradient on the back-slope of the levee shows a weak 
correlation with slope gradient, whose slope varies from one system to another; this 
may also be a function of grain-size. The variations in behaviour can be explained in 
part by differing rates of entrainment of ambient sea-water into the currents as they 
flow over the levees, these rates being dependent upon the slope. Negligible 
entrainment on low gradients helps to explain the tendency of wider levees on low 
gradient basin plain as well as the persistence of channelized flows on basin plain 
with little dissipation over extreme distances. 
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In this presentation, we describe a newly identified internal architecture "outer-bank 
bars" within sinuous submarine channels in the upper slope of the Amazon Fan, 
offshore Brazil based upon interpretation of 3D seismic data. Outer-bank bars 
comprise channel-fill deposits found in tight meander loops at outer corners of bend 
apices or slightly upstream or downstream of apices. This architectural element can be 
up to 1.5 km wide and up to 150 m thick with continuous internal reflectors dipping 
1–20° towards the inner bend of the meander loop, a direction of dip opposed to that 
of fluvial point bars or submarine lateral-accretion packages. The angles of outer-bank 
bar surfaces increased to a maximum at bend apices. Outer-bank bars occur in the 
final aggradational channel fill in the two separated channel-levee systems in the 
Amazon data set. They may have been formed as a result of enhanced deposition on 
the outside of the bend caused by a combination of flow-volume reduction and flow 
superelevation. Accretion of outer-bank bars may cause the thalweg position to shift 
towards the inner bends leading to sinuosity reduction. The two separated channel-
levee systems show difference in the continuity of outer-bank bars. The continuity 
and preservation potential of outer-bank bars are interpreted to be related to style of 
channel abandonment (i.e. transgressive or avulsive). Outer-bank bars are interpreted 
to be a generic architectural element within submarine sinuous channels since they are 
also illustrated within the final aggradational channel-bend fill of sinuous channel 
complexes, offshore Nigeria and relict Colorado River Canyon in Lake Mead. Since 
this architectural element is likely to be sand prone, outer-bank bars may have a 
potential for hydrocarbon reservoirs. 

 
Figure 1:A fence diagram showing geometry of outer-bank bars at a channel bend in 
the Upper Channel-Levee System of the Amazon Fan, courtesy of BP and Petrobras. 



 
Figure 2: Conceptual model of the geometrical expression of outer-bank bars in 
seismic data and associated process interpretation, A) in 3D perspective; B) in cross 
section. Flow direction within the channel is perpendicular to the section away from 
the observer (modified from Nakajima et al. 2009). 



Submarine channel processes: towards process-driven intra-channel 
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Facies models have proved to be one of the great tools of sedimentology, 
encapsulating a summary of many key aspects of a given environment. Such models 
exist for almost all sedimentary environments on Earth and have become increasingly 
refined over time. In sharp contrast, the first intra-channel architecture model of 
submarine channels only appeared in 2007 (see Figure 1). Here we explore the 
underlying processes of submarine channels, and assess the progress towards a greater 
understanding of the resulting intra-channel architecture. 

 
Figure 1. A schematic model of intra-channel sedimentation in sinuous submarine 
channels, from Wynn et al. (2007).  
 
A key first-order control on intra-channel architecture is the relative importance of 
tractionally reworked versus suspension-dominated deposits, with each having a 
distinctive signature. The relative importance of each component will change over the 
lifetime of a channel, with tractional reworking prevalent where bypass of sediment is 
significant, and suspension-dominated deposits important towards the latter stages of 
channel evolution, as systems begin to shut-down. 
 
Tractional-dominated deposits 
The nature of the three-dimensional flow field ultimately controls many aspects of 
sedimentation within channels. Understanding the nature of this in submarine 
channels has proven a challenge, given the absence of any two-dimensional 
measurements from real submarine flows until very recently. In contrast, meandering 
rivers are known to exhibit a helical flow with a secondary component that, at the 
bend apex, drives water at the channel base towards the inner bank, with a higher 



return flow towards the outer bank. Submarine channels may sometimes show this 
same pattern (river-like), but may also show a complete reversal of the secondary 
flow compared to rivers (river-reversed), in which basal flow is towards the outer 
bank at the bend apex. Such changes in secondary flow are linked to changes in the 
position of the downstream velocity core; this moves towards the outer bank in the 
river-reversed case. Importantly, many submarine channels are likely to show both 
river-like and river-reversed behaviour in the same channel due to changes in 
downstream flow properties, and consequently as flow waxes and then ultimately 
wanes, the position of the transformation between these two regimes will migrate 
progressively upstream (waning flow) or downstream (waxing flow).  

Here using physical experiments, numerical modelling and observations from 
an active submarine channel flow, the controls on secondary flow are explored and 
the implications of flow reversal on intra-channel architecture assessed. River-
reversed flow will exhibit changes, relative to rivers, in the longitudinal position, 
relative height, and grain-size patterns of point-bars, corresponding changes in bend 
topography, and enhanced overbank sedimentation on outer channel bends promoting 
features such as overbank splays. Furthermore, temporal changes between river-
reversed and river-like flow may have potential to explain observations of periodic 
erosion and accumulation in lateral accretion packages. 
 
Suspension-dominated deposits 
When gravity currents are out of ‘equilibrium’ with their container (channel) then 
flows may deposit primarily through suspension, with very little opportunity for 
reworking of the sediment by tractional forces. In such cases, sediment may either 
drape the entire channel form, with increased deposition on outer bends, or distinctive 
features may form towards outer banks. In the latter case three-dimensional seismic 
reveals these Outer Bank Bars to be large coherent bodies that are potentially far less 
variable than equivalent inner-bend accumulations such as point-bars. Outer bank bars 
are also notable in being the largest new architectural element to be discovered in any 
sedimentary environment in the past decade. Nested mounds also form primarily as a 
result of rapid suspension fallout, and appear to be the product of topographically 
induced deposition. Slumping of levee sediments appears the likely driver of this 
initial irregular topography. 
 
Towards improved intra-channel architecture models 
These elements can be combined to give architecture models that vary as a function of 
spatial position at a given point in time, and also vary as a function of temporal 
channel evolution. 
 
Global variation in submarine intra-channel architecture  
Submarine channel sinuosity, particularly peak sinuosity, has always been linked to 
the local control of slope, and thus the paradigm has been for high-sinuosity low-
gradient fans, or low-sinuosity high-gradient fans. However, it can be shown that the 
peak sinuosity varies far more strongly as a function of latitudinal controls. These 
controls include latitudinal variations in flow and sediment type, but the principle 
control appears to be the Coriolis force. Given that there is a first-order control 
between sinuosity and intra-channel architecture, and given the differences Coriolis 
makes to flow dynamics, then there ought to be global variations in intra-channel 
architecture. Some of the implications for intra-channel architecture on a global basis 
are examined. 
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This contribution documents the facies, architecture, stacking patterns and evolution 
of the proximal parts of a range of structurally confined and channelized sandy 
submarine fans in the Middle Eocene Ainsa basin, Spanish Pyrenees. Part of this 
study includes an integrated outcrop and subsurface study using eight wells drilled 
through ~220-250 m of section with typical interwell spacing of ~400-500 m 
(including seismic lines, wireline logs, essentially continuous coring, sandstone 
petrography, micropalaeontological and palynomorph analyses). In general, the 
channelized sandy fans appear to have essentially non-erosive bases overlain by 
relatively unconfined, thin- to medium-bedded, medium- to very coarse-grained 
sandstones, in turn overlain by packages of amalgamated sandstones, gravel-rich 
sandstones and conglomerates. The amalgamated sandy deposits contain submarine 
channels, typically 5-30 m deep and hundreds of metres wide (~100-600 m). Channel-
axis deposits typically comprise lenticular, pebbly to medium-grained deposits, 
coarse-grained mega-ripples (barforms), mud-clast and pebbly conglomerates, and 
very thick- to medium-bedded, amalgamated sandstones are common, with 
dewatering and flame structures. Channel off-axis deposits are generally finer grained, 
thin- to medium-bedded sandstones, interpreted as turbidites with minor amounts of 
debrites. Towards the channel margin, these facies associations change laterally to 
mainly thinner-bedded, coarse- to fine-grained, normally-graded sandstone turbidites. 
Deposition was controlled by a combination of synsedimentary tectonics on seafloor 
growth structures, climate change and probably autocyclic (intrafan) processes. 
Tectonic processes created the accommodation and basin geometry, with eustasy as 
the likely principal driver on delivering the coarse clastic supply to the deep-marine 
basin. Local accommodation was controlled by intrabasinal tectonics and the interplay 
between erosional and depositional processes, including irregular seafloor topography 
created by cohesive debris flow and slide deposits (mass transport complexes). Post-
depositional thrusting and folding have created locally complex geometrical 
relationships within the fans and interfan deposits, which that can be resolved with the 
help of both outcrop and subsurface data. 
 
 
 
 
 
 
 
 
 



Impact of channelized reservoir architecture on production: 
Examples from deepwater Nigeria  

Pirmez, C. and Effiom, O.  
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The impact of reservoir heterogeneity on the lateral continuity and connectivity of 
deepwater reservoirs represents one of the major risks to field developments 
worldwide. Companies have invested significant resources into technologies to 
improve our understanding of deepwater reservoirs and reduce the risk associated 
with the huge drilling and facilities costs. Over the last decade major advances have 
been made in subsurface technologies such as seismic acquisition, processing and 
interpretation techniques; well drilling, measurements, testing and completion 
methods; geological studies and integrated reservoir modelling technologies among 
others. Because reservoir compartmentalization is often caused by subtle features, 
such as small faults or thin shales that cannot be mapped seismically, predicting 
reservoir drainage behaviour still carries significant risks.  
Data derived from reservoir performance, such as interference tests, well pressure 
tests and time-lapse seismic provide key information on reservoir connectivity. 
Lessons learned from field performance are now resulting in increased understanding 
of reservoir architecture and associated heterogeneities, and allow for improved 
modelling techniques of reservoir behaviour. Taking appropriate account of 
subsurface uncertainties through an integrated modelling approach is key to making 
sound reservoir management and development decisions. 
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The flow on submarine channels was simulated with flume experiments in laboratory, 
focusing on the bedform patterns developed by the turbidity currents. Turbidity 
currents were sustained over a movable bed for a time long enough to   reach an 
equilibrium stage of morphology evolution. In doing so, the characteristic flow could 
be associated with the resulting bedforms. Also, fluvial open-channel data as well as 
field data were compared with the experiment results . A set of experiments were 
performed using an unidirectional flume 5,35 m long, 0,38 m deep and 0,30 m wide. 
The tank was located inside a bigger flume and sat on a slope of 3º. The density 
currents were composed of silica flour (dm=27�m and d=2,65) and run over an initial 
movable bed made of plastic beads (dm=150�m). Two series of experiments with 
different sediment concentration were performed: low concentration (Cv=1,25%) and 
high concentration (Cv=2,50%), and for each series 4 and 3 runs have been made, 
respectively In each run a constant flow (Q=2 l/s) was sustained for 30 min. A 
longitudinal array of 4 UVP probes acquired a long series of velocity profiles at 4.50 
m from the inlet; also, siphon samples were taken at the same place. After each run a 
set of high resolution acoustic sonars were used to (fig. 1) characterize the final bed 
morphology. Except for the proximal region, the turbidity currents presented a 
depositing regime and developed bedform patterns. Small current ripples were 
abundant over the entire bed at initial stages of flow. However, after successive runs 
the bedform patterns evolved to antidunes (proximal) and megaripples (distal); yet, 
antidunes developed better in high-concentration series. 
 



 
Figure 1 - Computational model of the bedforms evolution, acquired with high 
resolution acoustic sonars: results from the first series (A) and second series (B) of 
experiments. The scale refers to the value of the unitary normal vector of the surface. 
The vertical scale is exaggerated by 3 times. 
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The deep water channel play is currently one of the most important and prolific in 
hydrocarbon exploration and production. Many oil and gas discoveries have now been 
made in inferred channel sand bodies from current deepwater areas (e.g. offshore 
West Africa, Brazil, NW UK) as well as from other sedimentary basins worldwide 
that are no longer in deepwater (e.g. California Borderland basins, North Sea basins). 
These examples have provided  an exellent database for builing conceptual models of 
turbidite channel architecture and attributes. Detailed studies of outcrop analogues 
have further improved characterization and predictability of channel reservoirs. 
However, there are many different channel types and scales, such that more data 
allows constant refinement of existing models. Furthermore, local examples are 
especially useful in understanding nearby plays, especially those within the same 
stratigraphic and/or basin succession.   
 
In this context the well-exposed Oligo-Miocene Numidian Flysch succession of 
northern Tunisia provides a good outcrop analogue for sand-body reservoirs 
(including channel sands) in mud-rich slope-apron systems. This is part of the much 
more extensive Numidian succession which extends along the south Mediterranean 
coast from the Gibraltar Arc in the west to Sicily and mainland southern Italy in the 
east. The Numidian Flysch constitutes an important current play for petroleum 
exploration offshore Tunisia. However, Numidian channel architecture and attributes 
are still very poorly documented in the literature. 
 
We have therefore undertaken detailed sedimentological study on the Numidian 
Flysch of northern Tunisia, thereby providing a robust quantitative description of 
facies, sequences and architecture. A series of measured sections has yielded over 
20,000 m of sediment logs, while detailed mapping permits precise correlation of 
individual sand bodies up to 5,000 m laterally. We identify 21 distinct facies that can 
be classified into six major facies groups including: conglomerates, structurless 
massive sandstones, structured sandstones, mudstone & sandstone/siltstone couplets, 
mudstones and chaotica. 
 
A combination of evidence allows the interpretation of the Numidian Flysch in 
northern Tunisia as being deposited on a slope-apron system traversed by isolated 
slope channels. This includes:  the deep-water microfossil assemblages, the 
ichnofacies assemblages, the large slump-slide bodies occurring at different 
stratigraphic levels and the sediment facies association, which is clearly characterized 
by downslope (including turbidites, debrites and slide-slump units) and hemipelagic 
facies. The evidence for channel interpretation comes from diverse data including:  
erosional features, common coarse grained facies, shale-clast conglomerates and 
load/scour features (some are deeply erosive) at the base of beds or units. The facies 



are commonly organised in blocky meso-sequences (typically 5-50m), in some cases 
displaying thinning-up/fining-up trends towards the top. 
 
Field mapping undertaken in Tabarka, Cap-Serrat and Balta areas indicate that 
dimensions of channel complexes range from 400-2500 m wide and 10-70 m deep. In 
some cases, when the channel margins are fully preserved, individual channel 
sandbody dimensions were estimated. They are typically between 400-600 m and up 
to 10 m thick. Channel bases are commonly marked by erosional down-cutting into 
slope mudstones and thin bedded turbidites, shale-clast debrites and pebbly 
sandstone/conglomerate lags. Shale clast types of all types are noted, especially 
erosional A-types and shale-clast conglomerates, with more B-types down-channel. 
Internally, the main sandbodies comprise very thick structureless and amalgamated 
units of medium to coarse-grained massive sands, chaotica (slide/slump, debrites) and 
pebbly sandstone, with much evidence of internal erosion of one sandstone unit to 
another and marked lateral thinning of units and beds. Upwards, the channel fill 
complexes typically become thinner-bedded and with a lower sandstone/mudstone 
ratio. 
 
Based on a study of the lateral geometry and channel stacking patterns, six different 
genetic types of channel architecture are identified. These includes: (1) isolated or 
solitary channels, (2) nested channels, (3) erosional, multi-storey channels with 
simple and/or complex fill, (4) depositional (minor erosional) channels, (5) erosional 
channels with heterolithic, thin-bedded turbidite fill, and (6) complex channels with 
stacked channel fill. Generally, the sand/mud ratio within channels is variable 
depending on channel types and ranges from 1:1 to > 1:9.5. Channels margins are 
deeply erosive into slope muds and commonly exhibit minor normal faulting. The 
more erosional channel types tend to be dominant in outcrops along the coastline 
(Tabarka, Cap-Serrat), whereas the more depositional channel types characterize the 
more inland outcrops (Zouza, Sejnene areas). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1.Location map of the Numidian Flysch orogenic belt, Western Mediterranean 
region (Hoyez, 1989). 
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Fig.2.Sandstone bodies appear to form part of a nested channel complex eroded into a 
mudstone-rich encasing lithology, which includes numerous thin to thick-bedded 
turbidites. Internally the main bodies comprise very thick structureless and 
amalgamated units of sandstone and pebbly sandstone. There is much evidence of 
internal erosion of one sandstone unit into another and marked lateral thinning of 
units and beds. Upwards, the channel fill complex becomes thinner and with a lower 
sandstone/mudstone ratio. 
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An understanding of reservoir architecture is currently helping to maximise the 
ultimate recovery of gas from the prolific Pliocene slope-channel play within the West 
Delta Deep Marine (WDDM) concession, offshore Egypt. This in-depth study 
integrates data from >70 wells and extensive 3D seismic data to develop a model for 
the evolution and distribution of reservoir quality within the slope-canyon systems of 
the Pliocene El Wastani Formation. By integrating seismic amplitude maps, seismic 
interpretation and well logs, the canyon fills can be divided into architectural elements 
(channel core, levees/overbanks, and lateral/frontal splays). 

The canyons in the study area record multiple phases of incision and 
subsequent infill, related to a progressive waning of flow energy during deposition, 
manifested as an overall fining-upwards sequence (and thus a gradual reduction in 
reservoir quality). Four distinct phases are recognised within the canyons, commonly 
occurring in a set stratigraphic order (although these phases may not all be present in 
any single canyon system): 

 Phase 1 (canyon incision) – erosion and bypass, with occasionally 
preserved extra-canyon lateral “megasplays” of high quality sand. 

 Phase 2 (early canyon fill) – laterally amalgamated channel core often 
with a sheet-like morphology on seismic. 

 Phase 3 (mid canyon fill): single or multiple episodes of incision-
dominated sinuous channels, sometimes with associated levees and 
lateral splays. Channel avulsion and switching is commonly observed. 

 Phase 4 (late canyon fill): aggradation-dominated channel/levee 
complexes with minor to no erosion at base, channel cores often 
underfilled or mud-plugged, with associated high-amplitude silty-
sandy levees, developing down-dip into high-amplitude silty-sandy 
frontal splay complexes. 

 
The results of the study show that reservoir quality varies between architectural 
elements and through the different phases of canyon fill. Porosity, net to gross and HC 
saturation tend to decrease from Phase 1 through to Phase 4 for any given element 
type. The clearest trend is observed in the porosity variation. Reservoirs in Phases 1 & 
2 exhibit average porosities up to 28-32% but have poor preservation potential due to 
subsequent erosion. Conversely, the later Phase 4 reservoirs – with higher 
preservation potential – have lower average porosities (up to 20-24% in channel core 
elements; 15-20% in levees/overbanks). Phase 3 canyon fill appears to represent the 
optimum balance between reservoir quality and preservation and are expected to be 
the most volumetrically significant reservoir phase. 
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This study aims to characterise variation in style of evolution of channel-levee 
architectures in deep marine clastic systems and to relate them to interpreted 
controlling mechanisms. The analysis is based on studies of two contrasting 
Pleistocene channel-levee systems developed on the upper slope of the Amazon Fan, 
that, together with a younger system, comprise a single “levee complex” sensu Flood 
and Piper (1997).  The lower channel-levee system (LCLS) exhibits a pattern of 
upstream accretion of the compound channel-levee form associated with upward 
channel narrowing and sinuousity increase, followed by avulsion without HARP 
formation.  Thus in this system both internal levee reflectors and those of the channel 
fill exhibit upstream onlap onto the regional slope and the channel axis, respectively.  
This back-stepping style of system development is associated with an upslope-
migrating transition from an incisional to aggradational channel style.  The middle 
channel levee system (MCLS) exhibits downstream accretion associated with the 
channel widening and becoming less sinuous upward, followed by avulsion and 
HARP formation.  Thus in this system internal levee reflectors downlap onto the 
regional slope; those of the channel fill exhibit week downlap onto the plane of the 
channel axis or are parallel to it.  In planform this fore-stepping style of system 
development is associated with a down-slope migration of the transition point 
between a single-thread, levee-confined channel and multi-thread channels. 
 
The apparent back stepping style of the LCLS can be related either to passive infill of 
an inherited topographic low or to a creation of accommodation due to upstream uplift 
resulting from slope tectonics.  The downstream accretion style of the MCLS 
probably relates to a more complex evolutionary history, involving stages of internal 
erosion of the internal levee limbs, later channel filling synchronous with deposition 
of HARPs in the bathymetric low adjacent to the channel-levee system. Addionally, 
analysis of the inferred flow magnitude and suspended sediment grain-size suggests 
that the sequences of turbidity currents responsible for building up the different two 
architectures had contrasting styles of evolution during channel-levee development.  
In the upstream accretion style of channel-levee development, the tubidite flows were 
interpreted as becoming gradually muddier and smaller, whereas in the downstream 
accretion style of channel-levee development, the flows were interpreted as becoming 
sandier and larger with time.   
 
In the case of the flows becoming continuously muddier and smaller with time at least 
three causes can be postulated: an autocyclic gradual (progressive) upstream avulsion 
of the system; an allocyclic increase in relative sea level; an allocyclic decrease of 
fluvial sediment discharge due to changes in climate.   In the case of the flows 
becoming sandier with time, at least two allocylic causes can be postulated: relative 
sea level fall with gradual increase in sediment flow in the channel; gradual increase 
in sediment discharge by the river.   
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Submarine channels are the main conduits for sediment transport in the ocean, from 
continental shelf to abyssal plain. Individual flow events can transport >100 km3 of 
sediment and deposit across vast areas of seafloor; these flows are therefore 
responsible for some of the largest sediment accumulations on Earth. Seafloor 
gradient exerts a major control on the ability of sediment flows to erode/bypass and 
transport sediment. In particular, recent work off Northwest Africa has highlighted the 
influence of seafloor gradient on turbidity currents passing through deep-water 
channels (e.g. Wynn et al., in press). 
 
We build upon these recent studies by utilizing a spatially extensive core correlation 
framework across the Madeira Distributary Channel System, offshore Northwest 
Africa. These shallow channels (~20 m deep) extend for over 700 km and connect 
two large basins that form part of the extensive Moroccan Turbidite System. Over the 
last 400 ka this system has been host to some of the largest gravity flows ever 
recorded on Earth, with run out distances exceeding 2000 km and volumes >150 km3. 
Excellent core control, coupled with a robust geochemical and chronostratigraphic 
framework, enables individual flow events to be documented in both down-flow and 
across-flow directions. Unconfined and partly depositional turbidites, entering the 
channels from the northeast from the essentially flat Agadir Basin (slope 0.02o), 
become dominantly bypassing with increasing confinement and gradient (slope 
0.06o). These flows efficiently bypass sediment within the channel axis and deposit 
thin rippled sands on the levees of the channel. Detailed biostratigraphic analysis 
reveals that flows were non-erosional within the channel axis. A further 100 km 
downslope the slope decreases to 0.01o, with flows becoming depositional in the 
channel axis and thin fine-grained deposits developed on the channel levees.  
 
Our results indicate that channelised turbidity currents can be dominantly non-
erosional and non-depositional in the channel axis, with levee-building processes 
maintaining channel depth. Subtle changes in seafloor gradient cause flows to switch 
between sandy levee and channel axis deposition. Although the changes in seafloor 
gradient described here are subtle, the relative changes between gradients are 
significant. Such changes in seafloor gradient would be undetectable in ancient 
outcrop or subsurface sequences, yet generate significant complexities in channel 
architecture. 
 
Wynn, R.B., Talling, P.J., Masson, D.G., Le Bas, T.P., Cronin, B.T. and Stevenson, 
C.J. The influence of subtle gradient changes on deep-water gravity flows: a case 
study from the Moroccan Turbidite System. SEPM Special Publication, in press. 
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For much of their active life turbidite channels are characterised by relatively high 
velocity turbidity currents and associated mass transport processes. This high-energy 
phase leaves behind a signature of erosion and down-cutting, coupled with mass-
transport deposits, coarse- to medium-grained turbidites and deepwater massive 
sands.  Thick to very thick beds are common, typically with lenticular geometries and 
marked lateral thickness variation, but with little evidence of systematic vertical 
trends of bed thickness. The late fill and abandonment stage of most channels is 
characterised by relatively lower velocity turbidity currents and associated 
hemipelagic processes. This low-energy phase results in medium- to fine-grained 
turbidites and hemipelagites that are more extensive and continuous laterally and, in 
some cases, show upward-thinning trends of bed thickness. Channel levee, overbank 
and open-slope settings generally show still lower-energy currents and a dominance 
of fine-grained turbidites and hemipelagites. 
 
Flow velocity for turbidity currents is notoriously difficult to estimate because of the 
large number of variables involved and because of the uncertainty attached to some of 
these variables. However, a growing body of literature now exists, based on 
observational, experimental and theoretical evidence, which yields a remarkable 
consensus of flow velocity linked to grain size, turbidite sequence and bedforms. In 
general, the following conclusions can be drawn: 
 
Flow density Typical facies/grain size Model/bedforms           Mean flow (m/s) Setting 
 
Very low  thin silt-laminated and Stow sequence  0.08 – 0.18  overbank and 
  mud turbidites        open slope 
 
Low  medium-thick sand- Stow sequence &  0.15 – 0.75 overbank and 

based mud turbidites               Bouma sequence    low-energy        
   channels 

 
Medium  medium to thick sand Bouma sequence  0.70 – 2.0 high-energy

 and sand-mud turbidites Massive sands    channels 
     channel  

    transitions 
 
High coarse sand turbidites Lowe sequence &  > 1.8  high-energy 

gravels and erosion  Massive sands     channels 
   

 
Although there is no direct relationship between grain size of the turbidite and flow 
velocity, it is possible to use the existing database to construct first approximation 
graphs that relate the maximum grain size (using 95th or 75th percentiles) carried in 
suspension to a particular flow velocity.  



 
These various parameters – facies, sequences, bedforms, and grain size – coupled 
with bed thickness and geometry allow clear distinctions to be made between different 
phases of channel fill and those of associated depositional systems. This is 
particularly significant because the different phases of channel fill provide very 
different reservoir characteristics in the subsurface. The high-energy channel-fill 
phase yields high net-to-gross reservoirs with generally good to very good poroperm, 
but with local baffles to horizontal flow. The low-energy channel-fill phase yields 
moderate to low net-to-gross reservoirs, with good horizontal permeability, but 
moderate to poor vertical connectivity.   
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Field scale submarine channel gravity currents are notoriously difficult to measure 
and thus directly investigate due to their inaccessible location and infrequent nature, 
which is compounded by present sea-level high-stand. An exception to this is the 
almost continuous density-driven current that results from the inflow of saline 
Mediterranean water, via the Bosporus strait, into the Black Sea. This flow has carved 
a sinuous channel system in water depths of 70 to 120 m. Despite being driven by the 
salinity contrast, the flow is sufficiently energetic to transport and rework coarse sand 
within the channel network. The relatively shallow depths of the channel and the 
continuous nature of this current provide a unique opportunity to study three-
dimensional flow dynamics and the interaction of the flow with a seafloor channel 
network. Thus, it provides a rare analogue for channelized dilute sediment-laden 
turbidity currents. 
 
Three-dimensional flow velocities were measured using an RDI 1200 kHz aDcp 
attached to NERC’s autonomous underwater vehicle Autosub3. Here we present the 
primary and secondary flow fields from a 14 km long section of the channel system. 
The results show a hydraulic jump as the flow exits the Bosporus strait and enters the 
channel system. Variation in the secondary flow field is observed as the flow travels 
around a large bend. Differences in secondary flow are one of the key and 
controversial differences between submarine and fluvial bend flow dynamics. 
Existing theories of channel bend dynamics and flow field evolution are primarily 
based on laboratory experiments and numerical modelling; this dataset from a natural 
field-scale system provides an unparalleled opportunity to investigate and validate 
these models. A fuller understanding of bend flow dynamics derived from these 
results has the potential to improve our understanding of submarine channel evolution 
and the distribution of intra-channel architecture within sinuous submarine channel 
systems.  



Can flume experiments accurately simulate submarine channel 
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Turbidity currents are arguable the volumetrically most important flow type for 
transporting sediment across our planet. Just one turbidity current can sometimes 
transport ten times the annual sediment flux from all the rivers in the world combined. 
These flows produce some of the largest sediment accumulations on Earth (that hold 
large oil and gas reserves), and can break submarine cable networks that carry over 
95% of the global internet traffic that underpins many aspects of our daily lives. 
However, there are remarkably few direct measurements from monitoring of turbidity 
current that reach the deep ocean. Flows speeds have only ever been measured in four 
locations (Grand Banks in 1929; Nice in 1979; Zaire Channel; Taiwan in 2006-10), 
and only then at a few locations along the flow path. We have never directly measured 
vertical profiles in sediment concentration and grain size (arguably the most important 
parameter for understanding flows) in any long run turbidity current that ran out 
beyond the continental slope. This includes the turbidity currents that build submarine 
channels on submarine fans. Even where we have managed to monitor a long run out 
flow, there is typically little detailed information of the deposit it left behind. It is 
important to bear in mind this lack of direct observations, which is stark contrast to far 
more detailed information we have for rivers. There is a need for sustained monitoring 
of turbidity currents in submarine channels, and this contribution will start by 
outlining how this might best be achieved.  
This lack of direct monitoring information ensures that laboratory experiments play a 
key role in what we understand about sedimentary processes in submarine channels 
and the resulting deposit geometries. This has been the case since the seminal paper of 
Kuenen and Migliorini in 1950 to the present day. However, a key issue for laboratory 
experiments is that of scaling. What aspects of turbidity currents in submarine 
channels do experiments successfully reproduce, and what aspects do they fail to 
reproduce? It is the author’s view (in part based on reviewing for various 
sedimentology journals) that experiments are often remarkably innovative, carefully 
conducted, and rigorously described – but that less attention is often paid to issues of 
scaling and whether the experiments have reproduced key aspects of submarine flows. 
The second part of this contribution is a plea for greater consideration of the 
importance of scaling issues, especially for studies that wish to understand 
depositional process and flow deposits.  
Many laboratory experiments are relatively slow moving compared to long run-out 
flows that reach the deep ocean (which can travel at 2-20 m/s). Experimental flows 
fed by header tanks or triggered by lock release often travel at only at speeds of up to 
a few tens of cm/s. It is possible to scale the Froude number and ensure that these 
experimental flows are fully turbulent (through the flow Reynolds number). However, 
these flows may not start from a situation in which a realistic range of grain sizes are 
fully suspended, such that the sediment carrying capacity and power of the 
experimental flow are close to equilibrium. It is difficult to rectify this imbalance 
between flow power and sediment carrying capacity (for instance by using finer or 
less dense sediment) in such experiments. For instance, if smaller particles are used 
they may start to stick together through surface charges, as is the case for colloidal 



fine mud. This has resulted in rather few flume experiments that produce deposits that 
are sufficiently thick for their internal character (grading and sedimentary structures) 
to be examined and documented.  
A first step for experiments is to consider the Rouse number that captures ratios of 
sediment settling velocity and turbulence intensity. However, this is likely to be 
insufficient for many purposes. One also needs to consider whether the flow is 
depositional and whether sediment can be reworked as bedload (as captured by the 
well known Shield’s parameter) if one is interested in deposit geometries.  
It may also matter whether the flow has higher or lower sediment concentration. 
Submarine channel deposits are often made up of thick sand intervals that are massive 
or planar laminated (Bouma divisions A and B). It is likely that such deposits are 
formed from high density turbidity currents (> ~10 to ~30% volume sediment) in 
which hindered settling and turbulence damping (especially near the bed) are 
important. Most flume experiments (or indeed numerical models) have much more 
dilute sediment concentrations (in part because it is even harder to stop sediment 
falling out rapidly from higher concentration experimental mixtures) and will 
therefore not reproduce hindered settling of turbulence damping. These hindered 
settling and turbulence damping affects can be important. First, hindered settling is a 
strong control on sediment deposition and hence deposit geometry for submarine 
channels. Second, turbulence damping can influence the height of the velocity 
maximum in a submarine channel, which in turn controls whether secondary flow is 
towards the inner bend or outer bend. It is also unclear how (and whether) secondary 
circulation influences sediment deposition from flows with high near bed sediment 
concentrations to a significant degree.   
Cohesive mud has a particularly strong influence on whether turbulence is damped, 
and such cohesive mud is often absent in flume experiments, which may contain only 
non-cohesive particles. Small changes in cohesive mud content in a flow can also 
cause deposition of muddy or clean sand, or indeed determine whether ripple or dunes 
form.  
A final point is how the imbalance between the carrying capacity and power of some 
experimental flows is important for studies of submarine channel deposits. This is 
because slow moving flows (biased towards deposition across their full width) may 
produce deposits that simply drape across channel inserts placed in flume tanks. It 
might be argued that the shape of this deposit is essentially that which would occur if 
the channel insert were absent. These deposits could differ significantly from flows 
with a closer balance between sediment carry capacity and flow power, and flows 
whose character is more strongly determined by the channel morphology.   
 



The Finale channel system of northern Sicily; Architectural and 
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The Numidian Flysch formation is a series of Oligocene-Miocene passive margin fans 
outcropping throughout North Africa and southern Italy. Here a hierarchical approach 
is used to characterise the slope-confined Finale Channel System of northern Sicily. 
This early-Miocene system is exposed in an 8 Km wide nappe with a 650 m 
stratigraphic thickness. The section represents an upper-slope portion of the North 
African margin.  
The system comprises 16 channel complexes up to 500 m wide and 90 m thick 
grouped into 2 channel-complex-sets. Channel complexes contain 2 to 4 channel 
elements characterised by crudely fining-upwards sequences bound by complex-wide 
erosional surfaces or heterolithic packages. Channel elements show an evolution of 
incision and bypass of coarse grained bipartite flows, to fill with aggrading massive 
sandstones interspersed with turbidites. Terracing in the complex basal erosion 
surface is common, associated with lateral expansion of channel elements. Element 
thalwegs are frequently offset from the thickest part of the complex and bypass facies 
are observed on terraces close to the complex edge. 
Complexes have sinuous planforms and some asymmetric cross sections. Channel 
elements are similarly sinuous within the confines of the complex with rare lateral 
accretion packages and sinuous thalweg axes.  
Both Channel-complexes and channel-elements thicken upwards towards the top of 
the system indicating increased slope-erosion with younging. The coarsest grainsizes 
are encountered within older complexes however. Channel-element thicknesses 
(n=35) show a positively skewed frequency distribution centred around 12m, in 
agreement with data from examples of McHague etal (2010) (n=900). Many factors 
effect depth of erosion including slope gradient, location and sediment calibre. We 
question whether this distribution similarity may result from a fundamental process at 
the channel-element scale however. We speculate that autocyclic processes may 
preferentially exert a lower erosional thickness at the element scale producing such a 
frequency distribution.  
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The San Fernando Channel System is superbly exposed on the Pacific coast of Baja 
California and provides an insight into the small- to large-scale architecture of an 
entire submarine channel system at exceptional scale. High-resolution mapping, 
correlation panels and detailed sedimentological studies have shown that the system 
comprises a suite of stratigraphic units ranging from individual architectural elements 
through to the entire channel system. 

 

The channel system is contained by a combination of a composite erosion surface and 
a large external levee. Channel Complex Sets (sensu Sprague et al., 2003) form the 
largest stratigraphic unit within the channel system and extend across the entire width 
of the confinement. They are composed of individual Channel Complexes. Channel 
Complex Sets typically consist of three discrete stages (Stage 1-3), defined on the 
basis of dominant lithofacies type which itself is related partly to the degree of 
confinement. 

 

The Channel Complexes of Stage 1 are confined within a local composite erosion 
surface, and are predominantly coarse-grained and highly amalgamated. The fill of 
individual Channel Complexes is related to the progressive evolution from erosion to 
bypassing (graded channels) to depositional flows. Inter-channel heterolithics are 
rarely preserved due to erosion by succeeding Channel Complexes. Debrites observed 
within Stage 1 are commonly restricted to the basal parts of Channel Complexes and 
include both clast- and mud-rich deposits. 

 

Stage 2 is dominated by Channel Complexes that are less amalgamated, finer-grained 
and are each bounded by internal levee or terrace deposits. Individual complexes 
show an evolution from laterally extensive, graded channel-fill (manifested as lateral 
accretion bar forms) through to more aggradational channel-fill. Mud-rich debrites 
occur at specific stratigraphic intervals (between graded and aggradational channel-
fill) within the Channel Complexes. Heterolithic inter-channel regions include 
discrete packages which are architecturally different from levee sediments in that they 
occur in small scour-based, fining-upwards packages. Stage 2 deposits are bounded 
laterally by external levee sediments. The change from Stage 1 to Stage 2 results from 
the decrease in confinement as the Stage 1 erosional confinement is filled, 
superimposed on a secular evolution in flow type. 

 



Stage 3 relates to the shutdown and gradual abandonment of the system and is 
dominated by mud-rich heterolithics and condensed intervals. Stage 3 deposits are 
also bounded laterally by the external levee sediments; their preservation depends on 
the degree of basal erosion at the base of the succeeding Channel Complex Set. 
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Modern image analysis techniques have been applied to rapidly develop a host of 
quantitative data detailing the temporal and spatial evolution of the Cretaceous San 
Fernando slope channel system, Baja California, Mexico. This world-class exposure 
exhibits laterally-extensive and gently-dipping continental slope sediments, providing 
the required control on sub-seismic-scale variations in lithology and 3D architecture. 
The conglomeratic nature of these turbidite deposits affords such objective 
photographic procedures to be readily applied. Variations in texture and fabric across 
the system are more recognisable using such a large range of possible lithological 
textures. 

Image analysis of segments extracted from high resolution photo-panoramas 
generates key parameters for comparison of texture and fabric of conglomerates, such 
as clast-to-matrix ratio, major axis length and orientation. Statistical analysis of these 
data enables the erection of an objective lithofacies scheme, the grouping 
of lithofacies into objectively-defined assemblages, and the establishment of models 
for the lateral and stratigraphic arrangement of these assemblages. Preliminary 
statistical analyses indicate clear textural distinctions between the axis and the 
margins of the channel system within the Stage 1 (sensu Thompson, 2010) deposits of 
individual channel complex sets (CCS) (sensu Sprague et al, 2002). Furthermore, the 
axial Stage 1 sediments of the oldest CCS are characteristically coarser-grained than 
Stage 1 deposits of the succeeding CCSs, using both maximum and modal clast 
statistics. Stage 2 sediments are consistently finer-grained than Stage 1. The results 
can be interpreted in terms of changes in the nature of sediment gravity processes in 
space and time, in which case, a similar evolutionary sequence of depositional 
processes can be applied to other slope systems of comparable geological background 
to predict slope turbidite heterogeneity. The positive correlation between the clast-to-
matrix ratio and the texture of lithofacies is one of several key relationships that can 
be derived which have implications for hydrodynamic interpretations of the turbidity 
current depositional regime.  
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Introduction 
 
The advance of 3D seismic technology has created a renewed interest in the study of 
the  processes that funnel sediment from the shelf to the deepwater along slope 
channel complexes that have proven to be highly prolific in terms of hydrocarbon 
reservoirs. Slope channels often exhibit a wide range of architectural styles, 
morphologies and internal architectural elements which develop in response to 
changes in both allogenic and autogenic drivers as sediment flux variations, tectonic 
forcing, climate change and sea level variations.  
Industrial 3D seismic reflection data of  the Pleistocene continental margin of the 
Central Adriatic Basin (inner foredeep of the Appenninc chain) has been investigated 
analysing rollover trajectory integrated with seismic geomorphology visualisation 
techniques. The continental margin is characterized by prograding, eastward dipping 
slope clinoforms, having amplitude ranging from 500 to 350 m, from the shelf sectors 
to the toe of the slope. The rollover trajectory analysis has led to the distinction of two 
different types of slope, each characterized by a specific trajectory, clinoform 
geometry, seismic facies and sedimentary architectural elements.  
 
Data interpretation  
 
Type 1 slope, which develops during ascending pathway of the rollover trajectory, is 
characterized by erosional, slope confined gullies. Slope gullies are river 
disconnected, initiate at the shelf-edge break and are straight, with a length of around 
7 km, and an average gradient of 3°. They are incised in slope sediments, with depths 
ranging from 50 m to 35 m, becoming shallower down slope, and have width of 500 
to 750 m. Generally the gullies overlies mass transport deposits, and they persist in 
fixed position during their entire evolutionary stage, without migration or avulsion 
phenomena. Their infill consisting of single-storey, high-amplitude reflectors, points 
to a relatively coarse-grained lithology. At the toe of the slope, the gullies develop 
very subtle, lobate-shaped frontal splays, less than 30 m thick, with chaotic to low 
amplitude seismic facies.  
Type 2 slope develops during descending rollover trajectory, and is characterized by 
aggradational slope channel complexes. They are river-connected, fed by meandering 
incised valleys developed in the shelf sectors. Along the slope, the channels are 
straight or moderately sinuous, and does not develop meanders, but crevasse splays 
and avulsions are quite common.  
Channels are around 8 km long, bound by nearly 2 km wide wedge-shaped levees. 
The slope channel have a width of 500 m to 1 km, with a thickness ranging from 70 m 
to 130m. Channels are vertically stacked along the slope, forming complexes which 
span from 150 to 190 m thick. Their infill consist of high-amplitude reflectors 



(HARs). At the toe of the slope, a series of frontal splays with sinuous distributary 
channels gives rise to 5 to 7 km wide frontal splay complexes, with a total thickness 
of around 200 m. The basal portion of the frontal splay complexes is characterized by 
discontinuous to chaotic seismic facies, overlapped by channelized high-amplitude 
amplitude seismic facies.  
Discussion and conclusions.  
 
We assume that this two different types of slope channels represent the end members 
of sedimentary fairways developed in a mud-prone slope, which are controlled 
predominantly by supply and sea level variations. Type 1 slope gullies develop during 
highstand periods, when most of the coarse-grained sediments are stored in the shelf. 
The slope gullies reaches the shelf-break and are inefficient fairways to transfer 
coarse-grained lithologies basinward, as confirmed by very thin depositional bodies at 
the toe of the slope. Their origin is probably linked to mass wasting processes 
affecting the slope, whereas storm-driven, surge-like, unconfined turbidity currents, 
promote gullies excavation and infill.  
On the contrary, type 2 slope channel  are river-fed, and develops during sea level low 
stand. Rivers/incised valleys furnish the coarse sediments directly to the slope 
channel, that can be fed by hyperpicnal-derived, sustained turbidity currents. They 
represent efficient mechanisms to transfer sand to the deep water, as the thick mound-
shaped frontal splay complexes confirm.  
 
 



Erosion, bypass and deposition within deep-water channels: new 
insights from the modern seafloor 
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The study of submarine channels in modern deep-water environments has led to major 
advances in our understanding of planform geometry and internal 
depositional/erosional architecture. Here, a number of case studies from the northeast 
Atlantic margin are presented, which have been collected by the author and his 
colleagues over the last decade: 
 
1. Off Mauritania, new deep-water channels are still being discovered; for example, 
the deeply entrenched and highly sinuous Cap Timiris Channel was first mapped in 
2003. This channel displays a series of features typical of ‘West African’ sinuous 
channels, such as cut-off loops and internal terraces.  
2. In the well-studied Moroccan Turbidite System, recent investigation of the lower 
reaches of Agadir Canyon with a deep-diving Autonomous Underwater Vehicle 
(Autosub6000) has allowed the detailed morphology of giant km-scale erosional 
scours to be determined, while coring of scour fills has provided new insights into 
their genesis. 
3. In the upper reaches of the Madeira Distributary Channel System, core data have 
revealed that a series of large-volume flows, transporting 10’s of km3 of sediment, 
have efficiently bypassed their sediment load without eroding the seafloor. Subtle 
changes in seafloor gradient are the key control on the location of bypass and 
deposition within this system.   
4. Off northwest Iberia, a number of relatively short and steep canyon-channel 
systems supply sediment to deep abyssal plains. TOBI sidescan sonar and 
Autosub6000 bathymetric mapping has revealed a complex series of coarse-grained 
sediment waves, erosional scours and channel-margin failures on the floors of these 
conduits. 
5. In the Bay of Biscay, the lower reaches of Whittard Channel are characterised by a 
channel avulsion that has strongly influenced the interplay between erosional and 
depositional elements, with channel levees draped by fine-grained sediment waves 
evolving into a zone of erosion characterised by large-scale scours. 
 
These examples all highlight the inherent complexity between erosion, bypass and 
deposition within deep-water channels, which has only been fully realised following 
the introduction of high-resolution imaging tools coupled with coring of shallow 
sediments. The results will be of particular interest to industry geologists involved in 
interpretation of low-resolution seismic data, where such complexity is not resolvable, 
and also to outcrop geologists involved in the 2D interpretation of erosional and 
depositional elements.    
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Turbidite channels are important hydrocarbon reservoir types, but may be hard to 
predict due to their complex internal architectures and highly variable facies, 
especially with seismic resolution problems at greater depths. The well-exposed, late 
Cretaceous San Fernando slope channel system in Baja California, Mexico provides 
an opportunity to analyze the internal architecture and lithofacies variation at 
unprecedented scales. Forward seismic modeling of outcrops incorporates outcrop 
scale details into the interpretation of conventional seismic data.  

 
The San Fernando slope channel system is a conglomeratic, deep-water channel-levee 
system that trends oblique to the slope, and consists of at least four channel complex 
sets (sensu Sprague 2002) each bounded by an erosional surface, where axial parts are 
controlled by a contemporaneous fault; architecture and lithology information from 
San Fernando outcrop were utilized to construct a detailed geological model that 
includes lateral and vertical architecture and lithology changes. The scale of the 
geological model is unique, in that the vertical scale is 250m and 2500m in horizontal, 
much larger than any reported in literature. Petrophysical properties (velocity and 
density) were adopted from different deep-water settings at various burial depths; this 
allows us to study the influence of physical property changes on seismic response.  

 
We present seismic forward models of the slope channel system that illustrate seismic 
responses of different typical slope channel lithofacies associations, show the effect of 
physical property variation on seismic expression and spectral response. For the same 
channel-levee model, different physical property input results in widely differing 
seismic expression. Identification of amalgamated channels in the axial part is hard 
due to their similar lithofacies association, and the strong reflection in marginal parts 
makes the seismic expression of geometry misleading. The results highlight how this 
approach has the potential to aid the interpretation of architectural elements in 
conventional subsurface seismic data. 
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