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Petroleum Systems: An Overview

Railsback's Petroleum Geoscience and Subsurface Geology

> A Petroleum System includes all the geologic s 22l
elements and processes that are essential to o Sl it T et e krls Typkalyani bl i e strafum
generate a hydrocarbon accumulation statgraphic pinchout Miust st in hrce dimensions. - furtner upward mgraion - Seep
29990 s vepteres  ¥IIPT0m90% soom X : rovs oy
> The essential elements of a Petroleum System Gan files Tosanl
nclude ge{ Shmme
* Source rock, °§?§é§? Wca);lgggltlzrdcrzr;tea:/toir
+  Reservoir rock ot by rakpsing o m:tﬁ%gt;f’%%d
e Seal t‘OCk, Secondary migration tgfréc;i\ggg:‘?gmcf

o Trap and Primary migration
: RESERVOIR
° i i A porous and permeable material in which the hydro-
M Ig ration carbons reside. Typically a layer of sandstone or lime-

stone; could be a fractured stratum of impermeable rock.
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> These elements and processes must be e f,o,,‘,’lsou,cefto ,;’:sewoi,;go{nmon,y cgg_\rlsgzlEouNl\‘\L
. . i a layer o1 sand or sanastone,
correctly placed in time and space so that SOURCE o or & fault or fracture System. ACCUMULATION
H H H Ad it rich i i tter, which typicall ists of th i i
organic matter included in a Source Rock can be of phytoplankion; Wpically & ine-greinse marine or I5cusHTing sedment e

(e.g. an organic-rich shale). It must have been buried to a depth at which

converted into a petroleum accumulation. it was subjected to considerable temperature for considerable time. L8R PetolounFiveo4odg 52011 rov 9201
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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 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 T

.-

accumulation. P M W) 315/634
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Image Landsat / Copernicus
Image IBCAO

Data SIO, NOAA, U.S. Navy, NGA, GEBCO




Integrated Shared Earth Approach

Prospect Delineation
Sedlmentologlcal and Stratigraphic Assessment Structural and Stratigraphic
G Sedimentological Core Descriptions . Volumetric Assessment

Well Correlations
High Resolution Sequence Stratigraphy
Pre-Drill &
Geomechamcs 3D Mapplng of Geobodies:
Lateral+ Vertical Extension
. Porosities and Potential Fluid Fill
. Overlay of Structural Component

Petrophysical Assessment +  Off-structure Assessment
Prospect Ranking .

. De-risking
. Well Location Planning

| . Log correlation
. Lithologies and facies prediction
. Potential Fluid Assessment / g.%

wm
‘«Q
¢

2D- 3D Seismic Stratigraphic Interpretation
. Reflector termination
. Reflector Stacking Patterns
. Reflection configuration

3D Seismic Reservoir Characterization
- Pre-stack
- . VP/VS (iithology)

3D Seismic Attribute Assessment
4 RMS Amplltude (lithology/porosity) ‘
. Spectral Decomposition (good, sedimentology + fluids)

. LR (fiuid filled)
. Waveform Classification/PCA (Facies + reservoir parameters) . MR (ithology)
. Sweetness (ithology-fluids?) . Porosity

. COherency (sharp stratigraphic boundaries, faults) . Al-GI (ithology + potential Fluid)
. High Resolution Neural Network




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!

abkha of Bar Al Hikman (Oman)

Sandy/Oolitic Shoals

AAPG Methods in exploration N°11, 1994

it G. Loucks, Scott Rodgers
Charles Kerans, and Xavier Janson
Bureau of Economic Geology

Eberli in AAPG Memoir 81, 2004




Bridging the Scale Gap

Space + Time!! Well A

+ Time

15m

HIERARCHY OF DEPOSITIONAL SEQUENCES

AND RELATED PROCESSES
ORDER 1st 2nd 3rd 4th/5th
50 M 3-50 M 3-05M
DURATION > 50 My y 5 My oy m}(EcconMclty)
40,000 (Obliquity)
20,000 (Precession)
MAIN Long-term Medium-term Local

PROCESS global tectonics  global tectonics  tectonics Orbital control

Lab Scale

« Atmospheric CO; - Amplification/ « Sea level / « Short-term

eEFFecTs  (lce/ Greenhouse) damplng of base level climatic changes:
Field scale « Volume of Sloiec slects: -« Seimentaupply  SANIAL) ;:':ﬁfm
mid-ocean . Orogenies « Long-term onal wind stress
ridges (sea level) climatic change  _Sea Jevel
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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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Source To Sink Approaches in Mixed Sedimentary Systems

i ' Weathering breaks down rocks
> _Varlous processes need tc? be closely a.s§essed DA o chét oy, S R L
in order to be able to depict the depositional

produced by weathering.
pattern of sedimentary systems

3 Transportation via water, glaciers,
Glacier and wind moves particles downhill.

b 4 Deposition (or sedimentation) occurs
Bisedt when particles settle out or dissolved

Playa lake minerals precipitate.

L
N I

— Weathering

— Erosion

— Transport (via water, wind, gravity) |
- , 5 Burial occurs as layers of
— Deposition sediment accumulate and
. compact previous layers.
— Burial
— Diagenesis

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

6 Diagenesis, which
involves pressure,
heat, and chemical
reactions, lithifies the
sediment to make
sedimentary rocks.

http://classconnection.s3.amazonaws.com/




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.
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PHOTOGRAPHY BY JOHN CAPLIS




Landscape evolution

> 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).

Sediment Sediment Yield Denudation
supply (Gt/y) supply (108 (t/km?2.y) rate (m/My)
km®/My)
Lopatin, 1952 12.7 5.1 91 36
Fournier. 1960 51.1 204 365 146
Schumm, 1963 20.5 3.2 146 50
T .  mos £ Milliman and Meade, 135 s 4 06 30
) 2 N P 1983 ' '
My | S Milliman and Syvitski, 20 ; 143 57
1992
Ludwig and Probst, 1998 16 6.4 114 46
Deadkov and Mozzherin,
15.5 6.2 111 44

2000

Bangladesh

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

deep-water systems.

Sediment delivery to the oceans by rivers (after Walling and Webb, 1996)

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

.




Landscape evolution

>

Observations of sediment vyield: 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.

MEGHANICAL CHEMIGAL

TSI

St. Lawrence
La Plata (Parana)
Zambezi

Shau-El-Arab

40 — 60 m/My
5

L

L ] Colorado

8

i

0 {
|

Brahmaputra

BOO 600 400 200 120 100 80 60 0 @ 20 20 40

DENUDATION RATE ( m/My )

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
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From Source To Sink (From Continental to Transitional)

>

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

.
T
Ny
Sag
~ol
Ne
Saa
Son
.

CONGLOMERATIC
PROGRADATION

FLUVIAL BARS

Turbidites and Mass Transport Complexes

Glacial Systems
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Continental Fluvial System

‘ CONTINENTAL FLUVIAL l Alluvial fan Braided river
7
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DELTAIC PLAIN Meandering river

MARSH = Sh fs e ]
3 4 3
& Roots T
] “‘. § Current g
L= __fipples [T

:
fluvial braided fluvial meandering Q Current »
£ Stacked a@ ripples a
E channels e “ﬁ H

- z

§ Multistory § é
. H Fining-u 2 cross |2
3 8 P zZ fication | X
s 2 L
EQUILIBRIUM . \ Vi s=e L e |
PROFILE: - § Conglomerates | ? %
PROGRADATION " g - // g E
= S stratification 8 2
[ —

}
AGGRADATION ACCRETION PROGRADATION




«——— Increased Tidal Power

Increased Wave Power

Y

Tide/Ocean
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Continental Fluvial System

Fluvial channel and pomt bar Cretaceous Dunvegan F m, Peace River, Alberta
o N s Top of outcrop

Inclined point-bar
foresets built right
to left towards the
channel

Tooks
:

Qi Appdlent pf)mt-

bar Orowth

—| In-channel bedforms

Channel incision.
(avulsion or
migration)

Flood plain: thin
bedded carbonaceous
mudstone-siltstone
—

QGrain size

Can you determme the direction of channel flow here? This is a 2D exposure so all
we can say is flow was into or out of the image, and at a high angle to the direction
of point-bar accretion. Summary stratigraphic column on right.




Continental Fluvial System
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From Source To Sink (Towards Deep Water)

SLOPE MINI-BASIN & MUD RICH
FINE-GRAINED SUBMARINE FANS

FAN VALLEY
\ |8 Leveed Channels P
\ heif “"7"‘--—-4, GCMTQMW ""m‘“"me'
Fan Valloy & Siope .~ System
Channel Complex Ao—

_“‘.I.yAby.Sal P"'n e

NESTED " NON-LEVEED ‘WINGED’

AMALGAMATED >
v DISTRIBUTARY CHANNELS
FILL o W
LEVEED CHANNELS =
1

THIN E = “E; :

BEDDED *4 - K AMALGAMATED
CLEAN =1 - #9 CHANNEL FINE GRAINED SILTY
SANDSTONE FILL SAND & SHALE
NESTED OFFSET
Christopher G. St. €. Kendall, 2012 (Modified from Bouma, 1997, & DelVay et of 2000) STACKING

Kendall, 2012

Sedimentary Processes

Martinsen, 2010
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Conceptual Models for Deep Water Systems:

Siliciclastic Systems




The Complexity of Submarine Fans

Types of Submarine Fan Lobes: Models and Implications?

G. Shanmugam and R. J. MoiolaZ 1991

Fan geometry

ABSTRACT

Different lobe models imply significantly different
reservoir geometries; thus, one must apply the proper
lobe model to ancient fan sequences. Braided suprafan
lobes are characterized by stacked channel sand bodies
with good lateral and vertical communication, and they
constitute excellent reservoir facies. Depositional lobes,
composed of sheet-like sand bodies with good lateral
and moderate vertical communication, exhibit proper-
ties of good reservoir facies. Fanlobes, which refer to
meandering channels and associated levee facies of
large mud-rich submarine fans such as the Mississippi
fan, are characterized by offset stacked sand bodies
with poor lateral and vertical communication. These
lenticular sands have the potential to be moderately
good reservoir facies. Ponded lobes, which represent
mud-rich slump facies of slope environments, comprise
poor reservoir facies because of low sand content and
poor sand-body connectivity. Furthermore, the pres-
ence of contorted mud layers in ponded lobes is
expected to hinder fluid flow. External mounded
reflections in seismic profiles often are interpreted as
lobes; however, there are no definite seismic criteria to
delineate mud-rich lobes from sand-rich lobes.




Submarine Fans In the Recent and Ancient Record

Atlantic
Ocean

Modern

@ Amazon
©® Astoria
© Bengal
© Cap Ferret
© Crai

@ Delgada
@ Eoo

© Indus
© Lala

@ ‘Laurentian
@ Magdalena

@ Mississippi
® Monterey
@ nay
@ Nicobar
® Nie

@ Nitinat
@ Rhone

@ sanlLucas
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Ancient

@ Blanca

@ Brae

@ Butano

@ Cengio

@ Chugach

@ Ferrelo

@ Gottero

@ Hecho

@) Marnoso-Arenacea
@ Torok-Fortress Mountain

(Data from Barnes and Normark,1985)

Distributed worldwide with a
very high variability in forms and
sizes

Many examples preserved
in the stratigraphic record

Commonly present on the
submarine slope and basin
floor zone

—a-5

MODERN FAN
A: ACTIVE MARGN
P: PASSIVE MARGIN
ANCIENT FAN
a: ACTIVE MARGIN
P> SEDIMENT DISPERSAL
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Modern Submarine Fans
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Submarine Fans Stacking Geometries and Architectural Patterns

CHARACTEROF CHANNEL STACKING Channelform Hierarchy Scalar Term
Submarine Fan Conduit Complex depositional sequence
300 m thick « 2-3 km wide
Amalgamated Stack
fan geomorphology

60 m thick « 1-2 km wide

Sth-order
cycie

architectural element set

25m-+800m

Compensational Stackin = ;
P 9 Vertical Stack
architectural element

Single-Story Channel

Explanation 7m-200m
Wl Organic Rich Siltstone geobody
3 Interbedded Sandstone and Siltstone
[ Interbedded Sandstone and siltstone
with beds thinning from channel margin
= Heterolithic channel fillwith rip-up clasts
Bl Structureless Sandstone with horizontal
e Gardner & Borer, 2000

“— Erosional surface

Christopher Kendall & Peter Haughton 2006




Submarine Fans: Apprehending Temporal and Spatial Scales!

Proximal
(channel-
lobe
transition)

Distal

Figure 17

Lobe Complex Composite lobe Lobe-element Bed to bed-set
(50 to > 100 ky) (10 to 14 ky) (<5ky) (hours to days)
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From Source To Sink (Towards Deep Water)

Mud-rich Sand-rich Gravel-rich
systems systems systems

Canyon fed by active .
nearshore linaral drift Barrier | o cihore
or relicit shelf sands iy i

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

> Their often wuniform and cyclic vertical

Submarine fan
point source

composition EE
> Contact Boundaries 3
» Amalgamation . g _Sromine g fand s dy ggg
. =y - Fan deltas e sones @ §"
> Stacking %g i N 328
B3 283
> Variations in lateral thickness of their 23 EE
. " PN
geometries s, = 853
b uface ro s _ USF
T R o ot g s
ﬁ:;wd y Vi um]m -8<§ &
> Whether these bodies are: TR W 263
g8 SR
. . . == = . EEE‘
— Confined within eroded or * W 853
. L]
constructed depressions A

— Unconfined sheet

idi Talus
Tusbidity flow ol

Increasing size of source area, depositional system, size of flows, tendency for major slumps, persistence and size of
fan-channels, channel-levee systems, tendency to meander, thin sheet-like sands in lower fan and basin plain

Decreasing grain size, slope gradient, frequency of flows, tendency for channels to migrate laterally
After Stow & Mayalf 2000 (based on Reading & Richards 1994 & Stow et al 1996)




General Fan Conceptual Models

UPPER FAN
cﬂNyON

CONTINENTAL SLOPE

N \\\\

N\MIDDLE FANSQO\S/

LOWER FAN
SUPRAFAN LOBE

0 10 km
[

> -

SUPRAFAN

Ad\\
RADIAL PROFILE A

Figure 1—Suprafan lobe model of sand-rich modern fans showing a depositional bulge in radial profile. Simplified
after Normark (1970, 1978).

GENERAL FAN MODEL
FEEDER CHANNEL

byl

8 COLS
SLOPE INTO BASIN

THIN-BEDDED TURBIDITES

CONGLOMERATES: ON LEVEE
INVERSE TO NORMALLY 1y _.--"" __E\E T EAN t
GRADED [:§% wy, PEBBLY S8

GRADED BED i 4 S\ . MASSIVE SS
GRADED- 3 L e
STRATIFIED IR A I W - g

""" 2

MID-FAN ,l
SUPRAFAN LOBES

INCISED
CHANNEL

' CLASSICAL TURBIDITES
\ "
)
THIN BEDDED
DISTAL

NEW SUPRAFAN

LOWER FAN LOBE

NO RELATIVE SCALE IMPLIED

Figure 2—A general ancient-fan model with suprafan lobes. Note the presence of braided channels in the inner

part of suprafan lobes. From Walker (1978). D-B CGLS = disorganized-bed conglomerates, S = sandstones.




General Fan Conceptual Models from Wells and Seismic Patterns

A-F: FACIES SCHEME OF MUTTI AND

RICCI LUCCHI (1972}

ANCIENT

CHANNELIZED
LOBE

Facies Lithology Bedding Features
Canglomerate, Thick, Channel Fill,
A | coarse sandstone | Irregular, Shale Clasts,
Amalgamated Poor Sorting
Coarse To Thick, Channel Fill,

B Medium Lenticular Shale Clasts,
Sandstone Dish Structures
Medium Te Fine Medium, Complete Bouma

C Sandstone, Continuous Sequence
Minor Shale
Fine To Very Fine Thin, Remarkably Bouma Seguence

D Sandstone, Siltstone, | Continuous, With Base Missing
Shale Parallsl
Sandstone, Thin To Medium, Beds With Sharp

E Siltstone Irregular, Upper Contacts

Discontinuous
Complex Chaotic Siumps
Shale, Marl Laminated,Remarkably| Homogeneous
G Continuous, Texture
Parallel

Figure 10—Channelized and ponded lobes, and distribution of turbidite facies associations (see Table 1 for
explanation of each facies according to Mutti and Ricci Lucchi, 1972) in the modern Ebro fan. From Nelson et al.

(1985).
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o

Figure 12—A model of seismic expression of ancient submarine fans. Modified after Mitchum (1985).

1 KM — SOUTHEAST

TWO-WAY TRAVELTIME (SEC)

Figure 13—Seismic reflection profile (unmigrated) showing mounded patterns interpreted as submarine fan lobes,
Oligocene, onshore, Colombia, South America. See text discussion for problems in interpreting seismic mounds as
lobes. From Shanmugam and Moiola (1988). SP = shot point.
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Submarine Fans with ldealized electric Log Patterns

CONCEPTUAL MODEL RESERVOIR PROPERTIES SUBMARINE FAN FACIES WITH IDEALIZED
(A) SUPRAFAN LOBES (Walker, 1878 ELECTRIC LOG PATTERNS

Band-body geamatry t8tackec
Turdldits facies A and B
Band oontent 190-100%
Vartioal communication Exosllent

Lateral communioation Exoullent
Reservolr quality :Exceltent

I'\, FEEDER CHANNEL

/
7

"\, UPPER FAN
A\

(B) DEPOSITIONAL LOBES (Mutti, 1977)
Channel-mauth .
it Sand-body geometry Shest-like DR 1
Depasits Turbldite tacies :G and D A—‘-’ e ) pumnny B

Sand contsnt 50-80%
Vertical communication iModerate
Lateral communication :@ood -_———2 —
Reservolr quality 1Good

(C) FANLOBES (Bouma et al., 1985a)
Sand-body geometry iLenticular
Turbidite facies :A and B (channel); € and F (leves)
Sand content 10-50%
Vertical communication :Poor (strike and dip sections) MiD D L E
Lateral communication iPoor {atrike saclion} FAN
Reservoir quallty :Moderately good In channel facles
10 ki
" LOWER
FAN
(D) PONDED LOBES (Nelson et al., 1985)
Sand-body gsometry :Chaatic
Turbidite facies F BAS I N
Sand content 110-30% PLAIN
Vertical communication :Very poor
Lateral communication :Very poor
Resarvolr quality :Poor

Figure 18—Hypothetical model showing lateral switching of suprafan lobes (1-3) in plan view (upper diagram)
and facies distribution in cross section (lower diagram). Stippled area denotes sandstone and black area
represents mudstone in the cross section. Logs show expected SP or GR (left) and resistivity (right) responses. The
offset stacked suprafan lobes with mudstone blankets would develop excellent stratigraphic traps. From Walker

(1978).




Types of Channel Lobes Complexes

TYPE I: CHANNELS WITH DETACHED LOBES TYPE ll: CHANNELS WITH ATTACHED LOBES

KT SEDIMENT BYPASS ZONE

SLOPE FAILURE

CHANNELS

CHANNELS LOBES

LOBES

TYPE lll: CHANNEL-LEVEE COMPLEX WITHOUT LOBES




Architectures of deep Marine Systems

Basin Floor

Beaubouef et al 1999 Beaubouef, et al 1999

Basin Floor




Gravity vs Turbidity Transport Classification

GRAVITY INDUCED DEPOSITS

Genetic Classification
Transport Mechanism

Descriptive Classification
Sedimentary Structures

Seismically Recognizable
Features

(Moscardelli et al., 2006; this work)

Mass Transport Complex

Shear failure along discrete shear
planes with little or no internal
deformation or rotation

Essentially undeformed, continuous
bedding

Continuous blocks without apparent
internal deformation, High-amplitude,
continuous reflections.

Shear failure accompanied by rotation
along discrete shear surfaces with
various degrees of internal deformation

Plastic deformation particularly at the
toe or base, Plow structures, folds,
tension faults, joints, slickensides,

Compressional ridges, imbricate shides,
irregular upper bedding contacts, duplex
structures, contorted layers. Low- and
high-amplitude reflections geometrically

grooves, rotational blocks arranged as though deformed through
compressive stresses,
Shear distributed throughout the Y
‘§ sediment mass. Strength s principally Matrix supported, random fabric, clast r'egzlr:'ﬁed b:(;;:“i::?a:‘m“
: from cohesion due to clay content. size variable, matrix variable. Rip ups, la:e?al p'n“('::; ot mzl i is. ted
§ Additional matrix support may come rafts, inverse grading and flow didoas S scouvsole:w- 'z‘ o
from buoyancy. Plastic rheology and structures possible. OI“ v 'mﬂ« ; :
laminar state. semitransparent chaotic reflections,
.
§ f
S |e Supported by fluid turbulence Normal size grading, sharp basal Lobate festures
2 z A WG TN (newtonian rheology) contacts, gradational upper contacts, Laterally contin
=

(Moscardelli and and Wood, 2007).




Mass Transport Deposits




Classification of Turbidite by Bouma

CLASSICAL TURBIDITE

Smastt whew taif |Groin Boumo (1962) Interpesration
: Sir Divisions.
Pelite Pelogic
I fop sedimentation
[ ]
BOUMA SEQUENCE: TURBIDITIC PROCESS 3 | | wossive or srages | dandhy sty
- I T,| Turbidite cureen! deposit
Hemipelagic Mud [ 1|' Ty | Upper poraliel lominoe * 7 7
Parallel Laminae =y Ripples, wovy ?’ Lower part of
Cross & C omolu(e(l @) "e| conoluled lominoe Lower Flow Regime
Laminae —-
: : Plone porollel Flow Regime
Parallel Laminae B e - Th‘ laminoe MW e ]
: ' Massive 7 Upper Fiow Regime
Gradded Bedding 4 groded ' Ropid m;‘:ﬂ
(http://homepage.ufp.pt/ ond Quick bed ({7)
biblioteca/WEBTurdiDep ]

Systems.htm). AR N Provma e—

(1o granule ot bass)
=

(http.//homepage. ufp. pt/b/bl/oteca/WEBTurdiDepSystems/Pa

L
ges/Faged.im). F9 Muttl fac1es thin bedded turb/d/tes (Roquebrun, France)

3 A"' ‘
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Turbidite deposits Petroleum Systems Elements

TURBIDITES DEPOSITS

Y poor reservoir

Yook

Yt moderate reservoir

Yoirir good reservoir

(Total SA personal
communication)

Sheet sands:
excellent lateral continuity ***
high k anisotropy

N/G can be high

Lobe complexes
good overall continuity, but internal

Bt TN
Individual lobes, good internal

communication and high N/G




Quantification of Lobe Sizes

> 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

w -Width including fringe

w' -Width of acoustic facies VII

| - Length including fringe

I' - Length of acoustic facies VI

h - Thickness of lobe

T...- Maximum thickness of lobe

r Q,, - Max. proximal to distal thinning rate
| Q - Max. lateral thinning rate

Q Fig. 7. Cartoon illustrating the types of measurements
made from lobes in the study area.
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Fig. 8. Cross-plots of: (A) Maximum lobe thickness versus lobe area. Note that thicker lobes tend to cover a larger
area. (B) Maximum lobe thickness versus distance from the shelf-break (measured along the feeder channel and the
length axis of the lobe-form). Note that lobes show peak thicknesses that vary from 2 to >25 km from the shelf-break.
(C) Lobe width versus lobe length. (D) Maximum lobe thickness versus lobe length.
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Conceptual Models for Deep Water Systems:

Carbonate Systems




Main Carbonate Reservoirs Location

Carbonates

Siliciclastics

Most sediments occur in shallow, tropical
environments

Climate is not a constraint; sediments occur
worldwide and at all depths

Most sediments are from marine environments.

Sediments are from marine and terrestrial
environments.

Sediment grain size depends on the size of organisms'
skeletons and calcified hard parts.

Sediment grain size depends on the hydraulic
energy of the environment.

Lime mud indicates presence and growth of organisms
whose calcified parts are mud-sized crystalites.

Mud indicates settling out from suspension.

Shallow water lime sand bodies result from localized
chemical reactions ( ie. physiochemical reactions
or biological fixation of carbonate ).

Shallow water sand bodies result from ocean
current and wave action.

Sedimentary environments may change without a
change in general hydraulic regime. ( Local build-
ups of sediments can alter properties of
surrounding sediments )

Changes in the sedimentary environments
correspond to changes in the general
hydraulic regime

Sediments are cemented on the sea floor. Strong
diagenetic control on petrophysical characteristics

Sediments remain unconsolidated in the
environment of deposition and on the
sea floor

Periodic exposure of sediments during deposition will
cause diagenesis ( ie. intensive cementation and
recrystalization)

Periodic exposure of sediments during
deposition does not affect the deposits.

Carbonates represent > 40% of Oil and Gas resources of the Planet

Pechora basin (Russia)
: _@&fonlﬁhj s ‘: 75N
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N. Afnt:a
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Williams & Ford (2006), modified




Carbonate Structure

Non-skeletal Skeletal
) Bioclast
Ooids
Oncoids Coral clast/Coral
Pisoids Green/red alga
Aggregats
Foraminifera
Peloids
Echinoderm clast
Pelettes

-« Bivalve/Bivalve clast

Intra/Extraclast

Shrub

Spherulite B ; ceen

7

- = .




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.

SKELETAL GRAINS
MOST AQUEOUS ENVIRONMENTS

f“ @ PISOLITES & ONCOIDS
&

PELLETS KTRAGLAGTS
SHALLOW PROTECTED
WATERS ﬁ
&
GRAPESTONES

SHALLOW WATERS WITH
MODERATE WAVE ENERGY

&8

OOLITES

HIGH ENERGY
TIDAL SHOALS

DEEP WATER

INTRACLASTS /” '
=_ b MUD SIZED
CARBONATE
REEFAL SKELETAL OR MICRITE
BOUNDSTONE PROTECTED DEEP
BLUE-GREEN OR SHALLOW WATER
? ALCAL ONCOLITES: _umiocuagrs
h FRAGMENTS OF OLDER
ENERGY SHOAL T




Dunham’s Classification (1962)

Depositional texture recognisable

Original components not bound
together during deposition

Original components organically bound

Contains mud Lacks mud _
(clay and fine silt-size carbonate) and is grai;l- >10% grains >2 mm
Mud-supported Grain- supporte Matrix- Supported
supported supported by > 2 mm
Less than Mare than component
10% grains 10% grains
Grainstone

together during deposition

Boundstone

(may be divided into

3 types below)

Mudstone

Wackestone

Floatstone Rudstone

_ﬁ-_-,j-'

By organisms
which act
as baffles

Bafflestone

By organisms
which encrust
and bind

Bindstone

By organisms
which build a

Depositional
texture not
recognisable

Crystalline

rigid framework
Framestone

Dunham'’s (1962) textural classification modified by Embry and Klovan (1971). Original Durtham’s subdivisions (blue) and modification by Embry and Kovan (green).




Outer Platform and Upper Slope

> 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

> 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.




Outer Platform and Upper Slope

SHELF SHORE:

MARGIN COMPLEX

5",
A
o
=
-
m

NOLLYLNIWIOIS

,{mlassumptions \‘

- 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




Lower Slope & Deeper Basin

> 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

> 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




Deeper Environments

Carbonate turbidites and slump
(Slope deposits — Norian of
Calabria,

Southern Italy)




Lower Slope & Deeper Basin: Summary

LOWER | UPPER | SHELF o
BAS LAGOONAL o
IN SLOPE | SLOPE |MARGIN COMPLEX m
o=
.,::, mi
e
m &
g
wide belts |i— Veny narrow facies belts —1.."' Uﬂwﬁdﬂfﬂcﬁm—l*

/ General assumptions

- Presence of a detrital fraction

- Muddy texture (mudstone and wackestone)

- Slumps, turbidites

- Cephalopods (ammonites, belemnites), irregular echinoids,
sponge spicules, Calpionella

- Radiolarites




o

war B A TR SENE el

Deep Basin: Pelagic Deposits

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)

Q Q e

st KX

[ﬁg Calcareous sediments e Deep-sea clay F O?-a Glacial sediments

g;"i\’] Siliceous sediments ,:j Terrigenous sediments [7:] Continental-margin sediments

Global distribution of principal types of pelagic and other sediments on the ocean floors. After Jenkyns (1986).
in Tucker et Wright, 1990

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)

fi’l*‘q.’l}"{-;'llh > ol ¢ 2
2P WYY U

Memoir 77. 2003

- | AAPG



North Sea example

> Many lithofacies due to different depositional processes, Pelagic sedimentation of coceoliths
and diagenesis
> 2 main facies:
— pelagic chalk: accumulation of coccoliths, 15-25
¢m/1000 yr G
— resedimented units (allochtonous): thin turbidite
beds, slumps, slides

> Diagenesis:

Slump

Turhidites and

— chalk mostly made of low Mg Calcite (96-99%) debris flows
— main process: compaction (chemical and physical):
bUt Ilmlted due to Several reasonS! Zechstein salt dome Pre-Chalk sediments
> 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




&

Ancient Pelagic Carbonates

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

o WA VTR S
Det WD Exp
SE 98
N

Chalk — Etretat, France,
(Cretaceous and Tertiary)
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Resedimented carbonates

Reef-Derived Block

DEPOSITIONAL MARGIN
SHALLOW WATER REEF

sive Calcarenites

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

Shallow Water-
Derived Lime Breccia

> Resedimented carbonates (reef debris, carbonate megabreccias,
limestone turbidites) are important Hc reservoirs (Permian of
Texas, Mexico, North sea chalks) P
Truncation Surfaces May

> Different processes are involved: rock falls, slides, slumps, gravity Occur Anywhere Along Slope

Profile

flows, turbidity currents Batform,__p, Slope g Pt

Margin

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




Gravity driven processes

Debris fow deposit

Polished slabs from Broyon section

Grain flow deposit
with limestone clasts

Strohmenger et al., BCREDP 17 (1993)

Processes

Resedimentation
Rock fall

Creep
Slide

Slump

Debris flow

Grain flow
Fluidized flow
Liquefied flow

Turbidity current
(high/low density)

Semi-permanent
bottom currents

Internal tides and
waves
Canyon currents

Bottom (contour)
currents

Deep surface
currents

Surface currents
and pelagic settling
Flocculation
Pelletization

Authigenic
processes

FeMn nodules,
lamination,
pavements and
umbers

Characteristics

7

Deposits

Olistolith

Avalanche deposit
Creep deposit
Slide

Slump

Debrite

Grain flow
Fluidized flow
Liquefied flow

Deposits

Turbidite (coarse,
medium and
fine-grained)

Normal current deposit

Contourite

Pelagite

Hemipelagite

Chemogenic deposit

Decrease in concentration
< Increase in state of internal disaggregation
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Carbonate Slope eposis

A sequence illustrating two
different types of carbonate slope
deposits; debris flows with large
limestone clasts (right) and thin-bedded,
graded calcarenites (the thin, gray
limestone beds), interbedded with black
fissile shale. This overturned sequence
(top at lower left) of Middle Ordovician
age occurs at Cape Cormorant, Port-au-
Port Peninsula, Western Newfoundland
(from Mcllreath and James, 1978;
courtesy of N. P. James).

H.E. Cook & H.T. Mullins, in AAPG mem. 33, 1983




Resedimented carbonates

FEEDER CHANNEL

l s 08 SLuwrs grain | gouma divisions interpretation
SiFe
pelite pelagic sedimentation
=2 or fine grained, low
£ density turbidity

current deposition
siit  |upper parallel laminag ?

Vol

= i |eg‘ WA ar lower pal“t of lower
SLOPE INTO BASIN E cgﬁvulumdv?;minaa flow regime
THIN BEDDED TURBIDITES plane paraliel upper flow regime
CONGLOMERATES: ON LEVEE laminae plane bed
INVERSE -TO-NORMALLY 352 PO # "o vt{ 2 _ upper flow regime
GRADED .'.'g P PEBBLY SSTS. !. 2w massive, graded rapid deposition and
Tl REAN -5 B2 : quick bed
GRADED-BED ). & e
GRADED-
STRATIFIED

Bouma sequence

Schematic model of
submarine fan sequence

NEW SUPRAFAN
LOBE

BASIN
PLAN Wi

THIN BEDDED NO RELATIVE SCALE WPLIED
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Resedimented carbonates

SLIDES

Carbonate submarine
e fan model

HALES #5550

Premarylocal carboate NS L Cook and Edberg, 1981

submarine-fan model showing that fan
sediment is derived from both shoak
water shell areas and by the remoiding
of deeper water slides and slumps into
mass-tiows, large slides and channelized
conglomerates that occur in outer fan LOBE SHEETS
sites, calcarenites in non-channelizec
sheets in mid-fan sites, and thin-bedded
siit to fine sand-sized carbonate tur- DUNDER-
bidites in fan fringe and basin plain. BERG
Slope and fan facies about 500 m thick,
basin piain facies about 1000 m thick THIN-BEDDED
Model based on studies in Cambrian and SWAR- TURBIDITES
Ordovician strata in Nevada (modified BRICK
trom Cook and Egbert, 1981b, c)

FEEDER
CHANNELS

= OUTER
| FAN

"TBASIN |
PLAIN
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The Importance of Sequence Stratigraphy




Definition & Application

Sequence stratigraphy (Posamentier et al., 1988; Van Wagoner, 1995): the study of rock
relationships within a time-stratigraphic framework of repetitive, genetically related strata
bounded by surfaces of erosion or nondeposition, or their correlative conformities.

Sequence stratigraphy (Galloway, 1989): the analysis of repetitive genetically related
depositional units bounded in part by surfaces of nondeposition or erosion.

Sequence stratigraphy (Posamentier and Allen, 1999): the analysis of cyclic sedimentation
patterns that are present in stratigraphic successions, as they develop in response to
variations in sediment supply and space available for sediment to accumulate.

Sequence stratigraphy (Catuneanu, 2006): the analysis of the sedimentary response to
changes in base level, and the depositional trends that emerge from the interplay of
accommodation (space available for sediments to fill) and sedimentation.




Historical Background: 1880-1900, Walter’s law

Johannes Walther enunciated (1893-94) the principle that

A vertical sequence

- 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.

... corresponds to the recording, through time, of their lateral succession.

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.




Historical Background: 1950-1980, Seismic Stratigraphy

Seismic stratigraphy: study of the stratigraphic relationships on seismic data

> 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.

Shelf margin wedge

Condensed horizon

: o e———— CONDENSED
SECTION / HIATUS

Maximum
flooding
surface
Transgressive A
“"Sequence boundary” surface
Slope fan
Basin floor fan
to
SUBSIDENCE EUSTASY g
% _Q_El i:
SONEY HPW HPW : Highstand Prograding Wedge
LT:‘; TST :Transgressive Systems Tract Coastal or alluvial plain deposits Littoral deposits Shelf deposits Deep sea fan
[ LPW : Lowstand Prograding Wedge
Low High
—————————LAND / SEA PROFILE—>

Vail's famous “slug” model at the continental margin scale. This has become the symbol of sequence stratigraphy.




Genetic

Previously, all the facies of this section, which represents
a genetic unit in an alluvial environment, would

have been attributed to the same
landscape (top right), pictured
as the shifting of a

stream channel

in a flood plain.

Widespread
overflowing

A
|
I
|
I
|
I

unit
|

Deposits
only in the valleys

|
|
|
|
v

Now we know that a depositional
sequence, whatever the length of time
it represents, is the result of a succession of
different landscapes over a period of time.

Movement of
the sediment, no deposit

From the geomorphological “landscape sequence” to the depositional sequence:
for example, the formation of a genetic unit in an alluvial environment.

Historical Background: 1950-1980, Genetic Stratigraphy

Genetic stratigraphy: sequence stratigraphy building
up from smaller units such as from cores and logs,
integrating facies models.

Conventional representation

——————— Maximum retrogradation
DEPOSITS DURING
RETROGRADATION

————— Maximum progradation
DEPOSITS DURING
PROGRADATION




Historical Background: Summary

From Lithostratigraphy to
Genetic stratigraphy

A & Lithostratigraph
'ﬁ ﬁé grapny
|

T

Walther's law

Pt

A 4

From a sedimentary landscape (two-dimensional, even if the surface is uneven) to a depositional sequence
(four-dimensional: three dimensions in space and one in time).

A 1890
17 /
é Genetic stratigraphy

80’s

2




Definition & Application

> Sequence stratigraphy is uniquely focused » Academia: genesis, evolution and internal architecture of sedimentary-basin fills
on analyzing changes in facies and * Government: mapping and correlation on a regional to basin scale

geometric character of strata and * Industry: exploration and production - petroleum plays, coal, mineral resources
identification of key surfaces to

determine the chronological order of Applications

basin filling and erosional events.

» Sequence Stratigraphy

T

> Applications of sequence stratigraphy cover Integrated disciplines: Intearated dat Main controls:
. . : ) ntegra ata:
a W|de. range, from deciphering the Earth’s « Sedimentology  sea-level change
geological record of local to global changes * Stratigraphy * seismic » subsidence, uplift
in  paleogeography and the controls » Geophysics * outcrop * climate
governing sedimentary processes, to * Geomorphology * core * sediment supply
. . : * |sotope Geochemistry * well-log * basin physiography
improving  the success of Petroleum « Structural Geology * biostratigraphic * environmental energy
Exploration and Production « Basin Analysis * geochemical * biota

Figure 1. Sequence stratigraphy in the context of interdisciplinary research.

Cataneanu et al., 2009




Influencing Factors

Sedimentation is controlled by 3 main factors

Principle of accommodation space

SEDIMENT SUPPLY

TECTONICS




Influencing Factors

Accommodation space and available volume
should not be confused.

Different volumes available
for sediment at a given time

Sediment Supply ‘ * *

e

The same accommodation space
for the full time period




Influencing Factors

Exercise

ST OO

: Eustatic level
: Subsidence

: Thickness of sediment (effective accommodation)
: Depth (unfilled accommodation)

: Relative sea level or TOTAL ACCOMMODATION

GO WON =

.



Influencing Factors

Exercise

ST OO

Bedrock

GO WON =

: Eustatic level

: Subsidence

: Thickness of sediment (effective accommodation)
: Depth (unfilled accommodation)

: Relative sea level or TOTAL ACCOMMODATION




DEFINITIONS & CONCEPTS in sequential stratigraphy

Controls on the sedimentary record

Astronomic cycles
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Hierarchical Depositional Sequences
HIERARCHY OF DEPOSITIONAL SEQUENCES
AND RELATED PROCESSES
ORDER 1st 2nd 3rd 4th/5th
DURATION > 50 My 3-50 My 3-0.5 My :g::ggg (Eccentricity)
40,000 (Obliquity)
20,000 (Precession)
MAIN Long-term Medium-term Local ‘
PROCESS global ?ectonlcs global tectonics tectonics Orbital control
« Atmospheric CO; - Amplification/ < Sea level / « Short-term
EFFECTS (Ice /| Greenhouse)  damping of base level climatic changes:
Vol f ist order effects . gediment supply ~ -Rainfall / runoff
* Volume 0 . : -Zonal T° gradient
mid-ocean Orogenies - Long-term Zonal wind stress
ridges (sea level) climatic change -Sea level




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.

Normal regression

Topset

gL  Definition: progradation driven by sediment supply.
Sedimentation rates autpace the rates of base-level
rise at the coastline.

Depositional trend: progradation with aggradation.

+ shoreline trajectory

Forced regression

Offla
i l sl Definition: progradation driven by base-level fall.
The coastline is forced to regress, irrespective of
sediment supply.
s SUDZEFiAI UNCONfOMLY Depositional trend: progradation with downstepping.
Transgression

Definition: retrogradation (backstepping) driven by
I base-level rise. The rates of base-level rise outpace
the sedimentation rates at the coastline.

Depositional trend: retrogradation.
= fransgressive ravinement surface

Figure 2. Genetic types of deposits: normal regressive, forced regressive, transgressive. Zigzag lines indicate lateral changes of facies within the same
sedimentary bodies (e.g., individual prograding lobes). The diagram shows the possible types of shoreline trajectory during changes (rise or fall) in base
level. During a stillstand of base level (not shown), the shoreline may undergo sediment-driven progradation (normal regression, where the topset is re-
placed by toplap), erosional transgression, or no movement at all. However, due to the complexity of independent variables that interplay to control
base-level changes, it is unlikely to maintain stillstand conditions for any extended period of time.




Geometries of stacking patterns

ACCOMMODATION ACCO;“;E\‘;}?;‘ITON (Aa) SEDIMENTARY
UALITATIVE GEOMETRY
Q ) SUPPLY (S)
N ' A/S > 1

RETROGRADATION

POSITIVE: —) A/S =1

space
creation AGGRADATION

Truncation

Sequence Boundar Dowi — —
Downlap Surface Truneation

PROGRADATION - AGGRADATION

—

- ZERO: A/S =0 ‘
\\\\ _} PROGRADATION

Downlap

TERMINATIONS BELOW A SURFACE

— NE :
T EQLIVE —)» A/S <0
Truncation — removal

Figure 13. Stratal terminations that can be observed above or below a
stratigraphic surface m seismuic profiles and larger scale outerops (from [F S0
Mitchum and Vail, 1977).
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System Tracts

Highstand S.T.
SYSTEM TRACTS oS Maximum flooding surface (MFS)

Trangressive surface (TS)

~~- SB Lowstand S.T.

HST
III:I:ISITIIIIl TS
LSW Sequence boundary
SF LST unconformity (SB) _
BFF Transgressive S.T.

SB
R T Basin floor fan

100 m

0|—10km

Van Wagoner et al., 1988




Sequences Orders

Different orders of sequences

111"9-order BASIN SCALE : SEISMIC STRATIGRAPHY
SEA LEVEL CYCLES 4 duration : > 1 MA
4+ amplitude : x 10-100 m

I ALLUVIAL PLAIN

] SHOREFACE
[ ] OFFSHORE

Bl PELAGIC
RESERVOIR SCALE : [ DEEP SEA FAN
HIGH RESOLUTION SEQUENCE STRATIGRAPHY

10m  SEA LEVEL CYCLES +4 duration : < 0,5 MA
ol —1km + amplitude :  10-20 m [l




Highstand Systems Tract

High Sea Lev  Low Sea Lev

Sea Level Position

HIGHSTAND
CLASTIC
STACKING

| FLUVIAL, DELTAIC & SHELF MARGIN SETTINGS |

CHANNEL-POINT BAR | PROGRADING COASTAL PLAIN | | PROGRADING DELTA MARGIN |
alluvial or fluvial

grain size grain size Qrain size

........
""""

- T3 R TR e . LA A
NEARSHORE .6 S2.C. Kendal 2003 imadfied from Malcolm Rider 1999 & Jerry Saum)
MASINE SHALE
PROXIMAL FAN

BASEMENT

DONEN




Transgressive Systems Tract
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Lowstand Systems Tract
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Influencing Factors

Sedimentation is controlled by 3 main factors

Principle of accommodation space

.
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Influencing Factors

Accommodation space and available volume
should not be confused.

Sediment Supply
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Influencing Factors

Exercise

ST OO

: Eustatic level
: Subsidence

: Thickness of sediment (effective accommodation)
: Depth (unfilled accommodation)

: Relative sea level or TOTAL ACCOMMODATION

GO WON =

.



Hierarchical Depositional Sequences

HIERARCHY OF DEPOSITIONAL SEQUENCES
AND RELATED PROCESSES

DURATION >50 M 3-50 M 3-0.5M 400,000
y y y 100,000 }(Eccentrlcity)

40,000  (Obliquity)

20,000 (Precession)
MAIN |
PROCESS 5 3
- Atmospheric CO; - Amplification/ < Sea level / « Short-term
EFFECTS (Ice /| Greenhouse)  damping of base level climatic changes:
1st order effects . Sediment suppl -Rainfall / runoff

* Volume of PPY" Zonal T° gradient
mid-ocean * Orogenies * Long-term -Zonal wind stress
ridges (sea level) climatic change  _gea jevel
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rarchical Depositional Sequences

HIERARCHY OF DEPOSITIONAL SEQUENCES

AND RELATED PROCESSES

ORDER 1st 2nd 3rd 4th/5th
DURATION > 50 My 3-50 My 3-0.5 My ‘:ggggg } Eccentricity)
40,000 (Obliquity)
20,000 (Precession)
MAIN Long-term Medium-term Local :
PROCESS global tectonics global tectonics  tectonics Orbital control
- Atmospheric CO; - 3rnpliiﬂcati?nl . gea Ielvelll . S:;on;iten::
Ice / Greenhouse amping o ase leve climatic changes:
EFFECTS ( ) 1st order effects . Sediment suppl -Rainfall / runoff
* Volume of PPY " Zonal T* gradient
ridges (sea level) climatic change .Sea level




Geometries of stacking patterns
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Geometries of stacking patterns
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Termination Geometries

Truncation

Apparent
Truncation

TERMINATIONS ABOVE A SURFACE

-
I

NN

TERMINATIONS BELOW A SURFACE

—

Figure 13. Stratal terminations that can be observed above or below a
stratigraphic surface in seismic profiles and larger scale outcrops (from




Termination Geometries

Toplap

N Onlap —\-\\

Truncation

Sequence Boundary Sowil
oA Apparent

Downlap Surface Truneation

TERMINATIONS ABOVE A SURFACE

NN

TERMINATIONS BELOW A SURFACE

Truncation

~_
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Figure 13. Stratal terminations that can be observed above or below a
stratigraphic surface in seismic profiles and larger scale outcrops (from
Mitchum and Va.il, 1977).




Termination Geometries on Seismics

Exercise
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Termination Geometries on Seismics

Exercise

:;:,,»j.wwm{p::uuh;..mm\ 3 g 1 e eI
. - e » W ped "'1&- oy wbe s
””'t‘ “""‘%i % a o rasae
> " 3}”" ..\m.\b*»(' > .r u\r'; -
:- .. u\ SRR
% RN “l" >

X B '"".’1{}-

% m\»»--.'

/‘»" J -""\\ ‘ﬂ by R
L o
$ 1 \\11 l\"“\ (' 31

. mw M i e "Mﬁ?“’*

s »[[ 14 ’
=
EEE fiii EEE Wil

—

s
« ONLAP » / §-—-———

« TOPLAP »

« DOWNLAP »

After Nely, 1989




System Tracts

SYSTEM TRACTS

r o KON A E A i UL T LI = ]

Trangressive surface (TS)

pe— e o
HST s = —
cmmm=== MFS . ——=

)
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i A—_

Basin floor fan

100 m

0|—10km

Van Wagoner et al., 1988




System Tracts

Highstand S.T.
SYSTEM TRACTS oS Maximum flooding surface (MFS)

Trangressive surface (TS)

~~- SB Lowstand S.T.

HST
III:I:ISITIIIIl TS
LSW Sequence boundary
SF LST unconformity (SB) _
BFF Transgressive S.T.

SB
R T Basin floor fan

100 m

0|—10km

Van Wagoner et al., 1988




s
SB2

1HsT.
1

High Sea Lev  Low Sea Lev

Sanc; ~u

Shale

Gravel

Graded Beds

Sea Level Position

BN Sy stems Tract

CLASTIC
STACKING

B Auuviom

[] NEARSHORE
[ MARINE SHALE
=
L3

PROXIMAL FAN

| FLUVIAL, DELTAIC & SHELF MARGIN SETTINGS |

CHANNEL-POINT BAR
| alluvial or fluvial
grain size grain size grain size

[PROGRADING COASTAL PLAIN | [ PROGRADING DELTA MARGIN |

e

,,,,,

| DEEP SEA SETTINGS |

PROXIMAL| INNER FAN MIDDLE FAN SUPRA-FAN BASIN
SLOPE CHANNEL CHANNEL CHANNEL LOBES PLAIN

grain size grain size grain size

[””A / ; / 2 /f

Stacking Stacking Stacking

grain size grain size

AYY
A/
iy
a‘:’ |
Stacking s

——
s

/




BEM LEVEL & SYSTEM THACT

Sea Level Position

| CLASTIC MARINE SETTINGS| [DISTAL]
|FRQJ|‘IMAL | |TR.&M5-GHESSNE MARINE 5 HELF| | DELTA BORDER TRANSGRESSION |
Guin shao grain stm tain slze
‘ Ism

ALLUVIUL
NEAFSHORE

MARINE SHALE
PROMIMAL FAN

SODDN

BASEMENT

€G58 O Keneloll 2006 (madfiled from Aaleobm fder 1999 & Gy oumi



THsT,
1

High Sea Lev  Low Sea Lev

Graded Beds
Sea Level Position

B Systems Tract

' CLASTIC
STACKING

|| NEARSHORE

| FLUVIAL, DELTAIC & SHELF MARGIN SETTINGS |

CHANNEL-POINT BAR | PROGRADING COASTAL PLAIN | | PROGRADING DELTA MARGIN |
alluvial or fluvial

grain size grain size Qrain size

|||||

. NI Sl til
C.GS8C Kendall 2002 {madified from Malcolm Rider 1999 & Jerry Boumi
MARINE SHALE

PROXIMAL FAN
BASEMENT




Association of Petroleum

. . Geologists. India ' G E O
W meseeesne .l India 2022

Carbonate Sequence Stratigraphy




Characteristics of depositional patterns

> Stationary sea-level : vertical accretion only, increase of
. . HIGHSTAND TRACT
relief between shelf and basin shoaling

skeletal + non-skeletal, muddy
reefs retreat to margins
lagoons increasingly restricted, rims continuous
tidal flats extensive

> Sea-level rise : shelfwards migration of facies belts,

backstepping - onlaps
> Rapid sea-level rise (much higher than carb. sedi. rate): TRANSGRESSIVE TRAGT
. deepenin
drowning, deposition of deep water sediments ckeletal + non-skeleta

on platform top: mud decreasing, hardgrounds increasing
oolites + reefs spread over top

lagoons normal marine, leaky rims

cliffs, sandy beaches, tidal flats

> Sea-level fall (or overproduction of carbonate): basinward rare: major mud bodles
progradation - offlaps, development of clinoforms

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

LOWSTAND SYSTEM TRACT
narrow (0.2 - 2 km)

deepening or shoaling

skeletal sands, reefs common
lagoons normal marine

cliffs, sandy beaches

rare: non-skeletal grains, mud, tidal flats




Characteristics of Rimmed Shelves

(@) (b) = - -

Supra/and intertidal Lagoonal Margin shoals

facies ! b
i reef START UP
facies ana/or reets Sea-level floods antecedent

high and carbonate

Sea-| | Sea-level |
ea-level

Sea-level production is initiated.
Antecedent surlace TRANSGRESSIVE
SYSTEMS TRACT
Basinal facies / - ‘CATCH UP'
/ \/ Sea-tevel 1 Carbonate production tracks
SIope facies ST MFS 7] rising sea-level and builds
aggradational margin.
(C) (d) MAXIMUM
Exposed Fringing j ] FLOODING SURFACE |
platform top reef KEEP UP ® -
\ " Sualsvel Carbonate production
ea- exceeds the rate or crealion
level 5 HIGHSTAND
7° 77 ‘ of accommodation space.
T T 7= c . SYSTEMS TRACT
\ arbonate is shed off the
il - .:\ S platform top to the slope
S2E2 B e e A and basin.
° AEXXONT 12 YLK KX R KX TN
> o SEQUENCE 5 __|
BOUNDARY
P4 7 /. / 7
/ 74
WeTSE TSt weT PoESE ST weT ppriimntry
is largely terminated, apart
Emery and Myers, 1996 from minor fringing reefs (&). Iég‘gfg&gl?m ACT
(e) Platform top is karstified in
humid climate ().
Sea-level

PLATFORM DROWNING
Environmental deterioralion | p| ATFORM
may cause platform to cease DROWNING
production and drown. (DROWNING

Drowned platiorm may be ‘ Figure 1.11. Schematic model for an isolated
onlapped and downlapped UNCONFORMITY

S ! ) carbonate platform, showing idealized
SRR KRR R R I I by prograding deepwater .
SUXRRXLRXLLXLLRRIXZRIA  silciclastics. systems tract geometries and platform
RRRRIRLIIILIHLIIARS . - e
R R drowning. Used with permission of Blackwell
Emery and Myers, 1996 Science.

Drowning ~ 7
unconforgmity TST  HsT

Figure 2.8. Sequence stratigraphic models for rimmed shelves. A) Transgressive systems tract B) Highstand sys-
tems tract C) Lowstand systems tract D) Type 2 unconformity and development of a shelf margin wedge E) Drown-
ing unconformity. Used with permission of Blackwell Science.




Characteristics of Ramp Settings

(a) Supra/and intertidal facies (b)
Lagoonal facies ’

Marginal shoals
Sea-level

Sea-level

TST  Maxi umﬁ'n
. axim oding
Deep ramp facies surface

Aeolian siliciclastics

Safkha evaporites Sea-level

HST Sequence boundary TST HST

Drowning unconformity

Emery and Myers, 1996
Figur: 2.7, Sequence itrevigraphic models for ramp systems. A) Transgressive systems tract B) High stand systems
tract C) Low stand systems tract D) Drowning unconformity. Used with permission of Blackwell Science.




Summary

terrigenois clastics humid lime eco-accomodation humid lime phys-accomodation arid carbonates-evaporites
T carbonate area P ;
c exposed . carbonate area eroded exposed exposed basinwide evaporites
86 | oPE incised g’);g;sed reduced sholf ~ Sholf reduced shelf & margin
»s valley karst — shelf wedge ./ \ .
g; i SL Skl weage 5§ —_ forced regression g aggradation
-~ E sequence boundary p deep water fans sequence boundary  pyicrh eep water fans sequence boundary high sequence boundary brine level
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Christopher Kendall, Thomas De Keyser & Sarah Arawi, 2010 (After Warren 2001)




Carbonate Stacking Patterns

carbonate shoreline, shelf and marginal settings

[ proximal | i progradational trajectory - keep-up response to still-stand and exposure at low-sea level position | [“distal |
[ tidal flats, channels and beach | [ inner shelf/lagoonreefs | [ high energy shelf grain shoal | | shelf marginreef | | shelf marginslope |
Carbonate Stacking Patterns - Generalized Variations in Grain Size % 2k .,g:md‘ gl goinsin L gransize
Cylindrical Funnel Bell Symmetrical Serrated ;
i } -S } <-Sile .s i 25 Sm Sen bicith 25m
<-Size <-Size <-Size <-Size
A A vacking Macking acking Stacking
=
2 o
Te karst development
O on exposed shelf
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v
A e - .
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Keep-up Catch-up il bullsheg fegressive to interbedded =5
Carbonate shelf Carbonates Carbonates shore face '::'*:" / i \ “!‘ “[ i
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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
seqguence 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.

Object Approach | Time Approac

STRATOTYPE LITHO. MAGNETO. BlOSTRAT.
&
—
B
=
9
i
Records dependent on depositional setting

SEQUENCES
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How far can we Define and Quantify 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

Sandy/Oolitic Shoals

P> N,

AAPG Methods in exploration N°11, 1994

> 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!

Great Barrier Reef

it G. Loucks, Scott Rodgers
Charles Kerans, and Xavier Janson
Bureau of Economic Geology

Eberli in AAPG Memoir 81, 2004




“Towards Numerical Modelling Approaches

Numerical Model

Conceptual Model
> Numerical models are mathematical models that are

> Representatiqn of a System”, based on designed to simulate and reproduce the mechanisms and
concepts which are used to allow people better behavior of a particular physical system.
assess, understand and simulate it. . . . . . .
V_S > A numerical simulation is a calculation that is run on a
> Conceptual models are often abstractions of the real computer following a program that implements a
world whether physical or social or... mathematical model for a physical system. (Nature journal)

A need to understand the link between concepts and numbers is of utmost
importance

awie sé‘ |

3




Shift from Data-Driven to Process-Based Hybrid Approaches

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

% Historical data-driven methods

—

Data-driven

. Innovative process-based
Modeling

methods

Static Reservoir
Modeling

Stochastic
Modeling

Deterministic
Modeling

Sedimentary Process
Modeling

UPSCALED

Hybrid Integration

Basin and Reservoir Scale
Stratigraphic Modeling

Flow Model

Integrated Basin

Model Name Mathematical
approaches Advantages Disadvantages References
Geometric models  Simple geometric rules Quick 2D illustration of sequences and Only two-dimensional and Strobel ef al. (1989),
systems tract concepts in relation to consequently unable to effectively Kendall ef al. (1991a, b)
accommodation change and model the 3D distribution of stratal
Sca /e an d sediment supply packages. Models the consequences
of processes rather than the
Methodolo fo———
gy Diffusion models Fick’s laws of diffusion Simplicity and wide applicability to The appropriateness of the diffusion Riveenes (1992), Flemings
different depositional systems process to represent sediment & Grotzinger (1996),
Ch a//en ges transport is questionable owing to its Granjeon (1997),
non-uniqueness and some inherent Granjeon & Joseph
assumptions (1999), Quiquerez et al.
(2000), Hutton &
Syvitski (2008)
Fuzzy logicmodels  Fuzzy logic/fuzzy-set Quick and computationally efficient Not as predictive as hydraulic Nordlund & Silfversparre
theory means of simulating 3D ecological simulation in siliciclastics. (1994), Nordlund (1996,
niches over time in carbonates and 1999)
vegetation (source rocks). Can be
readily integrated with hydraulic
models for mixed carbonate/
siliciclastic systems.
Hydraulic models  Approximations to Excellent capability to deal with flow in ~ Very computationally intensive and Gratacos (2004),
Navier—Stokes avery natural way, allows the some inherent assumptions need to Tetzlaff & Harbaugh,

equations

realistic patterns of sediments and
topography to be well developed

be pre-determined relating to the
appropriateness of approximations
and simplifications to fluid flow
equations.

(1989), Hutton &
Syvitski (2008)




Process Based FSM Workflows

> 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.

Workflow

Initial Paleo-bathymetry

Subsidence History

Eustasy

Supply and Production

Transport processes

Calibration

Facies Definition

Input

Variable parameters:

+/- Initial Bathymetry

+/- Sediment Supply,

+/- Fluvial Discharge,

+/- Content (sediment ratio),
+/- Sea Level

+/- Wave Energy,

+/- Long Term transport,

+/- Short term transport,

+/- Slope failure,

+/- Precipitation

Geological time (Ms)
PR EEROEEOEEOE G

Scenarios Sensitivity Analysis

Geological time (Ma)

g FiEEiiiiEiEiiiig
P .3t 3 8 3 s 8 S 5 8 5%

Geological time (Ma)
i EEBERFEEE
o
s e




Complex Ecological Interaction in Mixed Sedimentary Systems

> Siliciclastic Continental and Marine » Carbonate Marine Environment > Sabkha/Hypersaline Environment
Environments
— Source location and direction — Wave characteristics — Precipitation versus evaporation
—  Water discharge characteristics — Carbonate production laws - Water salinity index
— Transported lithologies - Temperature, lighting — Salt ecological system (wave energy,
- Erosion — Ecology + carbonate factory siliciclastic influx)

— Source activation.... — Transport.... — Salt production and dissolution rates...




Using Integrated Database to Constrain Numerical Models

International Peer-Reviewed
Publications

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

> Integrated databases plays an important role in
guantitively 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

N Journal of
: Petroleum Geology

I |, AR

T

Arabian Journal
of Geosciences




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

Paleotopography initial
s 50 km N

002°
20m
A

30 km.
] S0m

-

Paleotopography map

— Short-term
w— Long-term

Eustatic Curve

o

Subsidence maps

Water depth (m)
¥ = 3 -

Paleocenvironment
Production Rates (myky)
2 LR “ =

w— Basin " inner Platform

o QUIET ShElf e mmmmn

ilteratlve loop 3y

v

B concensed
B vicoovial
[T petoid sketetar

| Caprotinid boundstone

Caprotinid floatstone

Undiff rudstone

Lanteaume et al.,

2018

| m PaleoBathymetry]

Well data
Seismic
Reservoir
Characterization
Multi-Seismic
Attributes




Process Based FSM Models

Canyon to Basin floor Fan

Siliciclastic Systems
>  Model Specifications:

Lobe Complex Compostte lobe Lobe-element Bed to bed-set
(5010 > 100 ky) (1010 14 ky) (<5ky) (hours to days)
) \ b
*; S N
N
b \
1
:\ L
) / A
Stacked Stacked Stacked Deposits frony
= composite lobes lobe-elements beds to bed-sets asingle flow
Proximal ! \ | = e
(channel- ".—”"‘l ﬁ*”\ ',h“ [ 3
lobe ! \ v o [N
i transition) ,’ & l, “ ;' \ f \\
T i \ ! A I \ Il \
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T \ I 4 | i 1 \
i \ ! \ 1 1 I ]
1 | ! 1 1 \ | |
| i ! \ | | 1 1
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Figure 17
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Process Based FSM Models

Total Model
thickness

Overall Sand
Proportions

Overall Sand
Proportions

a.

0.124-0.024 Ma
L]

Thickness (m)

0
b
90

C.

Model-5eismic
. AR Y

Siliciclastic Systems

Intra-slope Fan: Trinidad

0.024Ma
10x Vertical Ex

VTR AL ey
455903050537
i JIn CHICHS
2 i R

0,104 Ma X h 0.034Ma

Hawie et al., 2018-2019
2 A«)‘( ,ﬁl’

Deptuck et al.,
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Temporal Scaling (1kyrs, 5kyrs, 10 kyrs, 20kyrs time steps)

20 kyr- Time steps

Leveed
channeling and
compensation

Architectural comparisons between models 15x Vertical Ex

Proximal: channel/levee + compensation Mid lobe: compensation Distal: compensation and frontal fringe

1kyr time step

Skyrs time step

SR

Coarse Sand Proportion (%)

10kyr time step

20kyr time step

; 0 Coarse Sand % 75
il IE— | e——_—
0 20




SniityAnaIyis (Shale vs Sand Content ex)

Shale
Content

Medium

Facies

= Very Low

Coarse
Sand

Water
Discharg

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

Velocity

Recent advances have been made to use
FSM as a backbone to generating seismic
synthetic e

Dominant frequency: |?_0 | Hz

Sediment Name  Density (kg!m’) Velocity (m,s)

Sampling rate:® | 4 | ms

Type: (@) Analytical (Ricker)

This approach allows to: O From e

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!




Generating a Seismic Synthetic out of the FSM

Zones of higher
bypass High amplitude
Packages

More continuous
High amp reflectors

Aggrading to
Prograding
architectures

Moderate to Lower

Figures not to scale/ distorted Orta e High amplitude
niapping Fackages pinching beds




Controls on Carbonate + Evaporite Deposition

Controls on the sedimentary record

Stratigraphic Hierarchy Production Rates
. ACCUMULATION AATE (1000 o) — Tectonic regimes
(cmV1000 yours. "»:" SUBSIDENCE
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Process Based FSM Models

Carbonate Systems
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*Manual Calibration
« Reference Case »

J

1st Exp. Design simulations

Automated Multi-simulations

~
*Definition of Uncertain
Parameters’ ranges

Uncertainty | Sensitivity Sampling through Latin Hypercube Methodology ‘ | Response Surface I

Evaluation of Main Influential

Thickness Callbration indicatar

"

Sensitivity Analysis

- xl ‘
3
+1st Experimental N I
Design simulation X, s =
~ Bl i o
*Assessment of Multi- x, L ! -t
Realizations J i T—
calibrations
——— [
*Selection of Most i — 200-300 simulations ).
Influencial P: s —
I
——— 2nd Exp. Design simulations
" ™
'E"" F!P!rimenﬂl | Geologically Valid Multiresiizations | \ Generation of Multirealizations | infuentil Parameters |
esign
R
*Assessment of Multi-
Realizations
calibrations
]
*Generation of g
Sensitivity maps e
J \. 2
&
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Parameter is Eustasy at

Tx

Multi-Realizations example

MultiReal n°1

MultiReal n°3

MultiReal n°2

MultiReal n°4
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Texture Sensitivity
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Standard Deviation Vv

More Change
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Organic Matter Prediction + Basin Modelling coupling

Scenario 1: Restricted Basin Scenario 2: Open marine

 Stratigraphic model takes into account: Anoxic area Ancxic ares

/— Primary productivity: low-medium /"  Primary productivity: high

. .. . /—W/ Restriction: complete /\M Restriction: none
® Prlmary prOdUCthlty of organic matter

* Degradation along water column

* Substratum content oxygenation

* Preservation by burial efficiency

_.[ BASIN STRATIGRAPHY AT THE TIME T
___J, STRATIGRAPHIC MODEL

H BASIN DEFORMATION

H ] o ® ® W m ow W m om ] © @ 0 9w 9w  w W W ™
H _ !
—_— . SUBSIDENCE Upper Najmah Shale Upper Najmah Shale
3 Bathymetry [m
“:Q: +  PALEOBETHYMETRY Bathymetry [m] ymetry [m]

L

Stratigraphic model :

DEFINITION OF SEDIMENT SUPPLY

ORGANIC MATTER PRODUCTION,

: ﬁq J:iﬂ e

T e T T T T TR R T T T Y]

H GRAIN SIZES TRANSPORT AND DEGRADATION MODEL

. i [ Prmary PrRoDUCTION : . . .

It is also used in Unconventional

: CONTINENTAL TRANSPORT OF THE : 5| PRODUCTION OF ORGANIC MATTER IN H . . .
S S — N § | [NORGANC AND ORGANI SEDMENTS o | TEMmENE ' Systems while coupled with Basin
et i — —— D | T oy naTon v models to predict primary SR

H H | : o .

i | [ manseortor mEmoRGAMC v | P : characteristics and present day yet

ORGANIC SEDIMENTS IN THE MARINE M H : .

s i i [[oeravaron oo enmysuraL | to find

' g : > | DEGRADATION IN THE OXIC NATURE | :

§ &\ § E DEGRADATION IN THE ANOXIC NATURE é

smmu“a"' 2016.modﬁedaﬂer?’ym 1995 NessdussessessssssessassesseeEEeEsaEEaEERaEEE S il

—{ BASIN STRATIGRAPHY AT THE TIME T+dT *modified after Granjeon and Chauveau, 2014




From Final Integrated De-Risking of Plays to Prospect Evaluation

> G & G interpretation and integration

CRS MAP
> Stratigraphic and Basin Modeling for COMBINATION
Petroleum systems element prediction m—ich ik Trap

> Play Assessment and Risking

Medium to high risk | <
Medium risk !

[ Medium to low risk 1 Al ol

B Lowrisk

Data Uncertainty MAP '
| 57 %

RESULTING CCRS MAP

4D Field Development

Initial Risk Criteria

CCRS map
Play & Lead areas
assessment

Support

|

High Resolution
Prospect de-risking
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Case Studies:

1. The Levant Basin
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The Levant Basin
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The Eastern Mediterranean domain

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

36°0'0"N

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

34°0'0"N

> How can sediment sources contribute to the filling of a | ~ _ LR

SR U A
continuously deforming margin and basin? T e

32°0°'0"N




Mesozoic extension in the Tethyan domain

Outline

Middle Jurassic

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

2.  Methodology
3. Results — Pl f <O

- Deep marine Oceanic spreading center
.-, GB: Gorringe Bank; Al: Alboran; \ Relative motion of Africa and fixed

- K: Kabylies; Ca: Calabre; % :
" Pe: Peloritan; Er: Eratosthenes Europe during the Callovian

Modified from Frizon et al., 2011 Frizon et al., 2011

1.  Seismic interpretation

Late Cretaceous to Cenozoic convergence of Afro-Arabia towards Eurasia

. Middle Jurassic
Late Maastrichtian Oligocene

2.  Fieldwork results

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

4.  Concluding remarks
|:| Emergent - Continental platform to deep marine B Levant region (study area)

. Absolute plat t
B vevoecomaine SOlute plate movemen Modified from Bellahsen et al., 2003




Geodynamics

Middle Miocene to present collision and strike slip deformation

Middle Miocene to Present

b — 40°
e
\\
20°
AFRICA
>
1 cm/yr
Present 0°
30° 50°
I:l Emergent - Continental platform to deep marine B Levant region (study area)

Absolute plate "
- Very deep marine ” solute plate movemen




Levant Onshore Offsore Conceptual Model

NW

Long-term
Sea-level curve

(Hagq etal,, 1988)

Basin (Offshore)

Margin (Offshore)

o Proposed Hc migration

——

[ middle Tertiary
[ Lower Tertiary

|:| Chouf sandstone

- Upper Cretaceous
Lower-Middle Cretaceous

Turbidites (reservoirs)
Z==] Hydrothermal dolostone

i ]

T AT

Neogene

Paleogene

Jurassic | Cretaceous

-~
-~

Triassic

Unknown stratigraphy

Arabian mega-
N and Cent. Bishri (Sharland
Palmyrides Block etal., 2001)
CD Bakhtian conglomzr_\gi
& B |
BT o AT E
1|1 lel 111 11f
T =Ty AP10
/7" Abou Zounar = b
o ? AP8
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\
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Modified from Walley, 1997 and Brew et al., 2001
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Methodology

1. Seismic interpretation

o [T oot ~ 4. Forward Stratigraphic Modeling

Seismic stratigraphic subdivisions
Architecture of the basin and isopach mapping

Qmmr &u PannonianBasia pro - PasmonarBasn sav loaded
e 000

3. Conceptual geological model

LATE BURDIG ALIAN TO SERRAVALLIAN N

Seismic facies investigation

Offsh:

2. Fieldwork

Vet Eraueaton o4 10

Modified from Csato et al., 2010

Outcrop/section

Sedimentological investigation

Biostratigraphic studies

v

Age, depositional environment
and approximate bathymetry




Continuity Amplitude Frequency

Seismic facies analysis o CO = —

Hemipelagic deposits

ﬁ—- e = e e, —r—— E— Erosional truncation
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= e el = —_— —

= ]
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. with diffraction |7 —
| e
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. — v — ]
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Mitchum et al., 1977; Catuneanu et al., 2009
15 seismic facies described for

the northern Levant Basin
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Levant Basin correlation and age constraints

Offshore Lebanon

Top Messinian

— Base Messinian

= Lower Miocene
Oligocene

= Turonian

W 0T

modified from Hogson, 2013- spectrum

30 km
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Hawie et al., 2013b
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Levant Basin facies

0.000

2.000

e o WS e

0.000

TWT (s)

Extensive facies
Hemipelagic deposits with high ‘ stacked slope channels and
Hemij ic/) ic d it:
-6.000 - mipsiagic/pelagic deposhs detritic/clastic content . turbidite lobes
. ’:] Evaporites | Post-rift carbonate platforms Rf SY:;?:(:I:S:::":GS( postrift
Mesozoic rifted platforms
Localised bodies

h 3 ) m

Incised valleys/canyons Clastic mounds and channels —====sa%a= Turbidite lobes
<g”  Channels SFZ ¥ - Mass transport deposits BB~ 5ihonate mud-mounds

/ Prograding delta




evant Basin offshore Lebanon

TWT (s)

0.000

4.000

8.000

S
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N
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R9_ Sea Floor R8  Base Pliocene -RZ__ Messinian Unconformity ——- Base Mid-Miocene
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Hawie et al., 2013b




Why focus on the Middle to Late

Miocene rock unit ?

* 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

\
: Trigoli) <y

b

"
) o
<

Oligocene

)
\

\ A
e
Tripoli CA
® %
>
3

Mid to Upper
Miocene

1«" . A e

Messinian
>2100 || Salt

Latakia Ridg®

Quaternary

Legend
SH Structural High

G Nilotic provenance

' Proximal provenance

N

Hawie et al., 2013b




Mid to Late Miocene Model
Northern Lebanon (facing Tripoli)

2.000 S
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Mid to Late Miocene Model e
Southern Lebanon (facing Saida & Tyr)

Superposition of canyon incisions on

the southern Lebanese margin
W E S AN

2.000| Clastic/anhydrite Contourites Messinian Delta
intercalations F14 1 e

V-shaped incision

TWT (s)

Tortono-Messinian
Levant Fracture System

Miocene

Middle- Upper

Hawie et al., 2013b

Lower Miocene

Legend
Basinal sotings (Fen daka lacuston |:| Emegent blocks / Strike-slip fault
- (Fan delta, lacustrine, fluvial) o c
Deep marine carbonate ) ' " ]
platforms % Evaporites / Normal fault Regionlal sediment transport

Shallow marine carbonate Volcani
platforms oleanics

/ Reverse and/or thrust fault  /*  Channel and canyon incisions




Fieldwork

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

-Lower Eocene (outer-shelf) ./
-Middle Miocene (lagoonal-back reefal) e

Late Burdigalién?_-

|=337307

I Late Cenozoic Basalt

B Miocene
(Limestone, conglomerates and lake deposits)

[ ] Late Cretaceous-Neogene
(Chalks, limestones and marl)

marine limestones and some volcancs)

I Jurassic
(Dolostones and limestones
wath some volcasics

)
4 Wells Zp Zgharta plateau

Major Faults: AF: Akkar Fault, BF: Batroun Fault, YF: Yammouneh Fault, SF: Serghaya Fault,
BQF: Beit ed Dine- Qab Elias Fault, RF: Roum Fault, RAF:Rachaxa Fault
sk Investigated sites & Geologic sections studied

Jorimio:]

L.Burdigalial 05

"fo 'S(il‘raw"alll?ll : / s

AU e
o Ypresia

150 l]l'
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North Lebanon

[ rimestone E.\lml.ﬂay C Chet & Foraminifera
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Lebanese Hinterland: Bekaa Valley

Central Lebanon (1720 m log)

Middle Miocene (lacustrine)

2012 CnesiSpotimages

US Dept of State Geographer
Image,© 2012-DigitalGlobe
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— N N ~ ~ Vi e e,
250m Y, Vs N Sy TRy = = =
~ » S
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- Upper Miocene (m2) - Early Eocene (e2a) .~ Unconformity/hiatus
Middle Miocene (m2) B senonian <o) ARG Sraliasacticos
[EE] middle Eocene (e2b) B ceromanian-Turonian (C4-C5)




Miocene correlation
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Distal setting-turbidites
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Miocene (southern coastal Lebanon)
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Miocene conceptual model

Middle Miocene Upper Miocene

Mount Lebanon uplift

ORE? Lacustrine/ alluvial plain e
Rhodalgal Platforms SH _,’ acustrine/ alluvial plain

LATE BURDIC
SERRAVALLI

w N s K |
S
Nilotic provenance

~ Lacustrine deposits
:’ Emergent

- Rhodalgal platform 4 Turbidite lobes facing canyons
- Continental platform -

. ( - N
- Slope settings < Q \\
- Basinal settings ~

Alluvial Fans Hawie et al., in prep. (a)

y Basin floor fans/ or distal turbidites




Source to Sink approach

[ SURFACE PROCESSES]

*Multi-disciplinary approach permitting
the assessment of

Isopach input

* (1) sedimentary basins a
architecture

Age (My)

0.00
10x vertical

34.00
: 9.
exaggeration -?44‘{3,,

5.00
6.00
16.00

24.00

* (2) sedimentary erosion,
transport and deposition

* (3) sedimentary volumes Modified from Robin,
4 faci 1997 & Martinsen
and facies etal., 2010
FSM is a deterministic “process-based modeling tool that o L G S

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

Diffusion equation: Qs= K. Qw.S

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

/l .
/" 10x vertical
exaggeration




Volume calculations and uncertainties

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

St e LOCATION # CATCHMENT AREA (km2)| MAJOR RIVERS
Sl
W 500000 600000 700000 800000 900000 1000000 1 1106 Nahr el Kabir el Shimali
4 = 2 170
g —Present_day_rivers - 5””‘ Y | 3 217 i
2/ drained
oN 35°00°N lskm ’ 1 A 4 146 area &
> R COASTAL =
B N
. Bs55km - g SYRIA : ;?; 3540 ,é,ir‘q
| B 3900000 y = 3900000 &
[4.5km 7 384 &
8 339 &
P+km
9 161
W sim 10 194
l3km 1 353 Nahr el Kabir el Jounoubi
25k 3800000 - 3800000
-okm 12 343 Nahr Ostouane (+sur.)
.ka 13 274 Nahr el Bared
B 5km 14 494 Nahr Abou Ali
o 3000 l1km 15 291 Nahr el Jaouzi
[Josk 3700000 3700000 10 & J
.5km
17 346 ' Nahr Ibrahim
2D total
18 244 dralhed Nahr el Kalb
050 100 20 300 00 00 LEBANON 19 240 area Nahr Beirut
b e "
0°00E SSeone Kiometn 20 329 = Nahr el Damour
21 226 5593 Nahr Bisri
500000 600000 700000 800000 900000 1000000 22 18 Nahr Saitanik
H' H 23 120 Nahr el Zahrani
Modified from Macgregor, 2012 z > s e
(+sur.)
25 65 Nahr Abou Aswad
H 26 217 Nahr el Litani
Ha Wle et al’l 201 3’ 201 4’ 2015 27 134 Nahr abou Zeble (+sur.)
28 148 River passing between the Azziye
and Henniye villages




Best fit model

*Honors the thicknesses and facies
spatial extent

*VVolumes order of magnitude are split
into:
*Southern source
*50% nilotic provenance

Compacted

Mid-Late Miocene
Northern & Eastern (excl. salt) sink volume

*30% from the Levant margin — 33000 km3
(Lebanon/Arabia, Latakia)

*Basin in situ sources
*20% of carbonate and ~
hemipelagic deposits Nile




Best fit model

Mt Lebanon Palmyrides

Latakia Ridge

Judea Mts

)

W Fine clastics
- Higher

L Lower




Best fit model |
Hawie et al., 2015

K=3-5 km2/Ka

At 13Ma , At 6Ma

’// ':l Dc * Data constrained : . Fine clastics
™ // ! ’ - Higher
a \ e \ -7 ~: Literature constrained
e, (skipleetal, 2012) s Lower
Northern Lebanon [ R
. A
Qw Nile: 2830 m3/s
Qw Arabia: 800 m3/s ﬁﬁ
Qw Latakia: 80 m3/s At 6Ma

K coarse> 5km2/ka oo

Middle- Upper
Miocene

K fine= 5X K coarse




Best fit model

Hawie et al., 2015
K=3-5 km2/Ka

At 13Ma ‘ At 6Ma

Data constrained Fine clastics

- Higher

N
a \ - L ! Literature constrained
c

7 (Skiple etal, 2012) [ Lower

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

Rhodalgal deposition

at 15 Ma

Algal (%)

. 0.90

0.50

I

Hawie et al., in prep (b)

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

Hemipelagic deposition

at11 Ma

Hemipelagic (%)

. 0.90

0.50

"

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




Conclusions

*Facies models for the Middle Jurassic to
recent have been proposed

*Miocene source to sink system tested by
Forward Stratigaphic Modeling

\ Braided fluvial
p

Lacustrine/ alluvial plain

SHORE?
SHORE!

TORTONO-MESSINIAN

Upper Miocene

Nilotic provenance
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i Early Cretaceous
\ Post-Rift phase /
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Tectonic [ = = 4
k2 d
Tolgocene T T 7
/ . Continued marginal uplift
Tectonic| i
T f
mes;m_ian - - -
systems o=
=
Tectonic|
T pal h
Legend
s 4w N
[xx¥] evapories T subsidence
Deep water
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Jurassic syn-rift to early provenance
post-rift carbonate platforms / Latakia sediment
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Study Framework and Objectives

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)

Cretaceous “Sable Island Delta"

~Valanginian shelf-edge

Canyon incisions within / (Lower Missisauga Fm)
Lower Missisauga Fm

~Barremian shell edge
/ (O-marker Ilmaslone?
Canyon incisions
above O-marker ~Aptian to early Albian shelf-

edge (lower Cree Member)

Canyon incisions " : .
above Naskapi Mb Latest Albian to Cenomanian

Shelburne Canopy ﬁ /
shelf-edge (Marmora Member) e ©

Deptuck and Kendell (2012)

66°W 65°'W 64°'W 63°'W

From Kendell and Deptuck, 2012




Regional Geology

» 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)

Period  Stages
0 - -

Geological
Time Scale

—

Global
Sea Level
(Miller, 2005)

-150 -50 , 50 150

Nw  Lithostratigraphy

SE

Main
Events

1 ' '
0 100200
SEPM-Haq'08
Mean Sea Level

Stratigranty modibed fram.
Wade & MacLean (1990, 1993)
Wade of al (1995), Depluck el al

PALEOZOIC
METASEDIMENTARY
& IGNEOUS ROCKS
i

PASSIVE MARGIN

iq

‘Grand Banks
Avalon Uphift

Salt Tectonics

4

Seismic
Horizons

[ ]
B
»  Endof major
. salt deformation

K101 }
K130

J200 =

LEGEND

A Deep sea stratigraphic markers
{t Gas @Oil
<=~ Deepwater turbidite

[] Mainly sandstone [] Shale
[ Limestone/Chalk [Z] Dolomite
[ Salt [ Basalt
& Source Rock Intervals




Sedimentological and Stratigraphic Datasets

vV V.V VYV VYV V VY

Provenance

— Age dating

— Chemical Data
Paleoclimate
Biostratigraphy
Lithofacies classification
Shelf edge interpretations
Point Counting

Grainsize

Lithology from cores

Peskowesk A-99

N:Banquereau I-13

e oG BANQUEREAU C-21

Venture
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ALMAF-67 9 N-49 CHEBUCTO K-90

Ima K-85 Glenelg £-58 GLENELG J-48

Annapolis G-24
Crimson F-81
burnH-23

Balvenie B-79




Sources Locations

\ \ & 2] Mesozoic basin
( | A\ = .'l>urassi<<:: oc::alr;
A £ Permo-Carb. basin
7z %‘ ‘-i Grasriang % Lower Paleozoic basin
\ Appalachian orogen
%5 By % B,
\ aleoprot. Makkovi
?%%o' (% ’,% 1 53 Ztrhir Paleoproterozoic|
. - = [e) e \\ N cl e/an
> Determined from provenance studies 9% %ﬁ - _200km
L"’ = . 2 ,/
3 % N akkovik 5/
rovince % v
D ) [} Labr : 2 L Platform
. uperior
> Age dating e

— 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

Flemish
Pass

(Tsikouras et al., 2011) ‘ ; )




Sources Locations

> 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

Pri vince_ i}

i
%\ ‘i 1
) % \
= 2, \
- _
< N\
=} e N
= | \
o .
SR ) :
A\ akkovik
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Greenland

] Mesozoic basin

I Jurassic ocean
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other Paleoproterozoic|
Archean v

200 km

Rockall
p— Platform
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Flemish
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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
) Sea Level Curve (m)
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Catchment Areas

> Apatite fission track models -
— Grist and Zentilli 2003

— Hendriks et al., 1993

Area: ~4460Km?
Uplift:0.55Km?

> Comparison to the East African Rift oo bR
— Chorowicz, 2005

- Mass balance clcations | e A e
River 125
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® o e
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System Inputs (Flow Paths)

?

r discharge = 580 m'/s = v
ment load = 580 Km'/Ma ¥~ o

| Maastrichian

Campanian

% “e vs?dmmoadﬂaoo
s &)

100

00

'5 jscharge = 5700 mGRE_—— 5

:m: ‘\ G st:;iel;:ﬂ load = 3800 L
o | W

= Water disch

100

Hawie et al., 2017
Sangster et al., 2019




Bathymetry

Based on a compilation of data sets

Biostratigraphy - __
e Weston et al., 2012 e g o .

“\‘\d‘\‘: Net\\'\"
£

ASCOI I y 20 11 . Conhasset L-97 Cohasset L-97

ASSETA-52
Tantallon M-41 S Tantallon M-41

A I 2 O 1 O P i CHEBUCTO K-90 / ‘ g , 2
SCOoll ! GLENELG J48 oo CHEBUCTO K-90

GLENELG J-48

o

o

e Robertson Res.Inter. Ltd., 2004 0 o , -
. i

@

Robertson Res. Inter. Ltd., 2000 g e from: TN o ccee from: g

Deptuck et al., 2014
nittietale0is Inner-Mid Neritic Jeptuck et al., 2008 :::::-wll?g‘:feﬁﬁc

Petro Canada Exploration Inc., 1982 i, e

i Outer Neritic
g::lefrgje;:»c Bathyl Oer Nric-Balhyl

— Newbumn H-23 Unknown B Newbum H-23

Inner Neritic Jeptuck et al., 2011 Shallow Marin to Inner Neritic

Lithofacies classification

e Gould et al., 2012 o g -

Shelf edge interpretations 5;“ > BANQUEREAU C21, |

Cohasset L-97 A
<] ASSETA-SZ' {4 il A Cohasset L-97
7 .

® DethCk et a.l., 2014 ‘ ' . NP S Tantallon M-41

* CHEBUCTO K-90 : ALMA F-67 CHEBUCTO K-90
G J48 Alma K-85 * *GLENELG J-48

Tantallon M-41

A s G-24
Crimson F-81 A%ﬁ%‘;&}%.&

e Deptuck et al., 2011 ==t

e Smith et al., 2011
e Deptuck et al., 2008
e Piper et al., 2004

Bur H-23

helf edge from:
Deptuck et al., 2011

Legend
Unknown Newbum H-23

©  Shoreface
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Grain size (Average)

Grain Size Sable Sub-Basin, Logan Canyon Formation

Grain Size Sable Sub-Basin K-130-K101 Grain Size Sable Sub-Basin, Upper Missisauga Formation
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Proposed Geological Model

Seismic Stratigraphic and facies
analysis

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

A Upper

Mississauga

Logan Canyon

Hawie et al., 2017
Sangster et al., 2019




Forward Stratigraphic Modelling

T
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 wa
discharge:

Q:=KQ,S
- Qs = Sediment Load
- Qw= Water Discharge
- S = Depositional Slope
- K = Diffusive Coefficient

Initial
paleo-bathymetry
+
Sediment Input

Simulated sedimentation

Time Steps

Subsiden_(;e 't

ter

continuous flow

Permanent flow
Low-energy long-term flow
(such as slow gravity and permanent fluvial transport)

High energy flow
Short-term event induced by major fluvial floods
(hyperpicnites, fine turbidites)

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)

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

*Manual Calibration
« Reference Case »

1st Exp. Design simulations

+Definition of Uncertain
Parameters’ ranges

+1st Experimental
Design simulation

+Assessment of Multi-
Realizations
calibrations

+Selection of Most
Influencial Parameters

2" Experimental
Design

+Assessment of Multi-
Realizations
calibrations

*Generation of
Sensitivity maps

{ A
Parameters o ) . Evaluation of Main Influential
Uncertainty | Sensitivity Sampling through Latin Hypercube Methodology ‘ ‘ Response Surface Parameters

. Thickness Callbration Indicator ———m-
X -
0 [ 2 LS, Thickness CI
B s ] e
X, - 3 af
£ Texture ulw;; Indieator I’“-' i m_u.muF L
“ et o 12000 s
CRTURET R
One RS per Sequence e
[Eer Rl
4 il ) o m\
\ simulations
2nd Exp. Design simulations
7

Geologically Valid Multirealizations

Generation of Multirealizations

‘ Influential Parameters

l
A
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Model Framework

Simulation Parameters

Block X length
— 185Km

Block Y length
— 215 Km

Block Azimuth (orientation)
- 63.9°

Cell size
— 5kmx5km

Initial age of simulation
— 130 Ma

Final age of simulation
— 101 Ma

Size of time steps
- 0.5Ma

— 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

Avg.
thickness
(m)
(PFA 2011)
Cree 685
Naskapi 200
Upper 368
Missisauga
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Thicknes

S

43
20
<37/

Thickness maps

Y ==
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Salt depth map
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2936.5079
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Hawie et al., 2017
Sangster et al., 2019




Atmolit Sedimentary Facies Logan Canyon Upper p—
| System Mississauga NTG 0,67

Phie %

K

Upper Missisauga
S GT 595/NT 253
GT200/NT88  \76 043
Phie 15 %

Fluvio-Deltaic/ Estuarine (sand >30%)

Ariibugiso Fluvio-Deltaic/ Estuarine (sand<30%)
Wcom
Phie < 101

GT 885/NT 262
NTG 0.30
Phie 11-13

! / Fluvio-deltaic channels
Aol |

Inner neritic sand
Middle outer neritic sand

hils=-17
Sandy turbidites
: L W 70 sond
Fine turbidites — P
Mixed turbidites (shale & silt dominated) ) wsen
0% Sond -l
Mixed lobes (sand>20%) ; ” s 1%/ 19
= e "
Mixed lobes (sand<20%) et ij..m:
Basinal Shale
700,000 720,000 800,000 860,000 900,000

Sedimentary Architecture
Shelf  Slope  Basin

Aartston i)

Reservoir Level

Vertical Connection =

-

R Main salt
Mini basins mobilization
facing the
slope sector
mlm 700,000 m‘nw wlwo wlow

Hawie et al., 2017
Sangster et al., 2019
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Sedimentary Pathways

 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

Sedimentation Rates (m/Ma) |

?Taﬁllnn—l“l ‘
|
|

Hawie et al., 2017
Sangster et al., 2019
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The Alma-Balvenie Sector

Deltaic Sand trapped on the shelf

Mixed fine turbidites
Alma-F-67 trapped in mini-basins
Deltaic sand
Inner neritic sand
[ | Shallow marine
‘ channels
e
Basinal Shale
Mixed turbidites (shale & silt
Beminaesthd<30%)
Middle outer neritic
Mixed lobes
[ | fanndpiises
(sand<20%)

Dominantly fine turbidites
trapped in mini-basins and further offshor::

Balvenie-B-79
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The Tantallon Sector

Hawie et al., 2017
Sangster et al., 2019

Concentration of water discharge
along the fluvio-deltaic setting

e S VINY

Tantabon M-41 i

. 10x

(Piper et al.,

2010

ll‘llm
7 li“!!"':




The Alma Marginal Sector

TERTIARY _|C| Age

Hawie et al., 2017
Sangster et al., 2019
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Sedimentary Facies
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Model Sensitivity (QS,QW)

£ Overall average sand

content results of the 1st

experimental design (+/- s

20% on QW & QS) ety et oy 0 I o i e
@ The related standard : = -

deviation (top-right). . e e e

‘Sarl_Aosrage (Sechmes rogartion) (5]

Hawie et al., 2017
Sangster et al., 2019




Model Sensitivity (Ksand)

& Overall average sand
content results of the
2nd experimental design

(Ksand variation)

£ the related standard
deviation (top).

Hawie et al., 2017
Sangster et al., 2019

Experimental Design 2
Sand,Marine water driven |Sand,Marine water driven 0,013 0,0065 0,026 km¥/kyr | _Uniform
sand,Marine high energy |sand,Marine high energy | 01 005 | 2 | km¥iyr | uniform |

1 0,0182 2
2 0,02405 0,635
3 0,0065 1,805
4 0,026 1,415
5 0,00845 0,245
6 0,0143 0,44
7 0,02015 1,025
B 0,0221 0,05
9 0,01235 1,61
10 0,01625 1,22
11 0,0104 0,83
12 0,026 2

13 0,0065 0,05
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A OBt &

Model Building (2/2)

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

Salt deformation and its impact on sedimentation was simulated




A OBt &

Overall Facies Model

Climatic Variations on Supply +/-

50% 20 KM s
/ <0 km

Hawie & Marfisi 2017




OveraII FaC|es Model & Geometrles

Hawie & Marfisi 2017



hahnel Stacking Patterns

Channel Complex Set

Hawie & Marfisi 2017

Channel Complex Channel Complex Axis

Example from 35-32,6 Ma VEX50 A% ==

Channel Complex

Campion et al.'2011,
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A OBt &

Channel & Lobe Granulometry

Up-dip submaring]
channel feeder

Channel-lobe
fransition zone
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Facies distribution
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Impact of Salt Deformation

Time step of 50kyrs
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VEX100 Hawie & Marfisi 2017




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)

Hawie & Marfisi 2017

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

3 uncertain parameters
o Fluvial discharge through time (+/- 20%)
o Sediment supply for both sources (+/- 20%)
e Proportion of gz sand in both sources from 33Ma (+/- 20%)

Total of 11 simulations to cover the entire uncertain domain




Sensitivity Maps

Example for the pre-salt deformation sequence:

Pattern Name
Facies
[  Coarse Sand
[ 1 Medium Sand
[ Fine Sand )
I Shale

Most Represented Facies

10,000

10,000

Hawie & Marfisi 2017
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Experimental Design 1 (Shale Content)

Water
Discharg
e




Added-Value of Integrated FSM for E & P

Geological & Facies Model Validation

o Evaluate all compiled data consistency
e Regional sedimentary concepts

Study of Sedimentary processes

o Depositional environment and environmental parameters for clastics and carbonate

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

¢ Extension and thicknesses of seals
o Distribution, thicknesses and nature of source rocks

Enhance basin petroleum models (pressure,

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

Enhance Reservoir Models

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

~ = TexturaSensitivity
. » -

. i P 488 ks
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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.

Explanation

E

=y

-

ez

]

Geologic contact

Evident fault

Inferred fault

River

Water depth contour

Latitude/longitude tic

Q- Quaternary sediments

Qs - Quaternary sand and dunes

N - Neogene sedimentary rocks

Pg - Paleogene sedimentary rocks

Ti - Tertiary igneous rocks

TKv - Tertiary and Cretaceous volcanic rocks
Ks - Cretaceous sedimentary rocks

Kls - Ci and Jurassic sedi ry rocks

Jms - Jurassic metamorphic and sedimentary rocks

pC - Undivided Precambrian rocks
Surface water

Ol freld

Gas field

Ol and gas field

Well location

Scale

0 150 300

Kilometers

Figure 15. Regional structure and selected oil and gas fields (modified from Rao and Talukdar, 1980; Biswas and Deshpande, 1983; Mitra and
others 1983; Wandrey and Law, 1999).
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Mumbai Offshore Basin

Interesting Exploration Frontiers in India

Reservoir
Age Lithology/Location Comments
Middle Carbonate sections at Ratnagiri, Mumbai high & Diu (Ratnagiri & The uppermost part has been found to be hydrocarbon bearing at a few places
Miocene Bandra formations) A sheet like sand deposited over Mumbai High (51) is also proved to be gas bearing
in commercial quantity in Mumbai High
Lower Represented by a thick pile of carbonates hosting huge quantity of Deposited under cyclic sedimentation with each cycle represented by lagoonal,
Miocene oil and gas over Mumbai High (Bombay, Ratnagiri) algal mound, foraminiferal mound and coastal marsh facies
The porosity is mainly intergranular, intragranular, moldic, vuggy and micro-
fissures and the solution cavities interconnected by micro-fissures provided
excellent permeability.
Oligo- Early | Sands in the central and mid-eastern part of Surat depression i.e. Deposited under prograding delta conditionsProved to be excellent reservoirs
Miocene Tapti- Daman area, Daman formation.
Carbonates adjoining Mumbai High( Panvel formation )
Eocene and E.Oligocene clastics of Surat depression(Mahuva Formation) Proven hydrocarbon bearing reservoirs in Tapti area.
Early Deposition of thicker carbonate facies over the horst blocks in Gradual increase of sea level, shielding from the clastic onslaught from the
Oligocene | Panna- Basein-Heera and Ratnagiri blocks (Bassein, Mukta & Heera northern part of the basin.
formations). The intervening regressive phases have aided in developing good porosity in these
rocks making them excellent reservoir levels in the basin.
Paleocene Coarser clastic facies developed within the upper marine shale The clastics of Panna formation are proved to be excellent reservoirs in the Sw

sequence in areas of Mumbai High, Panna and Ratnagiri (Panna
Formation)

flank of Panna -Basin platform.
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Figure 4. Generalized stratigraphy of the Bombay-Cambay-Kutch area (modified from Mishra and others, 1997; ONGC, 1983; Biswas and others,
1982)
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Interesting Exploration Frontiers in India

Mumbai Offshore Basin
> Major Identified play types

— Paleogene Synrift clastics(Paleocene-Lr. Eocene,
1801 1657 1501 1357 120l 1051 ool 751 60l 451 301 15l GEOLOGIC
Panna Fm) MESOZOIC cENOZOIC TIME
Jurassic Cretaceous Paleogene cogene PETROLEUM
— Eocene Carbonate Platform (Bassein formation) s & Rook Unit
— Lr.Oligocene Carbonate plays (Mukta and Heera z E 5 Kauteh
z g9 g _
format|0n5) E g -E‘ % §§E \g:; g ﬂ‘i._?g Cambay Graben
¢ —‘-5; P, _Ziiiis £728s,0
— Oligocene-Lr. Miocene deltaic Play (Mahuva ’ e 1f I 22 EE2L  |mombay ormshore
&Daman formations) == = " - ;i . Source Rock
R . ot ] Reservoir Rock
— Up. Oligocene carbonates ( Panvel and Ratna - - B mm| SealRock
. - -Over‘burden Rock
formatlonS) Trap Formation
. . I - e Ao
— Lr. Miocene carbonate (L-Ill and L-IV reservoirs, - ~GT ATION AT
e Preservation

Bombay / Ratnagiri formation)
— Lr-Mid. Miocene clastics(S1 sands),
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Figure 25. Events chart summarizing stratigraphy, source rocks, reservoirs, seals, traps, and petroleum information for the Bombay Geologic

— M|d Miocene Carbonate (L-l and |_-|| reserVOirS’ Province Eocene-Miocene Composite Total Petroleum System.
Bandra Formation)
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Interesting Exploration Frontiers in India

Vind hya na 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:

BHANDER

— Vuggy carbonate from Eastern Siberia
— Carbonate and siliciclastic from Taoudeni basin

> Analogues experience:

— Mesozoic of Middle East (carbonate and mixed
N systems)

Keldaha

[EIVEE]

Deanar

— Cretaceous margin of Angola

Kajrahat

— Miocene of Southern Spain (outcrop)

Arang!
Dealand

Basement

200 M

> Numerous modern analogues could be found (Bahamas, inner

Westarly 250 K Eastady

Figure 2. Strike-wise stratigraphic column of the Vindhyan Supergroup in the Son valley prepared by combining several G reat Ba rri e r Reef’ Ce nt ra I Ea Ste rn m a rgi n Of Au St ra I ia ) Be I ize)

discrete logs constructed at different locations along the structural strike. The upper boundary of the column represents
the present-day topography. Maihar town has been shown as a reference location on the topographic profile.




Interesting Exploration Frontiers in India

Vindhyana Proterozoic intracontinental Basin

SQ.| FORMATION DESCRIPTION PALEO-
Y v s — GEOGRAPHY
ower Shi Inisrcaliti
Lower shikace ekt 4500 Upper Bhander Sandstone Well sorted Sst with wave features below and cross-strata Fluvio-eolian and
Isni::;:?;-:;ne - Vokaniklastic (m) translatent, and adhesion laminae above (CU) marginally marine
v Comsetadun D uimestens U Sirbu Shale Sst-Sh interbed with wave and quadripolar sole features. | Shelf
u andstone P BHANDER Carbonate patches in Sh with emergence features below (CU) Lagoon
3 - Conglomerate - Shale b i i
- E Lower Bhander Sandstone | Sst-mudstone interbed with wave and emergence features (NT) Coastal playa
Bhander v Bhander Limestone Micritic, oolitic and stromatolitic L5t (NT) Shallow marine
111 Ganurgarh Shale Mudstone-Sst interbed with wave and emergence features (NT) Chenier
D Rewa Sandstone Well sorted Sst, bimodal x-strata below and assorted Sstunimodal | Tidal to fluvio-eolian
E:;:::gu . ¥ REWA x-strata and emergence features above (CU)
n
Jhiri-Asan-Panna ‘l: Rewa Shale Sh-Sst interbeds with wave and sole features (CU) Shelf
Dhandraul Upper Kaimur Well sorted Sst with thin mudstone below and large x-stratified | Shelf in fluvio-eolian
E coarser Sst with emergence features above (CU)
Mangswar | & KAIMUR
Bijaygarh 5 Lower Kaimur Sst-5h interbeds with waves and sole features sand-tree black Sh | Intertidal to shelf
Ghaghar above (FU)
Sasaram _
Raohtas Rohtas Limestone Lst, Locally intraclastic, wave rippled (NT) Shelf
ROHTAS
Rampur L Rampur Shale Gray Sh with sand-filled gutters (FU) Shelf
ChormalsSalkhan (8]
Keldaha ® W Chorhat Sandstone Well sorted, wave featured Sst often amalgamated (CU) Shallow marine
m E KH
Deonar E R EINJUA Koldaha Shale Sh-Sstinterbed with waves and sole features. Local coarser poorly | Dominantly shelf, deltaic
v sorted Sst intervals with emergence features (CU) fluvial
Kajraha 1 Volcanic ash, pyroclastic flow/surge deposits, locally bearin Shallow marine
N |PORCELLANITE e ge depos Y bearing
Arang! D
Declend | l‘;,l Kajhrahat Limestone Dolomitized Lst with stromatolitic and desiccation features | Subtidal to peritidal
Z Basement ﬁ KAJRAHAT towards top (NT)
g Arangi Shale Scarcely exposed grey Sh Shelf
< > Well sorted Sst, bimodal—bipolar cross-stratified. Localized basal Shallow shelf
Wt ey ooty o | PEOLAND diamietile (FU) P
Figure 2. Strike-wise stratigraphic column of the Vindhyan Supergroup in the Son valley prepared by combining several

discrete logs constructed at different locations along the structural strike. The upper boundary of the column represents
the present-day topography. Maihar town has been shown as a reference location on the topographic profile.

Bose et al. 2001
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