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Experience Overview in Deep Water Systems
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Agenda
➢ Introduction

– Petroleum systems

– Putting things into Perspective

– Integrated Shared Earth Approach

➢ Source to Sink Approaches
– Integrated G&G approach

– Landscape Evolution

– Numerical Modelling 

➢ Conceptual Models for Deep Water Systems
– Siliciclastic Systems

– Carbonate Systems

➢ Sequence Stratigraphic Assessment
– Controlling Parameters

– Sedimentological log assessment

– Forward Stratigraphic Modelling

➢ Integrated Case Studies 
– The Levant Basin, The Canadian Offshore, GoM

➢ Open Discussions around Indian Exploration Perspective

Musial et al.,
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Petroleum Systems: An Overview

➢ A Petroleum System includes all the geologic 
elements and processes that are essential to 
generate a hydrocarbon accumulation

➢ The essential elements of a Petroleum System 
include:

• Source rock,

• Reservoir rock ,

• Seal rock, 

• Trap and

• Migration

➢ These elements and processes must be 
correctly placed in time and space so that 
organic matter included in a Source Rock can be 
converted into a petroleum accumulation. 
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• A petroleum system includes all the 

geologic elements and processes that 

are essential to generate a hydrocarbon 

accumulation.

• The essential elements of a petroleum 

system include:

» Source rock

» Reservoir rock

» Seal rock

» Trap and migration

• These elements and associated 

processes must be correctly placed in 

time and space so that organic matter 

included in a source rock can be 

converted into a petroleum 

accumulation.

Petroleum Systems: An Overview
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Putting things into Perspective

200 km
20 km

500 m5 km
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Integrated Shared Earth Approach

3D Mapping of Geobodies:
• Lateral+ Vertical Extension

• Porosities and Potential Fluid Fill

• Overlay of Structural Component

• Off-structure Assessment 

2D- 3D Seismic Stratigraphic Interpretation
• Reflector termination

• Reflector Stacking Patterns

• Reflection configuration

Sedimentological and Stratigraphic Assessment
• Sedimentological Core Descriptions

• Well Correlations

• High Resolution Sequence Stratigraphy

Petrophysical Assessment

• Log correlation

• Lithologies and facies prediction

• Potential Fluid Assessment 

3D Seismic Attribute Assessment
• RMS Amplitude (lithology/porosity)

• Spectral Decomposition (good, sedimentology + fluids)

• Waveform Classification/PCA (Facies + reservoir parameters)

• Sweetness (lithology-fluids?)

• Coherency (sharp stratigraphic boundaries, faults)

Prospect Delineation
• Structural and Stratigraphic

• Volumetric Assessment

Prospect Ranking
• De-risking

• Well Location Planning

3D Seismic Reservoir Characterization 
• Pre-stack

• VP/VS (lithology)

• LR (fluid filled)

• MR (lithology)

• Porosity

• AI-GI (lithology + potential Fluid)

• High Resolution Neural Network

Pre-Drill & 

Geomechanics
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The Geological Model Uncertainties

➢ Data uncertainties:
– Volume of data available 

– Spatial extent covered (poor versus 
wide coverage)

– Type of data (single set versus multi-
scale & multi-disciplinary)

– Quality and consistency of datasets 

➢ Interpretation uncertainties:
– But what is in between well data?

– How can we extrapolate in regions 
not covered by any dataset?

– Complexity of multi-scale & multi-
disciplinary data integration

– Non-uniqueness of interpretations!
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Bridging the Scale Gap
Space + Time!!

GR
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Source to Sink Approaches

10



Source To Sink Approaches in Mixed Sedimentary Systems

➢ A Siliciclastic System is composed of silica-rich 
sedimentary rocks generated dominantly though 
mechanical erosion, transport and deposition and 
successive burial

➢ A Depositional System represents various related 
processes that drives sediments from a ‘source’ to a 
‘sink’. 

➢ Multiple Depositional Systems are studied:

– Continental Depositional systems (inc. Glacial)

– Transitional Depositional systems

– Marine Depositional systems

➢ The associated sedimentary architecture and lateral and 
vertical facies associations are dependent of the various 
depositional setting
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➢ Various processes need to be closely assessed 
in order to be able to depict the depositional 
pattern of sedimentary systems

– Weathering

– Erosion 

– Transport (via water, wind, gravity)

– Deposition

– Burial 

– Diagenesis  

➢ Depositional systems represent modern 
processes and associated features which are 
used to interpret ancient sedimentary systems 
through observations and comparisons

Source To Sink Approaches in Mixed Sedimentary Systems
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Landscape Evolution
➢ Geographic cycle (Davis,1912): following its creation by an initial rapid tectonic uplift, landforms evolved in a sequence 

of young, mature and old stages. This evolution is driven by rivers and streams which progressively reduce the land 
surface to a peneplain, a low-relief plain close to the sea level.

PHOTOGRAPHY BY JOHN CAPLIS
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➢ Landscape studies have demonstrated that rivers and streams are the most important landscape 
carving tool and sediment transport agent (Walling and Webb, 1996; Syvitski, 2003; Orme, 2007). 
Rivers provide around 15 to 50 Gt each year which correspond to 95 % of sediment entering the 
ocean (Syvitski, 2003).

Importance of a source-to-sink approach to understand a full sedimentary basin, or just the 

deep-water systems.

A source-to-sink model is not required, but an analysis of sources is useful.

Landscape evolution

Bangladesh
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➢ Observations of sediment yield: The worldly-
average denudation rate is about 40 to 60 m/Ma.
Summerfield and Hulton (1994) demonstrated that
the key factors controlling denudation rates are
variables expressing basin relief characteristics and
runoff.

Landscape evolution
➢ From observation to physics: a river system is in equilibrium if

its transport capacity is equal to its load (Lane, 1957).

➢ If the transport capacity is greater than the load, then erosion
occurs to satisfy this excess transport energy.

➢ On the contrary, if the transport capacity is less than the load,
deposition occurs in the channel.
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Yearly average Water Discharge QW and Sediment Load QS

➢ Since the early work of Holeman (1968), and Milliman and Meade
(1983), and thanks to the increasing numbers of gauging stations, huge
data bases are available and allow us to study long-term behavior of
rivers.

from Dai and Trentberth, 2002, Syvitski and Milliman, 2007



From Source To Sink (From Continental to Transitional)

Curtesy of J. Musial

➢ Continental Fluvial Systems:
– Alluvial Fans

– Braided Rivers

– Meandering Rivers

– Anastomosing Rivers/ Deltaic Plains

➢ Deltaic and Coastal Systems:
– Wave Dominated Deltas

– Fluvial Dominated Deltas

– Time Dominated Deltas

– Costal Deposits/ non deltaic

➢ Marine/Deep Marine systems
– Canyons

– Turbidites and Mass Transport Complexes

➢ Glacial Systems
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Continental Fluvial System

Courtesy of Musial et al.,
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Deltaic Systems
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Continental Fluvial System
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Continental Fluvial System
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Martinsen, 2010

Kendall, 2012

Sedimentary ProcessesFrom Source To Sink (Towards Deep Water)



Conceptual Models for Deep Water Systems:

Siliciclastic Systems
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1991

The Complexity of Submarine Fans
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Shanmugam, 2016

Distributed worldwide with a 

very high variability in forms and 

sizes

Commonly present on the 

submarine slope and basin 

floor zone

Many examples preserved 

in the stratigraphic record

Submarine Fans In the Recent and Ancient Record



Modern Submarine Fans
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Shanmugam,et al., 2016 2016

Submarine Fans Stacking Geometries and Architectural Patterns
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Submarine Fans: Apprehending Temporal and Spatial Scales!
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Deptuck et al., 2008
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From Source To Sink (Towards Deep Water)

➢ These collective sedimentary building blocks
are categorized on the basis of:

➢ Their often uniform and cyclic vertical
composition

➢ Contact Boundaries

➢ Amalgamation

➢ Stacking

➢ Variations in lateral thickness of their
geometries

➢ Whether these bodies are:

– Confined within eroded or 
constructed depressions

– Unconfined sheet

29



30

General Fan Conceptual Models
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General Fan Conceptual Models from Wells and Seismic Patterns 
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Submarine Fans with Idealized electric Log Patterns
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Types of Channel Lobes Complexes
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Architectures of deep Marine Systems
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Gravity vs Turbidity Transport Classification
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Mass Transport Deposits
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Classification of Turbidite by Bouma

Ross Sandstone, Western Ireland
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Turbidite deposits Petroleum Systems Elements
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➢ Quantification of channel and lobe sizes (plots)

➢ Thickness and lithology standard deviation maps
per experimental design

➢ Lobe measurement analysis Test other parameters

➢ Initiation of article
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Quantification of Lobe Sizes 
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Conceptual Models for Deep Water Systems:

Carbonate Systems 
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Main Carbonate Reservoirs Location
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Carbonate Structure

Skeletal

Bioclast

Coral clast/Coral

Green/red alga

Foraminifera

Echinoderm clast

Bivalve/Bivalve clast

Gastropod/gastropod clast

….

Non-skeletal
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Non-Skeletal grain occurrence

➢ Different approach to classification by focusing upon 
depositional limestone textures rather than upon the 
identity of specific kinds of carbonate grains. 

➢ Two aspects of texture: 
– (1) grain packing and the relative abundance of grains and 

micrite 

– (2) depositional binding of grains.

➢ Embry and Klovan (1971) modified Dunham’s classification 
by subdividing limestones composed of originally unbound 
constituents into two groups on the basis of carbonate 
grain size.

– They introduced the terms floatstone and rudstone to 
describe conglomeratic texture.

– They also subdivided boundstone into three 
subcategories on the basis of the presumed kind of 
organisms that built the limestones: bafflestone, 
framestone and bindstone.
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Dunham’s Classification (1962)
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➢ Carbonate platform slopes can range between 1 to 90 
°. 

➢ Granular and coarse grained sediment (non cohesive) 
as conglomerates or calcarenites are able to construct
steeper slopes than the muddy ones. 

➢ The early cementation of carbonate mud can also help 
build much steeper slopes than in siliciclastic
environments

➢ Storm structures as (HCS) could also be identified in 
such settings.

➢ We are going deeper and deeper. So now let’s see the outer-platform and the upper slope, corresponding
to the transition at the shallow-water platform margin to a transitional slope facies in which the bulk of 
sediment has been re-sedimented

Outer Platform and Upper Slope
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General assumptions

- Transitional facies between shallow platform margin 

and deep platform facies

- Storm structures are frequent in the upper part

- Grainy and muddy facies can coexist in these environments

- Crinoids, echinoids, brachiopods, annelids tubes, planktonic 

forams are the main organisms

Outer Platform and Upper Slope
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➢ In such type of environment the sedimentation 
is mainly represented by a marked stratification 
between shale and carbonates

➢ Storm events produce a large variability of 
stratigfication architectures that impacts 
sediment deposits in ramp settings

➢ Such deep environments are below the Fair weather wave
base and are thus calm and characterized by detritic
components (quartz…) and by a muddy texture (mudstone
to wackstone as well as by several specific organisms

➢ Gravity driven deposits are also expected

Lower Slope & Deeper Basin
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A B

C

A

B

C

Carbonate turbidites and slump

(Slope deposits – Norian of 

Calabria,

Southern Italy)

Deeper Environments
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General assumptions

- Presence of a detrital fraction

- Muddy texture (mudstone and wackestone)

- Slumps, turbidites

- Cephalopods (ammonites, belemnites), irregular echinoids, 

sponge spicules, Calpionella

- Radiolarites

Lower Slope & Deeper Basin: Summary
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➢ At first deep marine sediments were thought to be mainly
composed of pelagic mud and ooze deposited in a calm setting. 

➢ However calcarenites have been observed and are expected to 
be linked to turbidite currents in deep settings and are 
expected to contribute to the deep marine deposits

➢ Pelagic carbonates are debris of skeletal planktonic 
organisms deposited in open marine systems in the 
Mesozoic and Cenozoic

➢ Non lithified carbonates (ooze) cover almost half of 
the deep marine settings. They are mainly present
above 4500m of water depth.

➢ These carbonates desolve deeper than 4500m 
(Carbonate Compensation Depth CCD-
acuumulation rates equal to dissolution of 
carbonates) 

Deep Basin: Pelagic Deposits

❑ Different depositional locations for carbonate ooze

▪ on highs: spreading ridges (2.5 to 3 kms deep), volcanic highs

▪ small ocean basins (Red Sea, Mediterranean): high T° and salinities

▪ continental margins : pelagic sediments with no terrigenous input (Bahamas, 

Yucatan)

AAPG Memoir 77, 2003globigenirids

0.4 mm
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North Sea example

➢ Many lithofacies due to different depositional processes, 
and diagenesis

➢ 2 main facies: 
– pelagic chalk: accumulation of coccoliths, 15-25 

cm/1000 yr
– resedimented units (allochtonous): thin turbidite

beds, slumps, slides 
➢ Diagenesis:

– chalk mostly made of low Mg Calcite (96-99%)
– main process: compaction (chemical and physical): 

but limited due to several reasons!

➢ Porosity:
➢ wide range: 0-52 %, high porosity (50%) can occur at great depths (3 kms)

➢ Overpressuring due to:

– rapid subsidence after deposition, low total permeability & lateral confinement by graben margins

– Lithostatic pressure supported by pore fluid pressure -> reduced compaction -> porosity is preserved
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Upper Cret. is a period of high sea-level: 200 m of chalk deposited in Western Europe, thickening to 1200 m in the 
North Sea - important HC reservoir

Chalk – Etretat, France, 

(Cretaceous and Tertiary)

Ancient Pelagic Carbonates
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Resedimented carbonates 

Shallow-water carbonates in deep-water settings are common
in the geological record !

➢ Resedimented carbonates (reef debris, carbonate megabreccias, 
limestone turbidites) are  important Hc reservoirs (Permian of 
Texas, Mexico, North sea chalks)

➢ Different processes are involved: rock falls, slides, slumps, gravity
flows, turbidity currents

Source material: pelagic ooze in most cases

Mobilization: by seismic events or sea-level variations

Processes:

– Rockfalls: along steep slopes (common along PF margin limited by a 
fault, or near reefs)

– Slides and slumps: sediment movement on carbonate slopes, along
detachment surfaces, with more or less internal deformation

– Sediment gravity flow: turbidity currents, limestone turbidites

Forereef Breccia
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Slope Channels/ Turbidite channels

Eberli in AAPG Memoir 81, 2004
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Gravity driven processes
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Carbonate Slope Deposits
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Bouma sequence

Schematic model of 

submarine fan sequence

Resedimented carbonates 
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Cook and Edberg, 1981

Carbonate submarine 

fan model

Resedimented carbonates 

Model of shelf-slope-basin 

transition in the Late Cambrian and 

Early Ordovician of Nevada 58



The Importance of Sequence Stratigraphy
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Definition & Application
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Historical Background: 1880-1900, Walter’s law

• Sedimentary rock types also record the environment of their deposition. 

• Depositional environments can shift laterally as conditions change. 

• When so, laterally related environments become superimposed. 

• Time transgressive sedimentary formations, are the result. 

• The succession vertically and laterally will be the same. 

- to a vertical progression of facies can be found 

corresponding lateral facies changes. Or, 

- lithologies that conformably overlie one another 

must have accumulated in adjacent depositional 

environments.

Johannes Walther enunciated (1893-94) the principle that
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Historical Background: 1950-1980, Seismic Stratigraphy

➢ Originated during the 1960s with the study of the stratigraphy of the continental USA, where numerous unconformities could 
be correlated widely, and led to the proposal that major unconformities might mark synchronous global-scale events.

➢ Studies of outcrops and seismic lines bore out these concepts, which initially were called "Seismic Stratigraphy" and first 
published widely in 1977.

Seismic stratigraphy: study of the stratigraphic relationships on seismic data
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Historical Background: 1950-1980, Genetic Stratigraphy

Genetic stratigraphy: sequence stratigraphy building

up from smaller units such as from cores and logs,

integrating facies models.
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Historical Background: Summary
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Definition & Application

➢ Applications of sequence stratigraphy cover
a wide range, from deciphering the Earth’s
geological record of local to global changes
in paleogeography and the controls
governing sedimentary processes, to
improving the success of Petroleum
Exploration and Production

➢ Sequence stratigraphy is uniquely focused
on analyzing changes in facies and
geometric character of strata and
identification of key surfaces to
determine the chronological order of
basin filling and erosional events.

Cataneanu et al., 2009
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Sedimentation is controlled by 3 main factors

Homewood et al. (2000)

Principle of accommodation space

Influencing Factors
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Sediment Supply

Homewood et al. (2000)

Influencing Factors
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Exercise

Influencing Factors
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Exercise

Influencing Factors
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DEFINITIONS & CONCEPTS in sequential stratigraphy

Controls on the sedimentary record

Astronomic cycles

Tectonic regimes

• Glacio-eustatism

• Climate

• Paleogeography…

• Tectono-eustatism

• Paleogeography

• Sediment supply…
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Hierarchical Depositional Sequences

Vail et al. (1991)
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Genetic types of Deposits
➢ Stratal stacking patterns respond to the interplay of changes in rates of sedimentation and base level, and reflect combinations of

depositional trends that include progradation, retrogradation, aggradation and downcutting.
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Geometries of stacking patterns

Homewood et al. (2000)  73



System Tracts

Van Wagoner et al., 1988
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Sequences Orders

IIIrd-order

Genetic Unit (Parasequence)

Different orders of sequences
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Highstand Systems Tract
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Transgressive Systems Tract
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Lowstand Systems Tract
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Q&A
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Sedimentation is controlled by 3 main factors

Homewood et al. (2000)

Principle of accommodation space

Influencing Factors
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Sediment Supply

Homewood et al. (2000)

Influencing Factors
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Exercise

Influencing Factors
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Hierarchical Depositional Sequences

Vail et al. (1991)
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Hierarchical Depositional Sequences

Vail et al. (1991)
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Geometries of stacking patterns

Homewood et al. (2000)  85



Geometries of stacking patterns

Homewood et al. (2000)  86



Termination Geometries
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Termination Geometries
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Termination Geometries on Seismics

Exercise
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Termination Geometries on Seismics

Exercise
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System Tracts

Van Wagoner et al., 1988
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System Tracts

Van Wagoner et al., 1988
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Lowstand Systems Tract
➢
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Transgressive Systems Tract
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Highstand Systems Tract
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Carbonate Sequence Stratigraphy
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Schlager, 2006

➢ Stationary sea-level : vertical accretion only, increase of 
relief between shelf and basin

➢ Sea-level rise : shelfwards migration of facies belts, 
backstepping - onlaps

➢ Rapid sea-level rise (much higher than carb. sedi. rate): 
drowning, deposition of deep water sediments

➢ Sea-level fall (or overproduction of carbonate): basinward
progradation - offlaps, development of clinoforms

➢ if sea-level below the shelf break, subaerial exposure
of the shelf

Characteristics of depositional patterns
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Rimmed shelf

Characteristics of Rimmed Shelves
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Ramp setting

Characteristics of Ramp Settings
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Summary 
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Carbonate Stacking Patterns
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Conclusions

➢ The optimal approach to the application of 
sequence stratigraphy relies on the integration 
of outcrop, core, well-log and seismic data sets 
(1D, 2D and 3D). 

➢ Each provides different insights into the 
identification of stratal stacking patterns and 
sequence stratigraphic surfaces, and mutual 
corroboration is important to reduce the 
uncertainty of the interpretations.

➢ Not all data sets may be available in every case 
study, a factor which may limit the “resolution” 
of the sequence stratigraphic interpretation. 
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Forward Stratigraphic Modelling
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➢ Data uncertainties:

– Volume of data available 

– Spatial extent covered (poor 
versus wide coverage)

– Type of data (single set versus 
multi-scale & multi-disciplinary)

– Quality and consistency of 
datasets 

➢ Interpretation uncertainties:

– But what is in between well data?

– How can we extrapolate in regions 
not covered by any dataset?

– Complexity of multi-scale & multi-
disciplinary data integration

– Non-uniqueness of 
interpretations!

Locks et al., Eberli 2004

How far can we Define and Quantify Uncertainties?
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A need to understand the link between concepts and numbers is of utmost 

importance

Conceptual Model

?

➢ Representation of a “System”, based on
concepts which are used to allow people better
assess, understand and simulate it.

➢ Conceptual models are often abstractions of the real
world whether physical or social or...

➢ Numerical models are mathematical models that are
designed to simulate and reproduce the mechanisms and
behavior of a particular physical system.

➢ A numerical simulation is a calculation that is run on a
computer following a program that implements a
mathematical model for a physical system. (Nature journal)

Numerical Model

VS

• Marfisi & Hawie 2016

Towards Numerical Modelling Approaches
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Hawie et al., 2015-2020, Huang 2015

Multi-scale/discipline data
(Seismic, Borehole, Field)

Process
Modeling

Sedimentary Process 
Modeling

Basin and Reservoir Scale
Stratigraphic Modeling

Integrated Basin
Model

Data-driven
Modeling

Deterministic
Modeling

Stochastic
Modeling

Static Reservoir
Modeling

Flow Model

Historical data-driven methods

Innovative process-based 
methods

Scale and 
Methodology 

Challenges

Hybrid Integration

UPSCALED

Shift from Data-Driven to Process-Based Hybrid Approaches
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Hawie et al., 2014, 2015, 2016,, 2019, Salmi et al., 2019

➢ Use of deterministic process-based tools that reproduces the interaction between the main mechanisms driving sedimentation (i.e., 
subsidence, bathymetry, sediment transport/in situ production, erosion, eustasy) to generate geologically sound numerical models.

▪ Transport equations

▪ Productions laws, ecological constraints

Process Based FSM Workflows

Sensitivity AnalysisWorkflow Input Scenarios

1

2

3

4

5

6

7

Initial Paleo-bathymetry

Subsidence History

Eustasy

Supply and Production

Transport processes

Calibration

Facies Definition

Variable parameters:
+/- Initial Bathymetry
+/- Sediment Supply, 
+/- Fluvial Discharge, 
+/- Content (sediment ratio), 
+/- Sea Level
+/- Wave Energy,
+/- Long Term transport,
+/- Short term transport, 
+/- Slope failure, 
+/- Precipitation
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➢ Sabkha/Hypersaline Environment

– Precipitation versus evaporation

– Water salinity index 

– Salt ecological system (wave energy, 
siliciclastic influx)

– Salt production and dissolution rates…

➢ Carbonate Marine Environment

– Wave characteristics

– Carbonate production laws

– Temperature, lighting

– Ecology + carbonate factory

– Transport….

➢ Siliciclastic Continental and Marine 
Environments

– Source location and direction

– Water discharge characteristics

– Transported lithologies

– Erosion

– Source activation….

Complex Ecological Interaction in Mixed Sedimentary Systems

50 km

Data Science and AI can play a major role in screening rapidly these input parameters
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Using Integrated Database to Constrain Numerical Models

➢ Various integrated platforms/databases that 
combine models of plate tectonics, sea level 
change, paleoclimate and geological structure

➢ Integrated databases plays an important role in 
quantitively assessing input parameters ranges 
of values as well as allows a much faster model 
calibration approach and a better de-risking of 
petroleum systems elements

➢ Training models through Artificial intelligence 
(e., Neural Network approaches) is currently 
being used in G&G to overcome various 
mapping and properties prediction challenges

International Peer-Reviewed

Publications
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1D, 2D and 3D Calibration of Stratigraphic Models

➢ Calibration of Forward Stratigraphic Models 
is conducted in 1D, 2D and 3D

➢ Qualitative versus Quantitative Calibration

➢ 1D-3D Calibration Indicator Factors are 
developed to assess various simulated 
properties:

➢ Lithology/Facies Calibration 

➢ Thickness Calibration

➢ Rock Properties Calibration

➢ Ecological factors

➢ Geometry/Architecture Calibration

➢ Sensitivity Analysis is conducted to predict 
simulation/model behavior in areas lacking 
enough constraints

• Well data

• Seismic 

Reservoir 

Characterization

• Multi-Seismic 

Attributes

• ….

Lanteaume et al., 2018
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➢ Model Specifications:

▪ 20km*20km

▪ 200m*200m cell size

▪ Simulation time steps: 20kyrs

Canyon to Basin floor Fan

Process Based FSM Models

Siliciclastic Systems

Deptuck et al., 2008
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Intra-slope Fan: TrinidadTotal Model 
thickness

Overall Sand 
Proportions

Overall Sand 
Proportions

Process Based FSM Models

Siliciclastic Systems
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Temporal Scaling (1kyrs, 5kyrs, 10 kyrs, 20kyrs time steps)
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Sensitivity Analysis (Shale vs Sand Content ex)

Very Low Low Medium High

Facies 

Coarse 

Sand

Shale 

Content

Water 

Discharg

e

Generating Sensitivity Maps on:

• Lithology N/G

• Thickness STD

• Reservoir Thickness STD

• Seal Thickness STD

• Amongst others



Generating a Seismic Synthetic out of the FSM 

➢ Recent advances have been made to use 

FSM as a backbone to generating seismic 

synthetic

➢ This approach allows to:

• Compare FSM synthetic to gathered seismic 

response

• Focus on geometrical, architectural and stratigraphic 

patterns

• Identify regions with potential amplitude/geophysical 

anomalies for further investigation

• Predict lithology response on the resultant 

Note that: The generating seismic synthetic in the FSM is representative of the signal response of PRIMARY 

LITHOLOGY and DEPOSITION and does not account to any fluid presence in the rocks neither to post deposition 

DIAGENESIS or ALTERATION OF FACIES. So care should be taken while comparing real to FSM synthetic! 
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Generating a Seismic Synthetic out of the FSM 

Seismic Data High Resolution FSM Seismic Synthetic FSM

Hawie et al., 2022 (in prep)
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Carbonate Factories

Climatic and Oceanographic conditions

Controls on Carbonate + Evaporite Deposition
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Process Based FSM Models

Carbonate Systems
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Tethyan Complex

Carbonate systems Reservoir Models

Automated Multi-simulations

Sensitivity Analysis
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• Stratigraphic model takes into account:

• Primary productivity of organic matter

• Degradation along water column

• Substratum content oxygenation

• Preservation by burial efficiency

It is also used in Unconventional 
Systems while coupled with Basin 

models to predict primary SR 
characteristics and present day yet 

to find

Organic Matter Prediction + Basin Modelling coupling
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From Final Integrated De-Risking of Plays to Prospect Evaluation

➢ G & G interpretation and integration

➢ Stratigraphic and Basin Modeling for 
Petroleum systems element prediction

➢ Play Assessment and Risking 

Hawie et al., 2016, 2019121

High Resolution 

Prospect de-risking

4D Field Development 

Support
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Case Studies:

1. The Levant Basin
2. Canadian Offshore

3. Golf of Mexico/ Trinidad
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The Levant Basin 
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The Eastern Mediterranean domain

Hawie et al., 2013b

Modified from Le Pichon & Kreemer (2010) 124

➢ How can sedimentary record help in deciphering the 
geodynamic evolution of a frontier basin?

➢ What are the impacts of successive deformation events 
on the subsidence and architectural evolution of the 
Levant Basin and its margin?

➢ How can sediment sources contribute to the filling of a 
continuously deforming margin and basin?



Outline

1. Geodynamic and tectono-stratigraphic
framework of the Levant region

2. Methodology

3. Results

1. Seismic interpretation

2. Fieldwork results

3. Forward stratigraphic modeling of the Miocene
source to sink system

4. Concluding remarks
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Geodynamics

Middle Miocene to present collision and strike slip deformation 

Modified from Bellahsen et al., 2003; Hawie et al., 2013, 2014

Middle Miocene to Present
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Levant Onshore Offsore Conceptual Model
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Methodology

1. Seismic interpretation

2. Fieldwork

Hawie et al., 2013a, b; 2014, 2015 128

3. Conceptual geological model

4. Forward Stratigraphic Modeling

Modified from Csato et al.,  2010



Hawie et al., 2013b

Mitchum et al., 1977; Catuneanu et al., 2009 

F3

F7

F1
Hemipelagic deposits

Fan lobes or turbidites

Channel

15 seismic facies described for 
the northern Levant Basin5 km

Seismic facies analysis
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Levant Basin correlation and age constraints

1
0

 km

30 km
130



Hawie et al., 2013b

25km

Levant Basin architecture
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Hawie et al., 2013b

25km

Levant Basin facies
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Levant Basin offshore Lebanon

Hawie et al., 2013b
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• Major change in the geodynamic setting from 
collision into strike slip

• Northward propagation  of the Levant Fracture 
System and rapid evolution of Mount Lebanon

• Escape tectonism attested along the Anatolian 
Micro-plate and the Latakia Ridge

Impact on sediment erosion transport and 
deposition from the rapidly deforming margin 
into the continuously subsiding Levant Basin

Isopach Mapping

Why focus on the Middle to Late 
Miocene rock unit ?



Mid to Late Miocene Model
Northern Lebanon (facing Tripoli)

Furstenau et al., 2013

Amplitude map (low-blue, high-light blue; highest-red)

Hawie et al. 2013b
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Mid to Late Miocene Model
Southern Lebanon (facing Saida & Tyr)

Hawie et al., 2013b

e
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• Focus on the 
sedimentological and 
stratigraphic evolution of 
northern, central and 
southern  Lebanon from 
the Upper Jurassic to the 
Late Miocene

• 6 field trips have been 
conducted

Total of about 6000 m
of sedimentary logs 
supported by 
nannofossil and 
foraminifer 
biostratigraphy

Fieldwork

137

Hawie et al., 2013a
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North Lebanon



Lebanese Hinterland: Bekaa Valley
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Miocene correlation

Hawie et al., in prep 2015
140



Miocene (central coastal Lebanon) 

141



Miocene (southern coastal Lebanon) 
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Miocene conceptual model

143

Middle Miocene Upper Miocene

Hawie et al., in prep. (a)



•Multi-disciplinary approach permitting 
the assessment of

• (1) sedimentary basins  a
architecture

• (2) sedimentary erosion, 
transport and deposition

• (3) sedimentary volumes 
and facies

FSM is a deterministic “process-based modeling tool that 

accounts for accommodation, supply and transport” 
(Granjeon, 2009). 

Diffusion equation: Qs= K. Qw.S

Modified from Robin, 
1997 & Martinsen
et al., 2010

Source to Sink approach

Qs: sediment flux (m2/s)     K (km2/ky): diffusion coefficient     
Qw: water flux S: Slope

144



Volume calculations and uncertainties

•Volume estimations based on Literature and ArcGIS workflow and 3D simplified polygon calculations

Modified from Macgregor, 2012

145

Hawie et al., 2013, 2014, 2015



Compacted
Mid-Late Miocene 
(excl. salt) sink volume 
= 33000 km3

Latakia

Nile

Lebanon

Arabia

Best fit model

•Honors the thicknesses and facies
spatial extent

•Volumes order of magnitude are split 
into:

•Southern source
•50% nilotic provenance

•Northern & Eastern
•30% from the Levant margin 
(Lebanon/Arabia, Latakia)

•Basin in situ sources
•20% of carbonate and 
hemipelagic deposits

146



147

N

Latakia Ridge

Dead Sea

Mt Lebanon Palmyrides

Judea Mts

16 Ma14 Ma12 Ma10 Ma6 Ma

320 km

3
2
0
 k

mModel

Fine clastics

Best fit model



Best fit model
Time lapse: 1Ma

148

Hawie et al., 2015

Fine clastics

Qw Nile: 2830 m3/s
Qw Arabia: 800 m3/s
Qw Latakia: 80 m3/s

K coarse> 5km2/ka

K fine= 5X K coarse



Time lapse: 1Ma

149

Hawie et al., 2015

Fine clastics

Qw Nile: 2830 m3/s
Qw Arabia: 800 m3/s
Qw Latakia: 80 m3/s

K coarse> 5km2/ka

K fine= 5X K coarse

Best fit model



b

Good fit with the field work results

Rhodalgal deposition Hemipelagic deposition

150

Hawie et al., in prep (b)

Rhodalgal realm: 0-100 m depth
Production: 60 m/Ma

Hemipelagic realm: >200 m depth
Production: 30-40 m/Ma

Best fit model



Hawie et al., 2013b

Conclusions

Upper Miocene

•Facies models for the Middle Jurassic to 

recent have been proposed

•Miocene source to sink system tested by 

Forward Stratigaphic Modeling
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The Canadian Offshore
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Study Framework and Objectives

From Kendell and Deptuck, 2012

Study area located around the SE flank of Nova Scotia 

along the Central Scottian Basin (Sable Sub basin). 

The main objectives are to:

– Assess the source to sink systems contributing to 

the Upper Jurassic and Lower Cretaceous 

sedimentary infill

– Evaluate the deposition of reservoir facies along 

the shelf, slope and basin through integrated multi-

disciplinary and multi-scale approaches

– De-risk petroleum systems elements (reservoir, 

seal, stratigraphic trapping)

153 153



➢ Rifting in the Late Triassic followed by Salt 
deposition and the onset of a passive 
margin along the Scotian Basin

➢ Fluvio-deltaic setting developing in the 
Lower Cretaceous along the shelf while 
deeper basinal settings are identified 
offshore (Cummings and Arnott, 2005; Piper 
et al., 2010) 

➢ Loading of salt induced deformation 
controlling the onset of growth listric faults 
and mini-basins depocenter (Shimeld, 2004; 
Ings and Shimeld, 2006) 

Studied 

Interval

Modified from Weston et al., 2012

Regional Geology
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Sedimentological and Stratigraphic Datasets

➢ Provenance

– Age dating

– Chemical Data

➢ Paleoclimate

➢ Biostratigraphy

➢ Lithofacies classification

➢ Shelf edge interpretations

➢ Point Counting

➢ Grainsize

➢ Lithology from cores

N



Sources Locations

➢ Determined from provenance studies

➢ Age dating

– Muscovite (Reynolds et al., 2012)

– Monazite (Pe-Piper et al., 2014)

– Zircon (Pe-Piper et al., 2012)

➢ Chemical Data

– Bulk rock geochemistry (Zhang et 
al., 2015)

– Geochemical fingerprinting 
(Tsikouras et al., 2011)

Approximate study area
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➢ 3 Main sources:

– The Meguma terrane 

– Mainland Nova Scotia

– The Sable River

– Southern Labrador, the long 

range inlier of Western 

Newfoundland, and the 

Maritimes Basin

– The Banquereau River

• Humber Valley of Western 

Newfoundland, and Southern 

Newfoundland

157

Sources Locations

Approximate study area
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Sources Activation in the E.Cretaceous

➢ Upper Missisauga Formation (130-125Ma)

– Sable, Meguma, and 

Banquereau

➢ Naskapi Member    (125-112Ma)

– Meguma

➢ Cree Member          (112-101Ma)

– Sable, Meguma, and 

Banquereau

Zhang et al., 2014
Haywood et al., 2005
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Catchment Areas

➢ Apatite fission track models
– Grist and Zentilli 2003 

– Hendriks et al., 1993

➢ Comparison to the East African Rift
– Chorowicz, 2005

➢ Mass balance calculations
– Reynolds et al., 2009

Modified from Zhang et al., 2014, Hawie et al., 2015

N
Approximate study area

*Inputs are maximum values, they assume 100% transport from all catchment areas to the study area.



System Inputs (Flow Paths)

N N

N

Upper Missisauga Nascapi

K-130 K-125

K-112

Cree

160

Hawie et al., 2017

Sangster et al., 2019
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Bathymetry

Shelf edge from:

Deptuck et al., 

2014

Smith et al., 2011

Piper et al., 2004

Wade and 

Maclean, 1990

N

Based on a compilation of data sets

Biostratigraphy

● Weston et al., 2012

● Ascoli, 2011

● Ascoli, 2010

● Robertson Res.Inter. Ltd., 2004

● Robertson Res. Inter. Ltd., 2000

● Petro Canada Exploration Inc., 1982

Lithofacies classification

● Gould et al., 2012

Shelf edge interpretations

● Deptuck et al., 2014

● Deptuck et al., 2011

● Smith et al., 2011

● Deptuck et al., 2008

● Piper et al., 2004

● Wade and Maclean, 1990
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Hawie et al., 2017

Sangster et al., 2019
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Grain size (Average)

Based on 

compiled 

point 

counting 

data

Based on BSE images from Pe-Piper and Yang, 2014

Feldspar

162

Hawie et al., 2017

Sangster et al., 2019
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Proposed Geological Model
Seismic Stratigraphic and facies 

analysis

Well Correlations

Wide dataset to be explored:

– Well data (margin and slope)

– 2D and 3D seismic data

– Seismic Stratigraphy

– Sedimentological interpretation

Shelf, slope to deepwater domain 

Complex Salt deformation

Reservoir Assessment

Upper 
Mississauga

Logan Canyon

GDE Maps

163

Hawie et al., 2017

Sangster et al., 2019
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Forward Stratigraphic Modelling

t
0

t
1

t
2

Initial 

paleo-bathymetry

+

Sediment Input
Simulated sedimentation

4D Grid

Time Steps

C
m

 t
o

 k
m

s

Subsidence

Low Energy Long Term (LELT): slow gravity permanent 

fluvial transport

– Gravity Driven

– Water Driven

– Wave Driven

High Energy Short Term (HEST): induced by major fluvial 

floods (hyperpycnites, fine turbidites)

FSM is a deterministic process based tool that reproduces 
sedimentary transport and deposition of siliciclastic and 
carbonates.  

The transport rate proportional to basin slope and water 

discharge:

Qs = K Qw S
– Qs = Sediment Load

– Qw= Water Discharge

– S = Depositional Slope

– K = Diffusive Coefficient

164

Hawie et al., 2017

Sangster et al., 2019
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Multi-Realization and Sensitivity Analysis

• Integrated link to CougarFlow:

– Understand uncertainties

– Understand the risk associated to 
the model

• RSM based (Response Surface Model): 
drastic reduction the number of 
simulations without compromising 
results quality.

Main parameters types to be tested: 
Sediment lithology proportions, Water 
discharge and sediment load, sources 
location and width

165 165



Model Framework 
Sediment 

Sources

Thickness maps 

K130-K101

Thickness 

(m)

Salt depth map

Depth (m)

Initial paleo-bathymetry 

at base K130

Depth (m)

Simulation Parameters

Block X length

– 185 Km

Block Y length

– 215 Km

Block Azimuth (orientation)

– 63.9°

Cell size

– 5 km x 5 km

Initial age of simulation

– 130 Ma

Final age of simulation

– 101 Ma

Size of time steps

– 0.5 Ma 

– 0.2 Ma

Miller et al., 2005 Eustatic curve

3 Main lithologies:: Sand, Silt, 

Shale

Available Geophysical 

input data

K-130 and K101 

interpreted surfaces

Salt depth map

Need to acquire 

intermediate surfaces 

for the next phase of 

the project

Unit

Avg. 

thickness 

(m)

(PFA 2011)

Percent 

Thicknes

s

Cree 685 43

Naskapi 200 20

Upper 

Missisauga

368 37

166

Hawie et al., 2017

Sangster et al., 2019
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Reference Case Model

Vertical Ex. 10x

Shelf 

edge 

affected 

by listric 

faulting

Fluvio-Deltaic/ Estuarine (sand >30%)

Inner neritic sand

Fluvio-deltaic channels

Sandy turbidites

Fine turbidites

Basinal Shale

Mixed turbidites (shale & silt dominated)

Fluvio-Deltaic/ Estuarine (sand<30%)

Middle outer neritic sand

Mixed lobes (sand>20%)

Mixed lobes (sand<20%)

Sedimentary Facies

Shelf 

Edge

Vertical Ex. 20x

a. Facies

b. Bathymetry

Shelf edge affected 

by listric faulting

Salt domain

S

h

e

l

f

Mini basins 

facing the 

slope 

Main salt 

mobilization 

sector

Logan Canyon 

System

Upper

Mississauga
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Hawie et al., 2017

Sangster et al., 2019
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Sedimentary Pathways

10X
Top Salt Canopy extent

Depth (m)

• Main sedimentary pathways driving sediments from the 

shelf towards the basin are diverted around salt domes 

and canopies

• Large sediment entrapment is occurring around the 

shelf following syn-sedimentary listric faulting 

development as well as in mini-basins formed as a 

consequence of continuous salt deformation

Interval K130 – K101

Listric faults

domain

Salt domain

Vertical Ex. 20x

Sedimentation Rates (m/Ma)
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Hawie et al., 2017

Sangster et al., 2019
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The Alma-Balvenie Sector

169

Hawie et al., 2017

Sangster et al., 2019
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The Tantallon Sector

Vertical Ex. 10x

Vertical Ex. 10x

Transfert of sediment through water 

flow along the prodeltaic slope

Shelf faulting

Shelf faulting

Thick aggrading to prograding

prodelta slope deposits

Fluvio-deltaic to neritic settings

Concentration of water discharge

along the fluvio-deltaic setting 

(Piper et al., 2010) 

Transfert of sediment channels along

the prodeltaic slope

Mixed pro-deltaic to deeper marine 

channels and turbidites

Facies

Facies Water discharge (m3/s)

Vertical Ex. 20x

Vertical Ex. 20x

(Piper et al., 2010) 
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Hawie et al., 2017

Sangster et al., 2019
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The Alma Marginal Sector

Vertical Ex. 5x

Prograding geometries

in the Upper Missisauga

Facies

Vertical Ex. 5x

Prograding geometries

in the Upper Missisauga

Thickening of the sedimentary pile 

towards the shelf edge due to salt withdrawal

and consequent listric faulting

Water discharge (m3/s)

(Modified from Piper et al., 2004) 

L
o
g
a
n
 C

a
n
yo

n
U

p
.M

is
s

Thickening of the sedimentary pile 

towards the shelf edge due to salt withdrawal

and consequent listric faulting

Fluvio-Deltaic/ Estuarine (sand >30%)

Inner neritic sand

Fluvio-deltaic channels

Sandy turbidites

Fine turbidites

Basinal Shale

Mixed turbidites (shale & silt dominated)

Fluvio-Deltaic/ Estuarine (sand<30%)

Middle outer neritic sand

Mixed lobes (sand>20%)

Mixed lobes (sand<20%)

Sedimentary Facies
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Hawie et al., 2017

Sangster et al., 2019
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Model Sensitivity (QS,QW)

average sand%

Overall average sand
content results of the 1st 
experimental design (+/-
20% on Qw & Qs)

The related standard 
deviation (top-right). 
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Hawie et al., 2017

Sangster et al., 2019
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Model Sensitivity (Ksand)

average sand%

Overall average sand
content results of the 
2nd experimental design 
(Ksand variation) 

the related standard 
deviation (top). 
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Hawie et al., 2017

Sangster et al., 2019
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The Golf of Mexico and Trinidad

174



Objective

Providing a time scaled reproduction of the geometry and 

distribution of sedimentary bodies in deep sea marine environments

Seismic

Data

McDonnell et al., 2008

Outcrop

Description

G. Gordon, 2014

Forward Stratigraphic

Modelling

175

Hawie & Marfisi 2017
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Model Building (2/2)

Long-term flow + short term events (climatic cycles)

Salt deformation and its impact on sedimentation was  simulated

Model base evolution from 35 to 30Ma –

VEx10

176



Overall Facies Model
Sediment Supply

L
o

w
 

Example from 35-32,6 Ma  VEx50

Climatic Variations on Supply +/-

50%

Hawie & Marfisi 2017
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Overall Facies Model & Geometries

Example from 35-32,6 Ma  VEx50

Hawie & Marfisi 2017
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Channel Complex

2,5 km

Channel Stacking Patterns

Campion et al. 2011,

Bersezio et al.,2011 

2
1
0
 m

Example from 35-32,6 Ma  VEx50

T
im

e

Hawie & Marfisi 2017
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A

B

C

D

Zhang et al. 2016,

Ex. of submarine fans Niger Delta

Zoom on Channel- Lobe complex VEx50

BA

DC

5
0
 m

6
5
 m

180

Channel Stacking Patterns & Lobe Architecture

Hawie & Marfisi 2017
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Water flow

Coarse sand distribution

VEx100

Facies distribution

A Fleming 2013

Channel & Lobe Granulometry

Hawie & Marfisi 2017
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Impact of Salt Deformation

Time step of 50kyrs

VEx100
Hawie & Marfisi 2017
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Thickness & NTG Maps (1/2)

Pre-Salt (35 to 34Ma): {medium + coarse sand}

Hawie & Marfisi 2017
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Thickness & NTG Maps (2/2)

Post-Salt (34 to 32Ma): {medium + coarse sand}

Hawie & Marfisi 2017
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Uncertainties & Experimental Design

3 uncertain parameters

● Fluvial discharge through time (+/- 20%)

● Sediment supply for both sources (+/- 20%)

● Proportion of qz sand in both sources from 33Ma (+/- 20%)

Total of 11 simulations to cover the entire uncertain domain

Hawie & Marfisi 2017
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Sensitivity Maps

Example for the pre-salt deformation sequence:

186

Hawie & Marfisi 2017
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Very Low Low Medium High

Facies 

Coarse 

Sand

Shale 

Content

Water 

Discharg

e

Simu 5
Simu 7Simu 9 Simu 12

Experimental Design 1 (Shale Content)

187
Hawie et al., 2017,2018, 2019

187



Added-Value of Integrated FSM for E & P

Geological & Facies Model Validation
● Evaluate all compiled data consistency

● Regional sedimentary concepts

Study of Sedimentary processes
● Depositional environment and environmental parameters for clastics and carbonate

Reservoirs, Seals & Source Rock Delineation 
● Geometries and facies : extension, thicknesses, connectivity

● Extension and thicknesses of seals

● Distribution, thicknesses and nature of source rocks

Enhance basin petroleum models (pressure, 

temperature and migration simulations)
● Generation of detailed facies maps for basin modeling

Enhance Reservoir Models

Multi-realizations & sensitivity analysis
● Better assessment of geological uncertainty and risk 

Water Flow

Texture Sensitivity Map

Lateral facies variations

188
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Final Open Discussion:
Interesting Exploration in India
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Interesting Exploration Frontiers in India

Mumbai Offshore Basin 

➢ Age of the Basin & Sediment-thickness
Late Cretaceous to Holocene with thick sedimentary fill ranging from 1100-
5000 m. possibility of occurrence of Mesozoic synrift sequences in the deep-
water basin have been indicated by the recently acquired seismic data by GXT, 
it needs to be further ascertained by future studies.

➢ Exploration history
The first oil discovery in this basin was made in the Miocene limestone 
reservoir of Mumbai High field in February 1974. Several significant 
discoveries including oil and gas fields like Heera,Panna, Bassein, 
Neelam,Mukta, Ratna,Soth tapti, Mid Tapti etc.In addition number of marginal 
fields like B-55, B-173A, B-119/121, D-1 and D-18 have been put on 
production in the last decade.

➢ Different Tectonic Zones within the Basin
Five distinct structural provinces with different tectonic and stratigraphic 
events can be identified within the basin viz. Surat Depression (Tapti-Daman 
Block) in the north, Panna-Bassein-Heera Block in the east central part, 
Ratnagiri in the southern part, Mumbai High-/Platform-Deep Continental 
Shelf (DCS) in the mid western side and Shelf Margin adjoing DCS and the 
Ratnagiri Shelf.

Mumbai Offshore Basin | NDR (National Data Repository)-Directorate General of 

Hydrocarbons(DGH) | Ministry of Petroleum and Natural Gas, Government of India (ndrdgh.gov.in)
190

https://www.ndrdgh.gov.in/NDR/?page_id=651


Interesting Exploration Frontiers in India

Mumbai Offshore Basin 

Mumbai Offshore Basin | NDR (National Data Repository)-Directorate General of 

Hydrocarbons(DGH) | Ministry of Petroleum and Natural Gas, Government of India (ndrdgh.gov.in)
191

https://www.ndrdgh.gov.in/NDR/?page_id=651


➢ Major Identified play types
– Paleogene Synrift clastics(Paleocene-Lr. Eocene, 

Panna Fm)

– Eocene Carbonate Platform (Bassein formation)

– Lr.Oligocene Carbonate plays (Mukta and Heera
formations)

– Oligocene-Lr. Miocene deltaic Play (Mahuva
&Daman formations)

– Up. Oligocene carbonates ( Panvel and Ratna
formations)

– Lr. Miocene carbonate (L-III and L-IV reservoirs, 
Bombay / Ratnagiri formation)

– Lr-Mid. Miocene clastics(S1 sands),

– Mid. Miocene carbonate (L-I and L-II reservoirs, 
Bandra Formation)

Interesting Exploration Frontiers in India

Mumbai Offshore Basin 

Mumbai Offshore Basin | NDR (National Data Repository)-Directorate General of 

Hydrocarbons(DGH) | Ministry of Petroleum and Natural Gas, Government of India (ndrdgh.gov.in)
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Interesting Exploration Frontiers in India

Vindhyana Proterozoic intracontinental Basin ➢ Succession of siliciclastic, carbonate and mixed systems

➢ Carbonate systems are dominated by oolites and stromatolites

➢ Karst features may play a role at the top of Rohtas fm.

➢ Analogue proterozoic systems:

– Vuggy carbonate from Eastern Siberia

– Carbonate and siliciclastic from Taoudeni basin

➢ Analogues experience:

– Mesozoic of Middle East (carbonate and mixed 
systems)

– Cretaceous margin of Angola

– Miocene of Southern Spain (outcrop)

➢ Numerous modern analogues could be found (Bahamas, inner
Great Barrier Reef, Central Eastern margin of Australia, Belize)
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Interesting Exploration Frontiers in India

Vindhyana Proterozoic intracontinental Basin

Bose et al. 2001

194



Thank you
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