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Advances in basin modelling: classic tool and new uses
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The course is dedicated to any geoscientist who has an interest in Basin Modelling in general, and Petroleum System Modelling in particular.

Those involved in integrated G&G studies are most welcome, as well as petroleum system analysts curious about recent technological advances.
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Gangetic Lesser and Higher

PhD on Siwaliks and Terai in Nepal (Himalaya foreland) South FomaniBesn  Shalks S TES

Vim

Measurement and modeling of erosion processes, thermicity, sedimentology
of the foreland basin

Petroleum System Analyst at Beicip-Franlab since 2008 =)
Expert in petroleum system modeling, involved in more than 40 studies . ‘
worldwide. Advanced TemisFlow user. BE:QC'?Frf?Iib——/ rp—

TemisFlow™

Specific geochemical modelling

Paris Basin & Bakken Shale (2009), Western Siberia (2014), Kuwait (2015),
Mexico (2016), Algeria (2017-2020), Bahrain (2021)

Specific biogenic gas modelling
Vietnam (2011), East Mediterranean (2012-2022), Indonesia (2015),
Myanmar (2020), Worldwide Synthesis (2022)

Specific Energy Transition
H2 modelling in Colombia (2021-2022), Geothermal modelling (2021)

Experience in India
Bengal Basin (2009), Kerala-Konkan (2009), regional review (2017)...
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AGENDA M Introduction on the basics of the
basin modelling

Some advanced uses of basin models
(documentation not included in this ppt)
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Modelling

Petroleum Exploration

Why using basin modelling techniques?

A few words about Forward Stratigraphic Modelling
Overview of Basin Modelling Principles

Basin Modelling Interpretation (not in this ppt)

A few study cases
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Petroleum Exploration
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There are various exploration studies objectives...

Classical Basin Exploration = Looking for new economical HC resources!

e Is it an unexplored area?
e Are there already (declining) HC resources?

Alternative valorisation of sedimentary basins?
e Geothermal energy

e CCUS (Carbon Capture Utilisation and Storage)

e Li, He, Natural H2, etc.

Specific technical challenges
Avoiding (or looking for!) shallow gas pocket / hydrates

Predicting overpressure
Well planning in general, especially for wildcat wells

o — l-“
e Avoiding H2S & CO2 s B
e Etc. A MHyz.,s

Various objectives = Various workflows!

Appraisal Development >

PP oo

@Beicip-Franlab



Sedimentary basins arround the world...

Small dots: oil and gas fields
Colors: selection of basins recently studied
by Beicip-Franlab in a worldwide review.

There is still room for the exploration!

Not even mentioning that known basin can be reexplored...

@Beicip-Franlab



Exploration workflows and technological advances...

. . =
More and more available data and improved data management, ._1'.!_1'
0 T
Better understanding of the inner earth in general and petroleum system in particular, it
imagi . - ’; aill
Better imaging of the underground, Seismic characterization

Improved and less expensive drilling technologies,

Improved production, refining, storage and transport technologies,

Vertical Well Pad Multi-Well Pads

New needs...

Drilling deep water wells, HP/HT...

A Drilling horizontal well with
hydraulic fracturing in
unconventional plays

Technology: the game changer that revitalize the exploration.

e Development of new workflows opening new basins and new plays!

@Beicip-Franlab



Frontier basin = sporadic / extensive exploration
= very limited data / nothing known

- Analogy with known basin

- Models for “filling the gap”

- New concepts

Mature basin = producing hydrocarbon

= a lot of data / hard-to-find remaining targets
- New technologies
- New data processing
- New concepts

In the beginning all the basins were frontier ©

Frontier / Emerging / Mature Basins

_" e.g. Kalahari, Etosha, Congo,
™ Tchad, Taoudeni basins in Africa

Petroleum exploration is active in both cases.
But methodologies are adapted...

" e.g. The Arabian Platform
in the Gulf

“We usually find oil in new places with old ideas. Sometimes, we find oil in an old place with a new idea,
but we seldom find much oil in an old place with an old idea.
Several times in the past, we have thought we were running out of oil, whereas actually, we were only running out of ideas”.
(Dickey, 1958, in Sternbach, 2020)

10
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Frontier / Emerging / Mature Basins ‘

Creaming curves are classical figures for identifying the exploration status of the basin

Idealized cumulative petroleum discovery or “creaming curve”

Success Rates

Rudolph and Goulding, 2016

08

\ —a— Geological
° | ~90% . Success
g g Ae\\ e In mature basins, play &
S g //)’ Y\. Success ) . .
g i, 4 Exsoniobi prospect exploration is
.g ~50% , 4 N *?i:l:f!“‘ more risked. Discoveries
. ndustry
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.2 00 Discovery Volumes .
1 Sample ize - 537 and less often economic...
AL, 500 | (ExxonMobil)
= ‘g‘ _\ Sample Size = 7062
E o 400 (Industry)
a " § 200 \ Yield = ¥ commercial volumes / 5 number wildcat wells
g : Fon | A\ —trs
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Yield
~<=>~ 0 \ Creaming curve in East Mediterranezin

i Test Emerging Core Harvest
Frontier  Emerging Mature

]
Cret, =%
Carbonate *"

Rejuvenated plays Sy

g

Of course things are often more complex. Discovery of new plays

v

eai  Tomsah
Port Fouad Marine

g
8

There are old plays rejuvenated by new technologies
and also “frontier plays” in mature basins...

5000

Recoverable reserves-resources (Mboe)

Abu Mad, =t

Lottaroli and Meciani, 2022 ~ . ==

o
195 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020
Years
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A few words about the “Near Field Exploration” (NFE)

Today's industrial climate is much harsher than the boom times of the past.

. . .. . . Time to P t
dev:i:::ment ":-?IP: ‘
Upstream companies are looking for ways to maximize production, while
. . [years)  (million boe)
streamlining processes and minimizing risk. e (S
Long-term potential 15+ =500
. . . . for industry
Near Field Exploration means exploration of new targets in already RONTIER
producing areas with existing data and available facilities (i.e., at lower cost). Buildvpof acreagein | 10+ >250
under-explored basins
HEARTIMNDS hell 3 50-250
» ) " e N inS
The concept of “Near Field Exploration” in mature basins is all the rage... producing basins ’
NEAR-FIELD <3 5-50
High-value add-ens

Shell documentation (2016)

Revaluation of contingent resources in the known fields/plays.

“True” NFE
Looking for subtle traps / satellites... often through enhanced seismic imaging ]~ in its “classical”

acceptation
Looking for new plays... sometimes with disruptive concepts!

@Beicip-Franlab

New technologies are key tools for the NFE.
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A few words about the “Near Field Exploration” (NFE)

’Jﬂm Available surface facilities
m
il

Let’s imagine a large gas field
producing from a carbonate
pinnacle (e.g. Central Luconia
Platform in Malaysia)...

What could mean NFE
exploration in this case?

Deeper unknown
Petroleum System?

(D Smaller/other traps in the known play NFE “classical”
definition

NEE studies can be done at field scale @ Subtle traps associated to the known play

As well as at basin scale (global revaluation of near
field potential at basin scale)! (@ Unconventional play

It’s a bit semantics (in my opinion)... (5) Other deep plays related to another petroleum system

@ Other plays related to the same petroleum system

@Beicip-Franlab



Offshore Brazil: A new deep play at the border of a mature basin ‘

Both new technologies and better analysis of =i 2006 Offshore Brazil
known petroleum systems lead to the discovery of 4 i  In2014
the giant pre-salt play (Santos & Campos basins). SN PORT R

[ﬂetrobras documentation BACIA DE CAMPOS RSN RS WATER et

'::’ 'M“m ;“WT: ) ~-~w§:E' TECTONICA E MAGMATISMO | 44

B L] P

e =

Meso-cenozoic turbidites...
where is the main source rock?

|20

=

CAMPOS

SUBSIDENCIA TERMICA COM
TECTONICAADIATROFICAASSOCIADA
§
3
8

In the concealed SANTOS

rift basin
unexplored 15
years ago!

New deep offshore fields in
presalt syn-rift sediments.

14 }
Presalt ‘ . 2
o Deep plays may be new targets... and may be associated

- to already known shallower plays. g

®
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Shale & tight plays in the US: A new kind of HC resources

There is something new in the US!

o

US shale gas production forecast

400
Monthly U.S. dry natural gas production (2004-2018) ™ e ‘
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2
-1 Y e T
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P e ——
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2004 2006 2008 2010 2012 2014 2016 2018 = 2010 2015 2020 2005 2050 2085
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13
12 Maximum production f CBM  Heavy Ol 1 CONVENTIONAL PLAY
n pro _ Tar £ shaleOil  TightGas/Oil  Shale Gas
10 of 9.6 Mbbld in 1970 Schistes  sand = £ w g & Permeable sand
-] - rest of U.S bitumineux = .
2 = Conventional
7 other U_S_ tight oil
Eagle Ford (Texas)
6 Sprabemy (Texas Permian)
5
4 Wolfcamp (Texas and N.M. Permian) m T el . O B
Bonespring (Texas and N.M. Permian} eavy ol -
3 e Impermeable sand -
> Niobrara-Codell (Colo. and Wyo.) - U . | p Shale (|mpermeab|e)
= Unconventiona Unconventional .
1 Awustin Chalk (La., Texas) = Unconvenﬂonal
o
2004 2006 2008 2010 212 2014 2016 2018 << x 10 Km to 100 Km > <X Km >\

https://www.eia.gov/todayinenergy/detail. php?id=38372

ocarbon plays in low permeability rocks, unveiled by new production technologies = A new paradigm!

Source: IFPEN, 2011
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Reminder of the vocabulary... F 4

Usage in OIL INDUSTRY DEFINITION

A model of how a petroleum system (charge, reservoir, seal, trap) may combine to produce
petroleum accumulations at a specific stratigraphic level (e.qg., the Upper Jurassic deep marine play).

Play (Petroleum Play)

Play Fai rway Mapping of the geological/areal extension of the play (by analogy to golf courses).
. A geological or geophysical feature identified as a potential trap (but not yet sufficiently mapped
Lead (Exploration Lead) .., P
A structural anomaly (or stratigraphic trap) fully mapped with sufficient 2D/3D seismic, but not
Prospect yet drilled.
(Exploration Prospect) The seismic interpretation must be available for dealing with prospects, either an overall seismic

interpretation or better a detailed interpretation.

Lead Area

. Group of poorly defined leads, zone where leads could be identified (on the play fairwa:
(Prospective Areas) p ot poory ( play y)

The precise coordinates and trajectory of an exploratory well ready to be drilled in a prospect.
A location may have several drilling objectives (for example, in case of several plays).

Exploratory Well Location

Exploration Portfolio A portfolio of identified and hierarchized Leads and Prospects

The concept of “play” is a tool for optimizing exploration strategies: the classification of know & potential HC

accumulations put forward some characteristics which are useful for finding similar HC accumulations.
Whoever looks for the right clues finds better - “Play Based Exploration” (trendy vocabulary)

@Beicip-Franlab
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Exploration steps ‘

\
BA S I'N P LAY - PROSPECT DELINEATION —— %

@ \ ==t .
”“=5555‘ h
'i:::::ii_ e

i
DIRECT methods

gE=c

S

INDIRECT methods

Satellite images Regional 2D seismic Stratigraphic wells
Geological mapping Detailed 2D seismic Exploration wells
Gravimetry Magnetism
Aerial photography

Geochemistry Well test, production tests
Surface geology 3D seismic 4D seismic
Thermal Modelling Petroleum System Modelling Reservoir Modelling

More knowledge Reduction

@Beicip-Franlab

Reducing uncertainties = Targeting the best objects = Save time and money!
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Reducing the uncertainties before drilling? Two solutions...

o

Purpose of this course

Better mapping of the underground Better understanding of geological processes
for better detecting the targets for better predicting the location of the targets
Data acquisition and analysis Conceptual and numerical models
G&G workflow (Geology & geophysics) Basin Models

Of course, both techniques can (must) be developed in parallel in exploration workflows.

@Beicip-Franlab



Why using basin modelling techniques?
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At the beginning... ‘

Oil seeps... And in India 150 years ago...
The Pitch Lake at Trinidad

ok

Prsn. gt

Uclcome to Digboi §
~The Birthplace of theIndian Oil industry t

% Oil Seep
@ Oil Field

Bhagobaty, 2020

Petroleum accumulates in good reservoir
with structural closures...

@Beicip-Franlab

These concepts are no longer sufficient for a long time.
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The source of petroleum, geochemistry and thermicity

The relationship Burial > Thermal Stress > Catagenesis was not obvious at the beginning...
Burrial > Thermal Stress > Catagenesis

g (-20°C) )
ﬁ .
g Terrestrial OM . Primary Secondary
S 2 Cracking Cracking
[=3
- 8
I @
£ . €Oz, Ha0... €Oz, Hz0, HS,..
3 Organic matter
H " ‘ accumulated in
[e=—s— i B = _— the sediments
Mesophiles K &
Thermephies g
§ | Mweemephte | | ® 7|2 | Hrocartons
s Blsg —= 5y | Resins ——
§ ¢ \ E Asphaltenes \
SR (x)
3
Tissot, 1987 C-enriched Kerogen Carbon residue

Since the late 1960’s: Looking for areas with organic-rich
Temperature in °C along a passive margin. rocks sufficiently buried for being at high temperature.

@Beicip-Franlab
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The concept of petroleum systems ‘

Organic matter and sufficiently high maturity levels — mature Source Rock — are not sufficient for
finding hydrocarbons in a basin... We also need a reservoir rock with an efficient seal and a trap for
accumulating the hydrocarbon.

The integration of all these elements give a “petroleum system”... The concept itself appeared in
the 1970s (Dow, 1974), formalized in the 1980s (Demaison, 1984; Magoon and Dow, 1994).

Trappin . . .
Sl We will come back on this concept in next parts of the course...

Migration Preservation

Exploring basin looking for areas

where a petroleum system can
potentially develop?

Dow, 1974 Generation

22
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Development of exploration workflows, theories and maps ‘

Following petroleum system concepts, it is possible to use a map based approach for identifying
potential HC accumulations...

Key data Conceptual Play Definition
Q Structural closure > StrU CtU I"a I m a p
= . C Empty Trap
=7 Drainage Fetch Aves » Thermal gradient :
@ HC accumulation

Aphroditg
Spill Points
€ Regional HC flow direction ’ : > EXtent Of source rOCk' N % _ Drainage/migration path

seal, reservoir units

Mature
Source Rock
“~._ extent

\\ Prospective Area
‘\\ in the Play

Reservoir

Structural map of the top Aquitanian reservoir in Levant Basin. -
extent

(the structural maps of the source rocks is also usable)

3500 m

Seal
- extent

s000m’”  \ “

This map-based basin analysis technique is still used.

It gives first qualitative results when the data is very scarce...

23
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Let’s come back to the petroleum exploration...

=7  Obvious oil-water contact visible on

beautiful seismic data...

77 /”‘/:jf&\a

X Numerous well data...

o ’ e 0- GR-150 ;}ZRD—ZDDO O45-NPHL015 0o o .
{ (1) N vp 0.2-RD-2000 195-RHOB-2.9 e 1-8w-0 0,4-PHIE-0 EUE e
} Ul N _ 0.2-RD -2000 _140-DT-40 Lithology
R NiiE
S se r:i + 3
9700 ‘g f
o790 (5 N -
fg
w |
In simple cases, there is no need of sophisticated f"

modeling technologies to find petroleum....

NEVERTHELESS...
v’ There is not always a dataset giving all the answers, especially in “frontier” basins

v Most of the large and simple targets were already discovered in “mature” basins
Finding oil and gas is getting more and more challenging.

@Beicip-Franlab



“Frontier” basin example F 4

There is no “fancy” dataset to be used, just a few maps (sometimes conceptual), or a few “vintage”
seismic sections, a few wells (sometimes nothing at all), a few analogs and regional concepts...

Still, we must assess the petroleum potential of the study area / basin!

Lead identification, prospective HC volumes, preparation
of block delineation in Offshore Lebanon??? Prospective HC volumes
in Tendrara-Misour basin (Morocco)???

\%I’:-rtsciﬂ .[_\
Just a few wells and one conceptual map.

Regional structural maps (2D seismic), no well.

You really need to do something more, since “observed data is insufficient.

- Fill the gap with a physical model able to predict the hydrocarbon distribution with limited geological data!

31
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“Mature” basin example F 4

/. Greater Burgan (Kuwait)

88 Bbbl oil initially in place

26.5 Bbbl already produced since 1946

20 Bbble remaining recoverable reserve (proved + probable)
About 0.6 Bbbl produced / year (decreasing)
Water invasion...

—1t’s time to find new reserves!
But there is no more large obvious targets.
Where to drill?

“Near field exploration”. Unveiling new petroleum “plays” is required.

- Among new technologies to be applied, a physical model able to predict the hydrocarbon distribution is helpful!

32
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“Mature” basin example F 4

Finding new plays and new prospects?

For example, porous carbonates on the flanks of known structures — subtle stratigraphic traps — Identified by seismic characterization.

ane i M0 e e e s S P

New play? _[IRNEE== AT

' Possible migration path?

Probable HC source rock
(not well characterized)

SOLUTION
- Drilling a new well!
- Butitis cleaver to save time and money guessing where is the

best target first, i.e., a target filled with oil.

The definition of new play concepts

requires a good knowledge of
“petroleum systems”.

33

QUESTION
- Which one of this traps can be charged?
- What kind of hydrocarbon could be found?

- What are the drilling conditions (pressure)?

- l'r. _fr’_’r —r—r r—r R
i ] [ + o n I
o ARARS (o N

-¢- Main Targets *‘:} Other Targets

=

ﬂ Main Migration Pathway *Migration Pathway éDismigration/ Seal Leakage
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Needs of the oil industry

Where are hydrocarbon resources, how much is expected?
e How to optimize HC exploration when there is only a limited amount of data?

e A single well costs at least 5-7 MS... up to several hundreds MS! Targeting the
well location before drilling is a priority.

e Seismic acquisition cost tens of millions $. Geophysical studies are of key

importance, but they cannot give all the keys for an efficient exploration (low
seismic quality at basin scale or in some challenging contexts, ambiguous interpretation in many cases,

incapacity to identify subtle elements, etc.).

Is there any risk ?
e The exploration is so costly that financial risks are high, even for big companies.

How to optimize exploration costs and risks?

e Drilling may be dangerous, particularly in case of overpressure. Predicting the
danger allows reducing the risk.

How can we optimize field developments?
e How to understand physical, chemical, and geological processes to optimize
hydrocarbon exploration and production?

We will see that basin modelling is a cost-efficient solution to go further with data!

@Beicip-Franlab




Needs of the industry (exploration phase) ‘

Filling the gap in the geological models (continuous properties)

35

Pressure
Temperature
Maturity level
Lithofacies

Petrophysical properties (porosity, permeability, capillary pressure, etc.)

Etc.

Predicting the presence of hydrocarbons and their composition

Computing hydrocarbon volumes Initially In Place (HCIIP or PIIP, GIIP + OOIP)

Assessing geological uncertainties and risks for decision-making and steering exploration strategies

Basin modelling can fulfil all or parts of these needs,

in combination with other techniques, depending on the context.

@Beicip-Franlab



What is Basin Modelling? ‘

36

Basin Modeling helps understanding the processes of basin formation and evolution, and in

particular the occurrence and behavior of petroleum systems.

It simulates the geological, physical and geochemical phenomena driving a basin evolution:

e Sedimentation,

e Structural evolution,

e Burial and compaction history, diagenesis, petrophysical evolution,

e Thermal history,

e Generation of hydrocarbons from the source rock,

e HC expulsion, secondary migration, HC accumulation and preservation...

Basin Modeling is a “forward modeling”: it simulates the formation and evolution of a basin

through geological time, from the deposition of the first sediments to the present.

Beginning of the basin modelling
(example)

444 16 359 300

65 23

Analysis of the results

1.6

0

Paleozoic

Silurian

Cenozoic

Era

Paleogene

Neogene

Quat

Period

pal| Eo |0l

Mio [P

Pleist

Epoch

Forward modeling

through geological time
Explaining present day state
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What is Basin Modelling? ‘

Forward modelling through geological time
- Modelling of geological / physical / bio & geochemical processes explaining the present state of the
basin. This modelized present state must be cross checked (we usually say “calibrated”) with observed

/ measured data (temperature, pressure, lithology, etc.).

3D forward modelling of the sediment deposition

Facies 1Bk l
2 R 444 416 359 300 21 200 145 6 23 15
Unknown — 2 2 © Paleozoic Mesozoic Cenozoic Era

Paleogene | Neogene | Quat | Period
Intertidal

pal| ko o] mio [r]pieist [Epoch

Mid Ramp

Outer Ramp e

Shoal Complex

Slope debris
Subtidal ramp transition

Supratidal-Sabkha

Lagoon
Submarine channel lobes
Submarine channel sand

Rt §

5 2‘3 '\‘.6

Cenozoic Era
Paleogene | Neogene | Quat | Period

1
€ [u] v TJefm] o | ol m L] 7al| eo Joi| Mo [pifpiest [Epoch

Shakerley et al. (2022), Larus Energy B LARUS

ﬂENERGY

@Beicip-Franlab
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What is Basin Modelling? ‘

Usually, basin modelling is performed... at basin scale! Salt thickness & pressure
Santos Basin

Source Rock

Basin modelling gives an exhaustive

. 540000 — i
. AT maturit 1INo salt = Basin scale water flow

overview of all the pOtentIa|ItIeS of dy [ s00m 3 :iEEEE_ - 0 km Mandatory for pore pressure modelling -
. . . 1000 m iRt} -
a basin to the explorationists. , E. Me Coomd® | 450000
M Iy 460000 ]
j i i 440000

‘ . A DS High overpressure g

3000m 5 . .l 400000 — -

ul i y ] [——,_near the shelf egg _
g . ., = . 360000 | ‘Jf:' L

1 43 340000 |
) 320000
300000 ]
280000
260000
240000
220000
200000
150000 ]
160000
140000 n B

800 km 120000 m

100000]

Low pressure zone
beneath the salt

A
v

The super-large scale vision (>100km) is often mandatory for B Oceanic
. . . . . — ?
understanding and modelling the sedimentary basin evolution: Ei} Crust:
sediment flux / thermal flow / water flow / petroleum systems |JSEa s AR AR ARASRERRRS O ARARRRRRRR AR

occur at the basin scale.

P »
o L

600 km

@Beicip-Franlab
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Different kinds of Basin Modelling

Basin Modelling

Stratigraphic Structural
Modeling Restoration

. . Forward simulation of all
Understanding sedimentary Understanding structural processes
architecture at basin scale evolution at basin scale driving HC generation and
migration at basin scale

Includes any other modeling of geological /physical processes occurring

at basin scale through geological times.

@Beicip-Franlab



Different kinds of Basin Modelling ‘

Different kinds of basin modelling studies can be associated...

Forward Stratigraphic Modelling

@ DionisosFlow
e Forward Stratigraphic Modelling

. e 4D sedimentary architecture reconstruction
@ Structural Restoration

KronosFlow g @ We rely on IFPen Group Technology
¢ Fault kinematic

e Structural restoration

Petroleum System Modelling

TemisFlow

e Quantitative Basin Modelling, in particular
Petroleum System Modelling (PSM)

e Prospect Assessment & Ranking

® Pore-Pressure Prediction

This course is mainly dedicated to Petroleum System Modelling, especially with TemisFlow.
PSM helps determinate the presence and the quality of the Petroleum System components, as well as the timing of

processes leading to the formation of HC accumulations, with associated uncertainties and risk.

@Beicip-Franlab



Definition of the “petroleum system” concept

The essential elements and processes as
well as all genetically related hydrocarbons
that occur in petroleum shows, seeps, and

accumulations whose provenance is a
single pod of active source rock.

(Magoon and Dow, 1994)

B

Q Structural closure

=" Drainage Fetch Area

Aphroditg
Spill Points
= Regional HC flow direction

41

/ Trap

Closed “structure” in which
HCs can concentrate

( Seal )
Impervious rock

preventing the HCs

migration out of the

\ reservoir )

f ) ~ HC preservation
Reservoir n

Porous and permeable HC accumulation

rock in which HCs can <
& accumulate y ﬂ (charge)

Migration Path HC migration

[ Source Rock ] j

Organic-rich sediment HC generation

This strict definition may be sometimes a bit adapted...

@Beicip-Franlab



Modelling of petroleum systems ‘

Drilling conditions
| Pressure, Temperature

Trap
Timing, Charge B&=
|

Reservoir
Timing, Porosity, Permeability

Migration pathways
Pathways, Losses, Hydrodynamism, Timing

->Volumes
Type of HC
GOR, API, CO2

Heat flow

Need to evaluate the complex interactions between different elements

and processes through quantitative modeling 2 TEMIS FLOW

42 42
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The petroleum system through geological time

Sedimentation Burial Tectonic Event Uplift and Erosion
(Structural Trap Formation) (Pressure and Temperature decrease)

Organic matter = Source Rock

surface

Biogenic
Y <. B o
Gas - —~10-40-% remaining
Generation in the Source Rock
e .,y o g = o o e N e = 2000 m

............... ~ 90°C

60°C

‘ 1000 m

——————————————— : = - - - —{3000m
120°C

Thermogenic

= § 4000 m
150°C

Generation

——————————— - ———mmmm— e == === === -] 5000m
180°C

Tight Reservoirs

(Pressure and (unconventional)

Temperature

increase)
Geological time (forward basin modelling) E

To understand an oil system,

it is necessary to analyze the entire geological history of the basin (not only present-day state).

@Beicip-Franlab
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Basin modeling as key tool for Petroleum System Chart building ‘

NORTH KUWAIT (Najmah-Cretaceous Thermogenic System)

Mezosoic Cenozoic
Paleogene Neogene Quaternary
Eocene Oligocene Miocene Pliocene Pleistoc. | Holo.
23 5.32 2.58 0.0117 0
Source
Reservoir
Seal
Overburden (above res.)
_____ Trap formation
immature ‘\“”“‘j}%\mw overmature HC generation
- HC expulsion - Migration

Schematic N-S Cross Section (along Kuwait Arch)

Irak
. . (North) North Kuwait South Kuwait
HC generation & expulsion ] ) o
) (Rumaila) (Sabriya / Raudhatain) (Burgan / Minagish)
(and second phase of trap formation) oMPa oMmPa
30 API 30 API ﬂ
0MPa
|
P l] Burgan ﬂ C:>
. 3 PI — 2530 pPI- Large scale massive
(r:> ﬁ ﬂl oolite shoal
_______ =N - 0.6% VRo
Isolated porous 7( -- I Minagish A (enrance within ol window)
carbonate bodies 10-30 MPa ook y _J Makhul SR
e e L 35-45 API o e | Najmah SR
h GOTN‘A ‘

Basement Horst
{no deeper SR)
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Basin modeling as key tool for Petroleum System Chart building ‘

250200 145 100 65 56 339 23 11.62 533 2.58 0.0117 0
L L Ll | L | 1 L 1 L
Mesozoic Cenozoic Era Source rocks
Paleogene Neogene Quaternary Period | | Biogenic
Lower Pal, Eocene | Oligo. Miocene Pliocene Pleistocene Holo. | Epoch - Thermogenic
[ 1NN Stage
Polyphased Messinian ____ sqjt Tectonics Reservoir rocks
Rifting ’ . crisis _ Regional tectonics - Carbonates
Cyprus Arc Motion of Arabia plate  Extrusion of Anatolia
. Clastics
Carbonate Growth Comg:}e’s;;on Gravitational tectonics Trap formation I:I
Seals

Basin
Platform | Source rocks
Basin

Basin

Platform | Reservoirs
Basin

Seal

Generation / Expulsion

Accumulation

Generation / Expulsion
+ — — = Burial before expulsion
Qil
Wet Gas
Dry Gas

I:\ Biogenic Gas
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Petroleum System Modelling main objectives

Only limited data
is required

More and better
data
is needed

Thermal modelling
Source Rock geochemical modelling

Description of petroleum systems (chronology of
maturation, migration, preservation, etc.). Can be done at
basin scale in poorly explored basins.

Play assessment (geological characteristics of a family of
HC accumulations, global In Place volumes, etc.). Can be
done in large study area with a limited amount of data.

Lead/prospect assessment (geological characteristics of a
single HC accumulation to be drilled, precise In Place
volumes, etc.). Requires high resolution data.

Take up specific technical challenges at basin or field scale
(pore pressure prediction, diagenesis, biodegradation, etc.)

@Beicip-Franlab
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Petroleum System Modelling added value

Reducing risk in exploration by a better integration of geological + physical + geochemical data;

Not only measuring and observing a state at present day but rather understanding the processes;

Quantitative testing of qualitative geological scenarios proposed by the geologist, checking the
consistency between the hypotheses and the observed data;

“Filling the box” of geological model when data is missing.

A “model-based” approach

with “trial-error” workflow.

In the case of Petroleum System Models...

Structural map Pressure
GDE map . . Temperature
Input Data Lithofacies Local Calibration Data | waturity €————— e —__ Same properties..
Geological hypotheses Organofacies Physical properties Porosity ~“~~~
Boundary conditions HC composition \\\
\‘&
Model
Integration improvement Prediction of Pressure
) ] . hvsical i Temperature
in a dynamic — Modelling results Y VSIC?dpl’Opefr €S\ maturity
. Validation o i
eological model ; ; Porosity
g 8 Modelling of physical geological hypothesis HC composition

processes through
geological time

@Beicip-Franlab



“Basin” versus “Reservoir” modelling

Basins scales:

® Assess what had happened over My... structurally dynamic grid
e Target: often the entire sedimentary column

e Time scale: millions to hundred of millions years

e Calibration/prediction of the present-day geological state

e Area: 10 000 Km? and more

e Fluid migration: 1 mm or less / year

Fields and reservoirs scales:
Assess what will happen in a few years... structurally static grid
Target: a reservoir layer
Time scale: a few years to a few 10s of years

Area: 1 000 Km? and less

([ J

°

([ J

e HC production history matching

([ J

® Fluid migration: a few 100s m / year

#

The model resolution and the physics involved is not exactly the same.

48
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“Basin” versus “Reservoir” modelling

Petrophysics

i-Sedi I hysi . P i
Strati-Sedimentology Geophysics Geochemistry roduction data

BASIN MODEL == 4 RESER\IIS;lFJ{t MODEL )
Input: ’
Present day structural map Present day structura.ll map .(cte) These
. Maps of petrophysical facies
Concept for structural restauration Depth=cte parameters
GDE maps (lithofacies) 1?:ct_e are considered
KLaws for assessing petrophysical propertiesj D=cte as constant
K=cte through time
G \ Etc... / at reservoir
Burial history n modelling
max-stress=f(burial history) G scale.
= These parameters are . e
T=H(A,HF, depth) P . P*, HCsat*, Kr/Pc*, etc. for production planification
@O=f(max-stress,P,T,t) extremely variable (dynamic model only)
K=f(D,S) — through geological time HCIIP=f(Vrock,®,sat,dHC)
Pc=f(HCsat, D) and cannot be defined as rEeEn
P, HCsat input of the model
HClP=f(Vrock,®,sat,dHC) Input / output data are not exactly the same...
Etc.

—

@Beicip-Franlab
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Concept of boundary condition F 4

There are 3 kinds of boundary conditions:
e User-defined initial state of the model before the simulation (initial temperature, pressure, porosity, etc.)
e Provoked perturbation of the system (e.g., an injection well, a rifting event...)

e Normal interaction of the model with the rest of the world (“classical” boundary conditions): the surface
temperature, the heat flow from the inner earth, the water flow, the sediment flux (in Dionisos).

Thermal
interactions
Defined A A oy Calculated
2\ boundary
s <> Final state
|:> <> <T> Fluids E> MODEL
A A exchanges
VAR

In basin models, the initial state correspond to the deposit of the first sediment, thus the initial state is
not explicitly defined by the user (except the source rock potential).

This is a big difference compared to reservoir models...

@Beicip-Franlab



Different modelling scales ‘

Characteristic Surface (Thickness)

Lithospheric plates: 1000s - 100s km (200 — 50 km) Buci
asin
Modelling
Sedimentary basins: 100s — 10s km (20 — 2.5 km)
Oil & gas fields: 10s =1 km (2 — 0.25 km)
Reservoirs: 10s — 1 km (0.5 — 0.01 km) Reservoir
Engineering
Flow units: 10s = 1 km (0.1 — 0.001 km)
- ﬂ Petrophysical data 2
Porous media (milli to nanometer) (COFE/’OQ) g
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Physics & measurements vs Models: challenge of the scale change ‘

Core / Log
scale

BASIN
MODELLING
scale

MEASUREMENTS

|
I
|
|

Data conversion /
to a smaller scale

Thin section scale N ) - C;" » 'ﬁm
PROCESSES
FAENE

Pore scale

@Beicip-Franlab

52



Rationalization of the exploration: Play Based Exploration (PBE) ‘

The PBE refers to the multi-scale integration workflow of all the relevant geologic elements (& data)
in order to fully describe the exploration opportunity from basin scale to prospect scale.

Informed drilling decision

Up

Segment / Lead /
Prospect summary
sheets

PoS(g, e EMV

PROSPECT
LEAD

Probabilistic Risks &
dependencies

Prospect portfolio
Economical analysis
Recoverable volumes
ed in place volumes

Reservoir & Uncertainties & MEFS
fluid properties correlations

Prospect Direct HC indicators
Sedments analogues (seismic, CSEM)

Seismic Detalled Detalled sequence  gqjqnyc  Charge model

" (seismic) i eological
imaging mapping S attributes 9 m:?el

ArcGIS project,
Play atlas with
explanatory text

Play fairway analysis QU antitative
(inventory)

Post-drill analysis
HC accumulation

Risk map X N
B Qualitative

Petroleum system definition
Generation and charge

Gross Depositional Environment
Stratigraphy

Structural framework

Plate tectonic setting

https://www.kindpng.com/

Bottom CRS = Common Risk Segment map (mapping of the risk on petroleum system elements & processes)
cCRS = combined CRS map YTF = Yet to Find (resources)
CSEM = Controlled Source ElectroMagnetic (geophysical method) GDE = Gross Depositional Environment (litho)
. . EMV = Expected Monetary Value (economical study) PoS = Probability of success
It ISIM p rta nt MEFS = Minimum Economic Field Size PoS(g, €) = PoS geological, economical
FSD = Field Size Distribution plot DHI = Direct Hydrocarbon (HC) Indicator
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Geology & Geophysics study (G&G), Petroleum System Modelling?‘

Petroleum System Modelling (PSM) may be used in G&G studies... or not.

\

. N
Studies \@® WORKFLOW STEPS

Wildcat and discovery ©

Hierarchized prospect portfolio

Economical analysis, prospect risking

Lead and Prospect, In Place ressources

Play mapping and risking, YTF

Post drill and field data analysis

Petroleum system processes
Petroleum system elements

Basin evolution through time (restauration)

Basin characterization (structure, stratigraphy, lithology, geochemistry)

TOOL

PSM usage?

Possible,
thermal/pressure model

Geodynamic setting

Depending on the objectives / context, the workflow won’t start / end at the same steps...

@Beicip-Franlab



Example of integrated G&G studies with Basin Modeling
)

Integrated multidisciplinary exploration workflow... a practical illustration of the PBE concept.
WELL SCALE ANALYSIS

SEISMIC SCALE ANALYSIS

o

@Beicip-Franlab



56

Example of integrated G&G studies with Basin Modeling ’

SEISMIC SCALE ANALYSIS

WELL SCALE ANALYSIS

S

MODELING

Petroleum System

3D Stratigraphic
Modeling

@Beicip-Franlab



Example of integrated G&G studies with Basin Modeling ‘

In this workflow the Basin Models are integrating the results of the G&G study at the end.
SEISMIC SCALE ANALYSIS —— : WELL SCALE ANALYSIS

Data based

Depositional ¥
Environment

RESOURCE ASSESSMENT |

Lead &
Prospect BASIN

Volumes MODELING

Ranking Petroleum Systepa

Risks

Model based

NG remisrlow™ DionisosFlow™

fios”.

In preliminary exploration phases and in basin scale exploration studies,
the “in place” HC resource assessment and the prospect analysis can be fully provided by high resolution basin models...

@Beicip-Franlab




A few words about Forward Stratigraphic Modelling
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Forward Stratigraphic Modeling (FSM)

o

Dionisosi low™

% RESULT:

3D geocube of

environmental

parameters &
lithologies

Sediment supply | 2 eustaey
history & transport
~simey

Production Rate {m/My)

Seismic and well

Thickness maps ' In situ pelagic

production
(Organic matter, Chalk)
Accommodation

Spac‘A | VR D

Bathymetry (m)

Paleobathymetry
maps

Thickness
error map
calibration

Well
Calibration

(thickness and
lithologies)
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The added value of FSM

Cc54

C65

Base
Mesozoic

Y/
- - e
DionisosF IOW™ pisnisostiow™ view
Shoreface sand
Alluvial plain channel

Continental sand
Shaly alluvial plain
Alluvial fan
Shaly deep lacustrine
By-pass

Sandy turbidite
sandy lobe

Sandy slope fan
sandy prodelta

[
[
[
[ silty outer platform
[
[

Tight shale
Shale

Shaly turbidite
Silty turbidite
Silty lobe
Silty slope

Shaly platform

ARONN0

Reservoir / Seal risking
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Combining Seismic Inversion & FSM

Cape Freels prospect
*  Potential turbiditic reservoir

* A specific structurally conformable AVO has been
picked on seismic

p

Seismic Inversion & Forward Stratigraphic Modeling

* Seismic  characterization with Interwell
confirmed the presence of a porous, sandy, oil-
bearing reservoir and pinpointed its location

Composite eustatic.curve
=

0 2ol oo

*  Process-based modeling with DionisosFlow
cross-validated the reservoir presence

* and delivered characterization of its genetic
properties (2 sequences not visible on seismic,
separated by a thin seal)

Forward stratigraphic model @ DionisosFlow™

@Beicip-Frartree
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Combining Seismic Inversion & FSM

Cape Freels prospect

*  Potential turbiditic reservoir

* A specific structurally conformable AVO has been
picked on seismic

Back and forth calibration with Interwell

Original Stratigraphic
modeling Simulation

Stratigraphic modelling result
optimization using SRC results

Water source (deep sea
currents

Water source (deep sea
currents

Sand supply

Sand supply

62

Seismic inversion cube @Inferwe"

0 2ol oo

Composite eustatic.curve
=

Forward stratigraphic model @ Dionisosrilow™

@Beicip-Frartree



qejuesd-dIeg @

Hawie et al., 2016

Water fluxes diversion around salt domes

in
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c
©
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©
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>
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Channel-Levee Complex

Modelling of turbiditic lobes with DionisosFlow




Source rock prediction and distribution F 4

Dionisosrlow™

Organic Matter Primary Productivity Organic Matter Degradation/Preservation
(in sediments)

l \ Oxygen profil Sedimentation rate

(anoxicity)

Distance to shore Upwelling 0

relation contribution Anoxic  Dysoxic Oxic

Confined areas TANOXIC ., eonge5
(local anoxicity) o

Reference Primary Surface mixing d - ER
.. \ H
Productivity :
s z
g LI
©
g
®
=
107" drrrrermy— et
Bottom L A . 1?‘ 10’
. Sedimentation rate (g cm™ yr ')
nutrients current o
v influenc

e

DionisosF low™
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Source rock prediction and distribution

Kimmeridgian

Paleobathymetry

Dionisosrlow™

Great Barasway F-66

Lona O-55

o

Sea Floor:

Kimmeridgian

Input data Simulation Restricted
(TOC) (Original TOC)
Carbolog®

Burial efficiency

Average oTOC (%)

TOP J

@ «

@Beicip-Franlab
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Sedimentary mapping

2- Output properties

3- Depositional Environment Maps

Paleoenvironment conditions Lithologies

Bathymetry Shale

Bypass Erosion
Alluvial fan
Fluvial plain
Fluvial channel
Lacustrine
Shoreface
Tidal

Inner carb.
platform
Outer
Evaporitic carb.
platform

Inner Neritic
Outer Neritic
Bathyal

1- 3D Stratigraphic Model Grid

I T ] ]

4- Lithology Distribution Maps

Water Flow

Bypass
Erosion
Sandst
one
Siltston
e

Silty-
shale
Shale
Carbon
ate
Marlst
one
Mudst

LI (e

Derisk lithological aspects
Provide litho cube to TemisFlow

(and Reservoir Modelling) .. —
ww DjonisosFlowm™

66 tes
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Wheeler diagram, play definition for PSM layering

67

s Bonne Bay Fortune

[ ]

Conquest
K-09

South Tempest North Dana
G-88 1-43

W

Lancaster
G-70

w« . Wheeler diagram
Play definition for PSM layering

b

A\ Use of DionisosFlow and TemisFlow
to recognize plays and play elements

Source Rock Stratigraphic Trap Structural Trap

e

CretaceousTertiary

Jurassic &
Lower
Mesozoic

—

Dionisosr low™

BEICIP-FRANLAB - EOI - MBA Basin, India

o
®



KEY DELIVERABLES FROM FSM F 4

Reservoir distribution (Carb. / Clastics) 1LEES Q{
. Lithol [ ' ‘E ‘:E ‘E?ég 1 Play
® Reservoir presence s 1 -E :E = Jm
e NTG / Facies type (reservoir quality tied to primary porosity) o EE % .

e High vertical resolution (4™ order, m- scale)

Seal distribution
e Seal presence, effectiveness and extension

- Carbonate
|:| Sand
Il shale

. i Il Felagic mud
DionisosFlow model [ undit itho

Reservoir & seal
characterization at play level
~

Fault-seal analysis
e Shale gouge and hanging wall juxtaposition rules

Source
e Unique capability for predicting TOC and organic matter type away from wells . s .
. ) . ) . . . ) ) CRS Mapping High risk Medium Risk Low Risk
e De-risking organic-rich intervals location, richness and effective thickness — .

S i

DionisosFlow™ . |

Source rock richness map
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Overview of Basin Modelling Principles
Dynamic geological model at basin scale
Thermal modelling
Geochemical modelling
Pore pressure modelling
Hydrocarbon migration modelling

@Beicip-Franlab



Data Integration in Petroleum System Models (PSM)

Z(IJO

251
]

8|5 Geological Environment

v L a°TTE Boundary Conditions
-_g S 2 °§ Tectonic evolution

%) o 2
3 = % %"-9 Paleobathymetry
O % m]E12 = Surface paleo temperature
> MMPE Bottom paleo heat flow...
S c al o
o Y g
<
S 5|~ ; TemisFlow™ b S S
3 S i Structure and Stratigraphy " Facies Distribution
E S 3, (here structural maps) (“Lithofacies”)
= o | el €
S0 [
% E = ) i)
b z
g
o
<
S
3
S
w

ns;"‘ Relative Permeability
M;
NUMERICAL i
SIMULATIONS ] ~__
S m w w w e w w % om

Dt _coe [ e
[ TyreRN—
Bosamor  D5.ibopnas

Geochemistry

Source Rocks (HC, H2)
Fluid properties

OUTPUTS Petrophysical Behavior
Thermal and pressure modelling
Petrophysical properties prediction
Fluid generation and migration prediction
Evolution through time of geological systems,

3(|](J

Calibration data
Well Temperature, pressure,
porosity

Paleozoic

359
1

Fluid composition, etc.

. R especially petroleum systems processes P TEROTROSTER B
. 3 Integration of available data in a coherent geological model. £
¥ Modeling of geological / physical / chemical processes occurring through geological time. 3
®
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TemisFlow “classical” workflow...

Present-Day
Geometry

Lithology Dress-up Model Building

J

|

N Backstripping |n put Mode|
p Update
U
T

TemisFlow™ Trial/Error

Regional
Setting

Drilling reports .
- Data Collecting and

il

Geochemical Analysis
Data

Seismic
Interpretation

Quality Check

Calibration with
Temperature

\ well data

Maturity

Multiple Viewers

Simulations

\ HC Expulsion

HC Migration

- Visualization & Post-
Reporting )
Processing

- CoOo9-CO

@Beicip-Franlab
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b0
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Geological model build

qejuesd-dIeg @

Checking the
seismic data

Importing structural maps

/ horizons

ime following

Unstructured Mesh
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the sediment layer deposition and deformation.
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The vertical mesh evolves through t

TemisFlow™ needs a mesh
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Present day model (static)

Facies & SR distribution Structural Maps from Seismic Interpretation
GRID RESOLUTION = 0.1 * 0.1 km

Layering / Subdivisions

GRID RESOLUTION =4 * 4 km

TemisFlow™ 3D Block

Geological Model n
at Present Day R

But in the past ???

strongt (1) (1)
1

g1 @)
le_SR_stiong1 (2) (1)

GRID RESOLUTION =1 * 1km
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Petrophysical properties: compaction laws

Burial (m)

Porosity(fraction)
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
0 - - —

1000 ~ — — |

2000 4§ | —

3000 jf/ V£ - — salt

4000 /4 marl

5000 ‘ = chalk

6000 - — carbonate 100% calcite

sandstone

7007 shaly sand

8000 1 —— sand-shale

9000 - — shale
10000 -+ | | |

Many other parameters are
taken into account!

Document title - Date
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Defining past geometries: Backstripping

The Backstripping is a simple decompaction method to reconstruct past geometry from present
day state.

The method assumes a preservation of solid volumes through time, during the compaction of
sediments.

The pore volume evolves through times, in particular due to the effect of the increasing
sedimentary load (burial). Most of the time the porosity was higher in the past... So the bulk rock

. . PAST
volume was higher in the past. PRESENT '

Variable
Total
volume ‘ Constant

volume

The backstripping is essential for modeling structural evolutions and
petrophysical properties through geological times.

@Beicip-Franlab



Defining past geometries: Erosions

“Hercynian
- Orogeny

_ Alpine Orogeny OMa -

___45Ma-

[ Obvious impact on the thermal history of the basin... ]

Other parameters to be restored:
- Paleobathymetry
- Fault tectonics

@Beicip-Franlab



Thermal modelling: Boundary conditions F 4

Heat flow in a sedimentary
basin

Surface boundary condition
(temperature evolution through
geological time)

Basal boundary condition

‘.‘ * f "‘ ‘ ’ * (temperature or heat flow evolution
through time)
'/ Conduction D Free convection
»J Convection due to compaction ' Basal heat input
"  Convection due to hydrodynamism
' Temperature and maturity

TEMPERATURE
MATURITY (e.g. VRO)

Document title - Date
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are different concepts
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Fully coupled lithosphere/sediment thermal modelllng ‘

Relatively uniform temperature field

before rifting

1330°C isotherm is merged with the Rifting
base of the model

Temperature (°C)
100 1400
O I
» 400 800 1200

200 ) -— >
190
180
170
160
150 - . .
140 . Heating due to the rifting
T — Thinning of the crust is
E:zz - ? . stronger seaward
11 s S — ———— S — S
':";wo B e
§ :: Blanketing - ‘:
5., Slow cooling after rifting.
50 - At the same depth below surface,
% temperature is lower seaward than
:: _..below continental crust
20 f
10 . . .
JIEE B [ The coupled lithospheric model is
200 180 160 140 120 100 80 60 40 20 0 m—
Geological time[Ma] !':

of key importance for reliable
prediction of temperatures and
maturity levels.

Blanketing effect caused by
rapid sedimentation

@Beicip-Franlab
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Checking the model calibration: exemple of Thermics

Température (°C)

& - §“‘
- | 3 ::*‘ Lb-\ -}

Staffelfeden-1

Temperature ['C}

N
N i
\ : §‘,‘
‘\‘ i
A -
..ﬁ?

© P ) ey Sedma | Tempatn £ S

o a1 s > tasman g # o |

Not that bad... OK for next steps?

Wittenheim-1

Temperature ['C)

~

WARNING:
Preliminary quality
check of the data is
L mandatory!

The model can be

79

o~ |

Réflectance de la vitrinite (%Vr)

Maturity

Staffelfeden-1

Vitrinite reflectance [%]

©

<

“better” than the data...

~

)

Can be improved...
Modification of the model for increaing the

f temperature in the past (maturity)
: e If the model reproduces
,,,,,,,,,,,,,,, calibration data at well location,
it is supposed to be predictive
at basin scale.

@Beicip-Franlab



Geochemical modeling F 4

In TemisFlow source rocks are defined by:

e Geochemical properties and maps (distribution of the kerogen, TOCO, effective thickness)
e |nitial SR properties are required (state of the kerogen before the catagenesis)

e Maps are interpolated from well data with the constrain of geological trends

[ The computation of the initial source rock potential requires a specific workflow... ]
Kerogen TOCO Thickness Source Potential Index
HIO, kinetic ; , Ji
PN h|
) ‘."’U-_"» \,1 \]
-5

TOC present day Observed/measured SR characteristics
HI present day
Tmax are OUTPUTS of the model.

@Beicip-Franlab

Mass and composition of generated HCs

Document title - Date
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Hydrocarbon expulsion F 4

Immature

VR < 0.6% Ro
¢=15%

So = 0%

Water expulsion from
compaction

Onset Of Generation
VR ~ 0.6% Ro

o =10%

So=5%
Hydrocarbons invade
surrounding porosity,
no oil expulsion

Peak Oil Generation
VR = 0.9-1.0% Ro

M o Srgan-itc %° HC molecules g: =5°g:0%
- orosi
4 Qil expulsion possible.
. . y. 223 it T~ water Flow
1. LangmU|r AdSOrptlon (gas) ‘::535"E Stringer _-"-boilnrﬁusﬁlnu:
after Ungerer et al. (1984) Ny Kerogen p:rztw:rlﬁi{ :rv:::!ded
Dembicki, 2014

2. Organic Porosity

The HC expulsion depends on the
3. Darcy Porosity geochemistry, the maturity, AND the
petrophysics (Darcy’s Law)

EXPULSION

@Beicip-Franlab
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Water flow and pore pressure ‘

The water flow goes from the higher pressure to the lower pressure.

The overpressure mechanism is highly variable, but it is always related to an insufficient
permeability of the rocks.

Overpressure (Mpa) Fracturing threshold

0 40 7]
. S e
16 32
Complex fault
compartments

Pressureat the top of the
structure (km 2)

JEERT LR E L i At bR,

The water flow is described by the Darcy’s Law.

@Beicip-Franlab
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HC migration modeling

1 2 3

Depth (m)

HC migration
timing

o é———Source Rock

The better solution for describing
HC saturation the HC migration in sedimentary
basins is the Darcy’s Law.

@Beicip-Franlab
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Fluid flow: Darcy’s Law ‘

Polyphasic Darcy’s law for water and hydrocarbons flows in porous
media

Relates the flow rate Ui of phase i to the different driving forces
(calculation of HCs and water movements within the porous media)

Intrinsic permeability K=f(O, litho)
l Relative permeability phase i kr=f(sat,®, litho) Henry Darcy (1803-1858)

'
U, = K S (5(P - p,g2)+ V(Pe) - (o, ~ £ )V(2)

(FLUID FLOW) H;

/ ¢ t

Viscosity phase | Ca pilla rity Buoya ncy
pu=f(T,fluid)
Pore Pressure
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Full Physics Simulator... Just for Fun! F 4

Relative
Fluids - _ penneabﬂny |
Viscosity Sseeo N ntrinsic
A Ssao permeablllty
Fluids —_ = . /
Density "‘g
A ___ Capillary
‘ pressure
Mineral
Diagenes§ Fluid Flow
A N\ Generated Fluids Inand Out the
SR Fluids Volume cell
. (water and oil / gas) (water and oil / gas) HC saturation
Maturity \ \‘,
T Pressure
Overburden Overpressure
Temperature v
Effective stress
Heat Flow Thermal v : R
<€—— Porosity Everything is connected.

conductivity
Need of TemisFlow!
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HC accumulation modeling F 4

TemisFlow advanced « Ray Tracing » output
(Camel)

86

TemisFlow Full Darcy modeling output

50km

2000

Modeled HC
accumulations in
TemisFlow

Potential
~> leads/prospects to = g:s
. l
be studied — -
Mass of HC/ area in kg/m2 . In fact “vapor”
L B —S—— 1 and “liquid”
4000 6000 8000 1000

Direct estimate of in place volumes and of other petroleum
parameters (for play and prospect assessment).
To be cross checked with other data (geophysics, petrophysics...)
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Finally... What can be learned from 1D models?

Thermal history and maturity timing can be estimated.

Present-day maturity is accounted for.

Compositional kinetics and simple expulsion concept
(mid 90’s) to assess the nature of petroleum charge
(GOR, API).

»

HC expulsion

quantity

C14+ sat .

time

Thermal transfer often in 1D.
Arrhenius kinetics: a reasonable approximation

Well Calibration

Temperature (°C]
40 60 B0 100 120 M0 160 |0 02040508 1 1214161

— Reference Scenario

HoH
-

T
1

o
o

Burial history

| /4
| 4
‘"’
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Finally... What can be learned from 2D models?

Relevant capabilities for pressure regime and hydraulic
settings reconstruction.

Better understanding of tight shales permeability.

Emphasis on the need to use a detailed lithostratigraphic
framework to evaluate migration pathways:
e Darcy’ law valid at basin scale,

e Accumulation correctly localized,

N
=

e Overpressure regime correctly reproduced.

\

Lateral migration is dominant during fluid migration.
Multiphase Darcy’s law is a reasonable approximation for migration of oil and gas.
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Finally... What can be learned from 3D models?

Realistic reconstruction of migration pathways (Real world is 3D).

Volumetric estimation possible. Size of accumulations and balance of their content (GOR, API ...).
Prospects can be ranked in a quantitative way.

Precise pore pressure estimation.

HC Phase Compositional Kinetic PVT Modelling
3D salt effect on temperature. o

Medium Undersaturated oil

ﬁ HC Reservoir conditions
@© (ritical Point

. Cricondenbar Point

@ Cricondentherm Point

The most sophisticated modeling, but time consuming
(building and processing of the model).

@Beicip-Franlab
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A few Study Cases
Offshore Lebanon — Frontier Basin Exploration (2011-2012)
Offshore Canada — Play Fairway Analysis (2010-2020)
West Siberia — Near Field Exploration
Example of compressional basins
Kuwait — Pore Pressure Prediction

@Beicip-Franlab
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Study Area — Offshore Lebanon F 4

7 Temis study performed in 2011-2012 for the Ministry of Water and Energy of Lebanon.
£ Question: Is there a petroleum potential in the unexplored offshore Lebanon?
7 Objective: Play assessment & elements for the blocks delineation.

@Beicip-Franlab
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Offshore Lebanon — A frontier basin

No well data / very uncertain stratigraphy

Only 2S seismic lines
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Offshore Lebanon — \What was known in 20117

Several oil and mainly gas fields have been discovered in the Southern Levant & Nile Delta, which
confirm the high potential of the whole basin.

The most promising discoveries recently done south of the
Lebanese border (L Miocene) :
Tamar, Leviathan, Aphrodite

-> Associated to a “new” petroleum system:

* Reservoirs in Lower Miocene sands (turbidites) h
* Methane dominant (biogenic or highly mature?) Levant 4
—> Challenges for the exploration of offshore Lebanon: L. Miocene Basing
* No well in offshore Lebanon (dry gas) / ) 5\
g1 uhayrat
* Very few public data from Israeli fields s L~
¥ SYRIA

East

West
« ASKFBYifs  WD-1e#sm  WD-1676m WD - 1372 m
: )

/
Y tail < ;—'1 %

— ¥ =

= ok = (e =

Pliocene (biogeniC S &

bt N 0

7
Nl A Jurassic &
., 2
‘Lo / Cretaceous
(thermagenic gas + oil)

10N ADL Wi,
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Offshore Lebanon — Comparison Tamar Zone / Lebanon

[{} Yy ) It . ” SOUTH LIBAN
Deep Basin” vs. “Mesozoic Platform

The basin is deeper in Lebanon.

Structure is flatter in Lebanon, where deeply rooted
faults are uncommon in the central part of the basin.

However, a much higher density of NW-SE Miocene
faults exists in Lebanon.

Reservoirs in Miocene / Lower Miocene sands (BL2)

would exist in both places.

The same source rocks could be active in both basins.

gas source?

CyprusAwell

Leviathan-{

S <
N ’
> Deep thermogenic
gas source?

|

Trsssc.- Eay Armssic

TAMAR ZONE

Biogenic Gas Basin Modeling Workflow & Case Study - For PGNIG - 28-02-2020 - Offshore Lebanon

- Insitu biogenic g
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Offshore Lebanon — Basin Modeling Workflow

g \\\\\\
A il o S
\-\t-}\_ T

2/ Geological Model
Structure
Lithology

Petrophysic
Geochemistry
Biogenic potential

Uncertainty
- alternative
geological scenarios

(definition of
the biogenic
potential)

3/ Maturity Modeling in 3D
(TemisFlow 3D)

1/ Available data

Structural maps from Beicip’s 2011 regional
seismic analysis (from 2D lines)
Bibliography — No well data

«
acing >

ethod

5/ PLAY ASSESMENT
(TemisFlow 3D)

What is the charge?
Is there a good timing in the system?

« Full Darcys—/~
me}hod /

TemisFlow™

4/ Migration Modeling in 2D
(TemisFlow 2D)

TemisFlow

96 Biogenic Gas Basin Modeling Workflow & Case Study - For PGNIG - 28-02-2020 - Offshore Lebanon

@Beicip-Franlab



Offshore Lebanon — Thermogenic Source Rocks — VRo (present) ‘

The main SR is entering the dry gas window in the Deep Basin (West) at present day

97

Lower maturity level on the Mesozoic Platform (East) = oil / condensate generation at present day

Vitrinite Reflectance maps for the 6 thermogenic Source Rocks

Eocene SR
(~32 Ma)
at 0 Ma

(~95 Ma)

Cenomanian SRy

L. Cretaceous S |\ Jurassic SR TriassicSR /TR
(~130 Ma) v (~160 Ma) (~240 Ma)
at 0 Ma

TemisFlow™|

50 km

0.53000

0.6000

0.3000

1.2000

1.5000

1.8000

21000

Immature

Oil

Dry Gas
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Offshore Lebanon — definition of the Biogenic Potential

In the Lebanese Case Study:

7 layers of the 3D block have been defined as potential biogenic SRs (Lower Oligocene = Pliocene)

The biogenic potential varies laterally but the TOC is assumed constant (1%)

Pliocene
4.3-1.8 My

50 km

Serravalian
14.8-11.5

1 No biogenic potential
Unlikely
Probable
Highly probable

225-185

Biogenic Gas Basin Modeling Workflow & Case Study - For PGNIG - 28-02-2020 - Offshore Lebanon

Sedimantation Rate {m/Ma)

j (modified from Clayton, 1992)

Biogenic gas less likely

(> 18°C/my)

i« Biogenic window »

Function of TOC®
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Offshore Lebanon — Biogenic Potential — CH, expelled mass ‘

The expulsion modeling is reprocessed with the biogenic SRs. Finally in this model the amount of
expelled biogenic methane depends on:

e The biogenic potential (previous map)

e The temperature and the time (kinetic scheme)

e The biogenic source rock lithology and petrophysical properties (satex, satmax, compaction curve, Pc, etc.)

e The burial and the compaction (porosity decrease with the depth)

e And of course, the layer thickness 50 km

Middle Lower M

Upper Miocene / “‘Q Sgrravqlian i |
Biogenic SR/~ Biogenic SR Biogenic SR Expelled CH,
s S / 5
Y (Kg/m?)
3 §
f“ : Massive
i expulsion from
) the « source
a/ rock » layer
/’F /
Lower Miocene JENENENNNNE | | Upper Oligocene JFalelM | | | Lower Oligocend’= A Uf |
Biogenic SR 4 . 7
; ! ] Insignificant
it expulsion

/ [TemisFlow™
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Offshore Lebanon — HC Saturation — HC Accumulations F 4

Very Deep Basin

=

Depth {m)|

—————Tiltedblocks |

::‘:;.,.\\1::\; e —————
~ (highly NW-SE faulted)

Mesozoic

Platform
130
1401
s
K) I I L 1 1 T 1 [ . I L Y A N R R |
0 10000 20000 30000 40000 50000 60000 70000 80000 90000 100000 110004
Length (m)

Many HC o - N
accumulations T R ! ‘ 080
would have a L.

Miocene age.
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Offshore Lebanon — HC Composition — HC Phases

im)

£

BN Gas + Condensate
- Dry Gas
Messinian Salt

o= (C1-C5 / C6+)

2000 —, - - ——

» Gas dominantin the
very deep basin (with
possible condensates)

» Qil fraction in liquid | o voter
phase possible on the | 00 water + liquid HC

Mesozoic Platform

~ water +vapor HC

.2 GAS/OIL Mass-Ratio - - - - - B Oil + Gas S

‘11000
e ength (m).

water + liquid & vapor HC P

TemisFlaw™
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Offshore Lebanon — HC Saturation — HC Accumulations

ALTENATIVE SCENARIO « Biogenic System only »

Depth (m)

| LI 4 B N N B B |
0000 50000

/

Hc Liquid Saturation in /

II_ _|
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Offshore Lebanon — Play Assessment F 4

The best play would be BL2 sands (L. Miocene), like in Tamar-Leviathan. In some alternative scenarios the play

BL1 (M. Miocene) becomes more interesting.

At basin scale Oligo-Neogene play systems are much more prospective than the other play systems (Pliocene and

Mesozoic).

18- 43 - - PLIO.
SLUMPS }_

Total HC mass

Reference Scenario - "In Place" - "Unrisked"

Total HC mass Gkg (10° kg)

Confidential

e
e ] BASE MESS. R ——

50

100

Chauffm.;

~\\\ w
RN -

rias |

150 Wrbonar:\

200

carbonate

A+ total HC mass

CGR

Reference Scenario - "Unrisked"
COND + OIL / GAS ratio bbl/Mcf (bbl/10° cf)

Confidential

PLIO. 0

stumps
BASE MESS. ——

Biogenic Gas

- B = A+ GAS A+ OIL
=
: =)
8 s
5
= o N Oil accumulations on the less

mature Mesozoic Platform ?
1

=

w B High Maturity Gas

Secondary Cracking

TRIAS
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Offshore Lebanon — Example of the reservoir BL2 (Base Miocene)

SR Contribution
BL2 (whole basin) - Ref. Scenario

Source Rock

L Reservoi
HCMass ayer name '

0% Reference Scenario Thermo. | Biogenic

0% 1%

0 0- 1.8 |[Pleistocene
18-43  |Pliocene
4.3- 53 |post-messinian-slumps
Messinian-salt
6- 64 RES-Base-Messinian
B U-Oligocene (B. SR) G- Upper-Miocene
11- 11.5 SR_M-Miocene
m L-Oligocene (B. SR) 11.5- 148  [Serravalian
14.8- 15 RES_BL1
m SR_Eocene 15- 185  |Middle_Lower_Miocene
5 Niowerwi
' SR_Campanian = B2
228- 27 U_Oligocene
L-Oligocene
RES_BL3
SR_Eocene

Campanian SR

i SR_Cenomanian
® SR_LK-lowstand
m SR_Oxf-Cal-JUR
W SR_M-Trias

50 Paleocene-Maestrichian

65- 70 SR Campanian

70- 88 [senonian_K-Cyprus-Arc
Turo-Cenomanian_carb-wedge carbonate
Cenomanian_carb-wedge
SR-Cenomanian

100 Ceno-Albian_carb-wedge

Albo-Aptian

GAS

LK-lowstand_wedge

LK-lowstand_delta
Post-Rift_U-M-Jurassic-1

150 Post-Rift_U-M-Jurassic-2

carbonate

[SR_Oxf-Cal-JUR

[Syn-Rift_L-M-Jur

k- Esher-Volcanic_Liassic

200 [Syn-Rift_Evap_Kurrachine

\h‘

Shoxt_drainage in the
very démpasin, longer
pathes towalrd.the
wedges. .

ate Neogene Stricke
Slip faults
GAS

Syn-Rift

TemisFlow™

250

carbonate

Before-Mesozoic-Rift
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Offshore Lebanon — Frontier Basin Case Study Conclusions

—>There is a petroleum potential in Offshore Lebanon.
The most active petroleum systems would be the Oligo-Miocene biogenic SR = Miocene reservoirs
(rather deep offshore, West). Deeper thermogenic systems can be expected too.

Many structures in Neogene reservoirs of the deep basin could be filled with

biogenic methane, even without a thermogenic source rock contribution. conawsion 2, - '\,)
on Gas [biogenic, & Madarate
Petroleum F .umonn.éui) ﬂ Ga;[h;c:;i( -
. . ) . Reference Scenario & J
At least 2-3 times more gas than oil + condensate at basin scale (mass ratio, reference || #emsmessbymmersies / e |
scenario), 60% of the gas having a biogenic origin. Gas is particularly abundant in Neogene ,1’1,,,,’:,2’;,@2. E { | zones
. . . . Ve Blagenicgas; ¢ | Poor potenmiai
reservoirs. However, even in the deep basin, some condensates should be found if Eocene and - | e
Campanian SRs are active, in particular because of the dense Miocene fault network. 7 s . 7 /
= 7 men |

/ (8 Thermogenic gos) 7
i {sorme Condensates) A

- Consequently, Tamar gas composition would be hardly explained by an Y.
extremely mature thermogenic source rock. L

/Poof patential

fv(H 0il & G

The petroleum system timing is excellent for the biogenic gas.
- The TOC is likely low (type II-1ll kerogen?) but the Oligo-Miocene source rocks are thick with likely

many intercalations of thin carrier beds (turbiditic systems). Prospective
- The biogenic gas generation & preservation potential is high thanks to high sedimentation rates and presented to the
relatively low thermal gradients. ministry

- The main reservoirs are stratigraphically intercalated within the source rock thick interval, several

shale layers act as seals
> Early trap structuration during the Miocene synchronous with methane expulsion
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Temis basin modelling results (2012) have been validated by subsequent press releases (2013) that
confirmed the existence in the Leviathan structure of a
deep thermogenic system below Miocene biogenic gas plays.

Moreover, the model anticipated the possibility to charge Cretaceous Carbonate with biogenic gas
through pinch-outs. (equivalent play in Zohr, the largest HC discovery in the world in 2015)

Several other basin modeling studies have been carried since 2012...

| Platform High Tamar Play

Sw Nile Delta Cone South Levantine Basin NE
voLAN AMEEQ - LEVIATAN TANIN KARISH

+

+

Carbonate Reservoir

e === == [leiogenic Methane Dlight oil WHeavy oil |
B Thermagenic Gas (C1-CS)  MMedium Oil

Messinian Crisis
Seal deposit (~6 Ma)

— Fluid Flow

TemisFlaw™

HC Charge
HC Charge

- o HC Mass (kg/m?) 2000
— o ——
@ Biogenic CH4 0 800 1600
@ocs: ' , :
10 8 6 4 2 0 14 12 10 8 6 4 2 0 PereZ-DragO et a/" 2019

L
Age (Ma) Age (Ma)
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A few Study Cases
Offshore Lebanon & Cyprus — Frontier Basin Exploration
Offshore Canada — Play Fairway Analysis (2011+)
West Siberia — Near Field Exploration
Example of compressional basins
Kuwait — Pore Pressure Prediction
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Nova Scotia — G&G study for Play Fairway Analysis (PFA)

Play Fairway Analysis - Workflow

Build
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Nova Scotia — Basin Modelling

Facies distribution

- Continertal sand
Continantal Shale
Sandy delaic plain
Shaly dehaic plain
Slope sandy turbiditic shannel
sandy lobe and basin floor fan

Silty/shaly turbitic channel

shaly slope and basin floor fan

hemipelagic

RODELTA SAND

- nate-reef

carbonatelagoon

deiitic carbonate-reef

detiitica carbonate-lagoon
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Nova Scotia — CRS and CCRS maps
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Nova Scotia — Final Zone Ranking, study Post-Mortem (2019) ‘

HC volumes computed with TemisFlow (TCA module)
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Continuing exploration in Labrador: Deep Offshore Megaproject

8 in-depth resources assessments over 6 years over the north Atlantic margin

Paleogeographic reconstruction at Early Campanian time

Atlas of Source Rocks in Mesozoic basins of

the NA margin, Offshore Newfoundland-
Labrador and Offshore Ireland

2019 Carson-Bonnition and Salar

Basin resource assessment \_/\

2018 East Jeanne d'Arc
resource assessment

2020 Orphan North
sssssssssssssssss

2018 Orphan Basin
resource assessment

2015 Flemish Pass
resource assessment
2016 Orphan Basin

resource assessment

TemisFlaw™

Merged Top Jurassic maturity map seen from the
15 2 Orphan Knoll looking southwards
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Continuing exploration in Labrador: Deep Offshore Megaproject ‘

Evaluation of in-place resources (play & prospect)
Exploration risk Data set

[

° Prospective volumes
e Block ranking

[ J

[

Block ranking

Detailed prospect volumes and risk
Planning for future exploration data acquisition

Orphan Basin 2016
Resource Assessment

2049 @ nhttps://go0.gl/CfK8e2
[=] %) [=] 2015

E E Flemish Pass 2015

Resource Assessment
https://go00.gl/OYGOtr

2020 NL20-CFB01 2015 NL15_01EN
Orphan Basin Flemish Pass Basin
- P50 volumes 15.2 BOE - P50 volumes 34.6 BOE
- POS for the P50: 22% - POS for the P50: 20%

2018 NL18-CFBO3 /
‘Orphan Basin
2019 NL19-CFBO1 - P50 volumes 16.3 BOE
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[ b
2018 NL18-CFB03 ?:Sl\‘:\] :
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- POS for the P50: 11%

Probability of success
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0% B
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A few Study Cases
Offshore Lebanon & Cyprus — Frontier Basin Exploration
Offshore Nova Scotia — Play Fairway Analysis
West Siberia — Near Field Exploration (2012-2016)
Example of compressional basins
Kuwait — Pore Pressure Prediction
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West Siberia — Near Field Exploration

Technical objectives

e Unveiling new prospective resources in mature areas,

using forward stratigraphic modeling (FSM) & petroleum

system modeling (PSM) techniques
e Near Field Exploration / Unconventionals

Study portfolio
@ « Middle Ob - Lukoil
* G&G, FSM, PSM, Play Assessment, Yet-To-Find
e ® Yugansk — Lukoil
* G&G, FSM, PSM, Play Assessment, Yet-To-Find
e e Messoyakha - Gaspromneft /TNKBP
* Geochemistry, FSM, PSM, Lead Assessment, Yet-To-Find
e Yurkharovo - Novatek
* G&G, Seismic Inversion, PSM, Play Assessment
e e Khanty Mansiisk

* Regional Oil Shale Evaluation (Bazhenov), PSM, Unc.
Resources Assessment
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7

/‘ ¥
S R Gl ) (T
s Y L
ARHOCHPCKAR f‘@\ =
. ‘\,v 1 PLATERU

') K UEHTPANBHO-CHENPCKAR

mazes  BOIBHIWEHHOCTH

Ulmishek, 2003

— i provionce boundory
| == Toral parroleums spstem boundar

= Coun

A Assessment urft beundory
dary
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West Siberia — Near Field Exploration

High-resolution mapping of subtle stratigraphic traps (prograding Siliciclastic Complexes) Conceptual Model

-~

""""" 2 L2 s o FACIES MAPPING — LOWER NEOCOMIAN
Channels in alluvial plain
Shelf sands
Turbditic sands (Achimov)

/1239

Well 131R i
Seismic line IL757
Lithological interpretation-——

@Im‘erweﬂ

Sand (3
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West Siberia — Near Field Exploration

Review of
known field

Forward
Stratigraphic
Modelling

o

DionisosFfow™

vy

=
Pokur fm. *

Geopmpschesioe.

MESSOYAKHA
Heavy oil
(10-20API)

Geochemical analysis

C288BST
0,00, 1,00

Messoyakha
Qil

Biodegradated Oil P
(Messoyakha Pokur)

R¥,

o
M. Jurassic SR

'\H

120 000 km? + local refinement over 5 000 km?

Prospect
assessment
and ranking

125

A4

Integrated Basin modeling

study with multiple technical

challenges

Numerous innovations

Definition of new concepts for

exploring the basin

API gravity

Nosywka 108
(BOCTOK) &

) g

é

U

4‘;—9

e
*©
A= g
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7| Nosywka 77

(sanap)

-

T

Play assessment & YTF

o [ o ooy

PK8-BU12

BU13-BU21

BU22-T

T-top Trias

W In Place -MAX
® In Place -MIN
m Known Ressources

./ Tun -1 Tun -

HI 300

Tun -0

Type Il -
HI 650 -

HI 400

Source
Rock
mapping

above P;kHw fm.

Petroleum
System
Maoadelling
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West Siberia — Near Field Exploration ‘

Lead delineation, valuation and ranking with TemisFlow

lead def' mtlon in each play Chent's lead contour vs. BF’s lead Iocahzatlon

Client’s lead contours (lines)
BF’s lead localizations (points)

Known oil and gas
Field

-1 BF’s lead ranking
= - (with geological risk)

Client’s wells planning (circles)
BF’s lead localizations (points)

Less risked
targets

v
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A few Study Cases
Offshore Lebanon & Cyprus — Frontier Basin Exploration
Offshore Nova Scotia — Play Fairway Analysis
West Siberia — Near Field Exploration
Example of compressional basins (2018-2022)
Kuwait — Pore Pressure Prediction
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Beicip Franlab experience in Basin Modeling of compressive areas ‘

m Beicip-Franlab experience in basins subjected to compression
:] Basin subjected to compression
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Basin Modelling of Accretionary Prism: example of Brunei ‘

[ Vaiting. J Varios Jows =] Totirghoch Jemes
NW E&msgnlt‘PLsATE SABAH ACTIVE MARGIN SE
a Sea
Dsngerous Grolinde Kinabaly Neogene basin Active arc
SOUTH CHINASEA North Sabah granite shallow marine cover Dent, Sempoma

above pre-Miocene rocks nsula:
della wedge Crocker i Ll

e ool T 4 8.
[Kehdar\s 'f Keratau _[** | Tuslanghorth [ g
X

Subducted continental crust
of South China margin

.J| B.Late Miocene-Pliocene (Hall et al., 2008)

,,,,,

(Cullen, 2010)
L

'1 xm.mgH Keratau P TalangNorth }ﬂ-“" -

South China Sea
(back-arc basin with an
inactive spreading center)
Baram-Balabac Basin
(foredeep)

2D Basin Modelling KronosFlow

Accretionary Prism with small mud diapirs.
Biogenic gas generation and migration modelling.

“ranlab

=

@KronosFlow



Basin Modeling in Subduction Zone: Barbados

2D Basin Modelling KronosFlow
Complex structural restoration of the
accretionary prism (subduction).
Thermal and pressure modelling.

HC migration modelling.

Stratigraphy

@KronosFlow

Source Rock
Transformation Ratio

Overpressure

w8 BHP

subductions V= ‘ thrust Z‘%ﬂﬁg‘s"p Sﬁg‘l'%‘si“”a’y

MAY= Maya block; CHR= Chortis block; CHT= Chorotega block; CHC= Choco block
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Basin Modeling in Subduction Zone: Carribean Colombia F 4

Sinu Fold Belt
Accressionary Prism and Fore Arc Basins (interaction with Magdalena River Delta)

ontinenta

b1 20km

2D Basin Modelling KronosFlow (several sections)
Complex structural restauration, including oceanic crust subduction.

Thermal modeling and pressure modelling.
Source rock modelling.

ffﬁ%erROL

ENERGIA PARA EL FUTURO

@KronosFlow

subductions | thrust fséﬁhg-slip Sﬁgﬁg"”aw

MAY= Maya block; CHR= Chortis block; CHT= Chorotega block; CHC= Choco block
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Basin Modeling in Back-Arc/Fore-Arc: Peru (Tumbes Basin)

Temperature

Vitrinite reflectance

Lemgruber-Traby et al., 2021
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A few Study Cases
Offshore Lebanon & Cyprus — Frontier Basin Exploration
Offshore Nova Scotia — Play Fairway Analysis
West Siberia — Near Field Exploration
Example of compressional basins
Kuwait — Pore Pressure Prediction (2015-2017

@Beicip-Franlab



Kuwait — Pore Pressure Prediction (context) ‘

GEOLOGICAL CONTEXT & OBIJECTIVES
Stratigraphic Chart — Petroleum System Elements

Overpressure occurrences

Although Kuwait is a very mature province, no
convincing model explaining overpressure
variations at basin scale existed.

from Carman (1996)

A\ 4

Dubille et al., 2017

) r,uaqw_|
2
2
Q| Covowmn Hydrostatic Major oil pools in Cretaceous sands.
E, — regime
[id ALBIAN “ in major . e e
© 0 reservoirs Makhul sourcing potential is limited
APTIAN ba .
ey | @ zueai compared to Najmah SR and cannot feed on
wareavan | | 2 saiar]  AATAW e it Il the giant Cret field
WATENWAN | | 3 : its own all the giant Cretaceous fields.
= < MAKHUL
BERRIASIAN F @ Minacish |secondary s
(type lI-1IS) . .
8 o | & e X Jurassic reservoirs are always overpressured.
I
8 KIMMERIDGIAN | 150 CERag COTNIA-HITH seal ,,' $ Risk of blow-out
0 o, B 0{“ wrst =" Migration 4 The Gotnia-Hith is undoubtedly a pressure
" ’Q BATHONAN. | path barrier between Jurassic and Cretaceous
@ BMOOW | e , through | Overpressure units. This raises two questions:
E | maenan se the seal? always in
| S | Toarcian f BT D wuanner :urazsic units e |s it possible to explain and predict the
PLIENSBACHIAN « T moderate to ) . .
| snewm | | 3 7 extremely high) overpressure in Jurassic units?
HETTANGIAN ® |sthere a possible fluid flow from Jurassic to
| D Cretaceous units?
NORIAN
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Kuwait — Pore Pressure Prediction (role of salt windows) ‘

Discontinuities have been mapped in Gotnia & Hith evaporites thanks to HR geophysical analysis

|ll

Local “salt windows” exist both in Burgan and Sabriya-Raudhatain areas, locally elsewhere, and
possibly offshore

The most significant ones are the “pop-ups” observed along the Kuwait Arch

“Salt window” viewed on logs

Example of a “pop-up” observed on seismic lines
(Ahmadi Ridge, Burgan Area)

(Sabriya Ridge in Northern Kuwait)

Discontinuities through Gotnia-Hith evaporites Well B
observed on seismic lines Pop-up Ona “pop up”
Structural thinning of the Wella = “salt window
Fault Types Seismic Examples v - Gotnia-Hith seal (« salt ; icn:ar N D[ Gk:ax N
window »): only the Hith Fm. = L
Strike-Slip faults affect the whole remains. - —

Easier fluid flow through
the “sait window”

Gotnia Fm

Top Hith

Top Hith =

SPEESEEERES

|
'j_ym;}-fm

Localized collapse features affecting
brittle layers of the Gotnia Fm

Top Gotnia =3 Top Gotnia

Top Najmah

10

onsa

0%

640
LT

SA, o
(+anhydrite) | **{E ~TTTTT07

Salt dissolution generating cavities
and their collapse linked (or not with
deep-seated faults ?)

Collapse features

7 ‘ High fracture density / faults

BefsszgpleeMazngse

F
288

Top Najmah —3

Vi
S
z
5

i1

“Pop-up” (very narrow and elongated

north-south structures associated to

reverse faults, localized along Kuwait
Arch). Salt creeping above the pop-ups
(very often only remains the Hith fm.)

=
—_—
==

Fractureindex (o . .\‘

ggzgiis
.

Seismic amplitude |28 - 28
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Kuwait Case: PRELIMINARY BASIN MODELING RESULTS

Preliminary Basin Modelling Tests Basin Modelling results
The confinement of Jurassic layers beneath the Gotnia salt is
certainly the primary cause of overpressure at basin scale. Computed Overpressure
However, how can we precisely explain overpressure levels L ]

Overpressure completely dispels in Zubair Sandstones.

low high ~ Overpressure in MPa
— 1 MPa = 145.0377 PSI

0MPa

1/ Highly impermeable Gotnia-Hith Fm.

Gotnias Overpressurfa \fvould be .far ab.ove fracture gradient Gross Depositional
- Not realistic, Jurassic fluids must escape the Environment Map
system. There are certainly active “salt windows". g Scnerdporos mesons for) e R higher

overpressure in Northern
Kuwait and Offshore
Kuwait would be related
to “pressure plumes” =
Jurassic fluids injected in
low permeable Lower
Cretaceous units above
“salt windows”.

. 2/ Gotnia-Hith Fm. with “open faults”
Lower overpressure would be observed

> Salt windows are certainly localized, with a
relatively low permeability.

Gotnia_s|

Parous Minagish Oalite =
Ao (South)

3/ Faults with intermediate permeability
More consistent according to pore pressure
measurements = However the pressure field is
too homogeneous in the Marrat Fm.

TOPZUBAR  morsuse

o

[ B ‘ 4/ Faults with intermediate permeability

+ permeability variations in Marrat Fm.

Good match with measurements. Salt windows
mainly localized along Kuwait Arch. Marrat Fm. is
rather impervious (discontinuity of porous bodies).

Dubille et al., 2017

Gotnia >
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DELIVERING EXPERT PPP SYTEM BY COUPLING BM, SRC & GEOMECHANICS ‘

3D expert model: Integration of 1D geomechanics, 3D seismic reservoir characterization, and 3D
pore pressure

Geophysics

Microscale processes, data and stress analysis

Geomechanics l i Basin Modelling

** INTEGRATED WORKFLOW FOR PREDICTING DRILLING HAZARDS DUE TO HIGH
PORE PRESSURES IN THE NORTH KUWAIT FIELDS (AL-SAEED ET AL, EAGE 2017) Dubille et al., 2017
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DELIVERING EXPERT PPP SYTEM BY COUPLING BM, SRC & GEOMECHANICS ‘

/

Pore Pressure cube (psi) EMW cube (ppg)
Improved pressure cube from basin model

.
(] . T,
WA oo S
" . )
"
S T
I

&

Burial rate Temperature rate

2= 00 (or)
1

Geomechanical Finite Element Analysis
(locally at well)

~

J

model

Reference Model

model

3D expert model for well planning
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CLOSING REMARKS & DISCUSSION



