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Abstract

Facies modelling seeks to reproduce the geometry and distribution of the reservoir-forming sedimentary bodies in three dimensions to provide
a framework for the construction of property and flow models. However, variogram-based facies modelling techniques are not well suited to
the reproduction of complex geological shapes (e.qg., sinuous fluvial channels), whereas object-based simulations may fail to honour
conditioning data (e.g., well data). New workflows have been developed for the generation of fluvial reservoir models with improved
geological realism compared to outputs of conventional methods. These workflows are suitable for modelling reservoirs that comprise fluvial
meander-belt deposits, and can therefore provide the models of spatial heterogeneity (training images) required to apply simulation techniques
based on multi-point statistics (MPS), which are then useful to integrate complex geological patterns. A library of training images from which
MPS modelling algorithms replicate geological patterns has been developed using quantitative information derived from a relational database
of geological analogues (Fluvial Architecture Knowledge Transfer System, FAKTS), and a forward stratigraphic modelling tool that simulates
fluvial meander-bend evolution and resulting point-bar facies organization (PB-SAND). The devised training images incorporate fundamental
features of the facies architecture of fluvial point-bar elements and larger meander belts composed of these and related elements. The
application of training images has been optimized to three widely used MPS algorithms: SNESIM, DEESSE and FILTERSIM. A quantitative
and qualitative quality check of MPS realizations has been performed whereby facies proportions, facies relationships, element geometries,
dimensions, control of non-stationarity and runtime are optimized for particular fluvial successions being modelled. The sensitivity of multiple
simulation results to input parameters has been analysed to define preferred modelling recipes, paired to each training image and to each MPS
modelling algorithm. Research outcomes are the development of an extensive library of training images for MPS simulations of the
architecture of subsurface successions deposited by a variety of types of meandering fluvial systems. Devised workflows are applicable to
multiple MPS algorithms, and enable off-the-shelf training-image selection for the effective establishment of a hierarchical approach to facies
modelling.
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(Fluvial Architecture Knowledge Transfer System) & AUXILIARY VARIABLE MAPS
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MAIN POINTS AND AIM OF THE PROJECT

OUTLINE

1- What are facies models? Why do they need to be improved?

2- Multipoint statistical simulation introduction (MPS)

3- A novel facies modelling workflow for fluvial meandering system

- FAKTS analogue database

FIELD STUDIES

\

FAKTS |
Database)

. COMPARATIVE

i

LITERATURE
REVIEW

WORKFLOW

1- WORKFLOW FOR CONSTRUCTION
OF TRAINING IMAGES

QUANTITATIVE

_» INFORMATION

™

ARCHITECTURE
STUDIES

FORWARD NUMERICAL
MODELLING CODE (PB-SAND')

S

2D + 3D STRATIGRAPHIC
MODELLING

\

TRAINING IMAGE
ASSEMBLY

™~

2- TRAINING IMAG
LIBRARY
.‘r @

3- FACIES MODELLING USING
MPS’ SIMULATIONS

P “
SNESIM® DEESSE*

FINAL REALIZATIONS
& QUALITY CHECK

- PB-SAND program for forward stratigraphical models

- Training Image Library

4- Applications to SNESIM and DEESSE (Multipoint Statistical simulation)

AIMS

- Deliver an effective and fast methodology by which training-image building can be informed quantitatively

- A workflow for facies modelling using MPS applicable in the oil and gas industry, geothermal and hydrogeology




WORKFLOW AND GEOSTATISTICAL METHODS

Why does facies modelling matter? Why do facies models need to be improved?

Lack of data ‘ Geostatistical methods

Facies models (Well data, core data, seismic data) “The need to fill the gaps”

Background
Abandeoned Channel
Deita Front
Distributary-Mouth Bar
Distributary Channel
Fluvial

1- Pixel-based methods (l.e., SIS)

Property models
(Vel, @, K, Sw...)

Flow Models

EParadigm’

Schlumberger

- Not good at honouring hard data

- Does not reproduce curvilinear shapes
- Relies on variograms...



MULTIPOINT STATISTICAL SIMULATIONS (MPS)

Multipoint statistical simulations combines both the capability of honouring hard data and the ability to reproduce complex geological shapes

Needs a TRAINING IMAGE - The digital representation of the heterogeneities of the reservoir rock.

@ The training image substitutes the variograms.

Abandoned channel
Lateral accretion surfaces

Coal swamp

Secondary channel
Chute channel

Mid-channel bar

Raised mire
(with vegetation)

Coal

Point-bar deposit
with IHS

o
. Levee
Floodplain lake
— m
Abandoned channel plug S g:;:z:?ysg,l\?;sg?
deposits -
Crevasse splay

0 1000

"Shiers (2017) and Ghazi and Mountney (2009)"

Satellite image Object-based generated 3D realization Facies models based on outcrop studies

1: Patterns are reasonably homogeneous in the Training Image
Need to be “stationary” 2: Patterns should be repeated in the Training Image

3: Patterns should not be confined to specific locations in the Training Image




COLLATION OF QUANTITATIVE DATABASE OF APPROPRIATE CASE STUDY EXAMPLE

COLLATION OF QUANTITATIVE DATABASE OF APPROPRIATE CASE STUDY EXAMPLE

Transition

'y

COuPoint-Bar Deposits

ABISTRIBUTARY -
STRIBUTARY

Channel-complex thickness (m)
=S

Point-Bar DeEositgl

a
1 10 100 1000

Peace River, Alberta (Smith et al., 2011)

Channel-complex width (m)

10000 100000

. Undefinad
h

Facies-unit type proportions

(Colombera et al., 2013)

FORWARD NUMERICAL SIMULATION OF FLUVIAL POINT-BAR EVOLUTION

bar thickress (m) 6
channel width {m) 74
thickness {m} nz2o 006 068 0.18
ud length along accretion surfaces {mj) 7.80 160 1900 456
drape  SPAGNG (M) 574 190 1020 256
pasition (1o the top} (m) 135 028 3® 079
position ({0 the top} B% 5% 55%  13%
mud-prene 1%
. veryfine sand 7%
facies fine sand V%
meddium sand 45%

Model Components:

- Morphological Evolution

- Vertical Cross-Sections

Model Outhufs:

- Stacking Patterns - Facies Transections

- Bounding surfaces

- High resolution morphology - Probability of possible scenarios

- mudprane
- very line sand
[ | e sana

[ | medium cand
[ | nona prain
\Z‘ mud drapes

(Yan et al., 2017)

- Prediction of 3D architecture

TRAINING IMAGE
IMAGE ASSEMBLY

Training Image Components:
- Transects transformed from RGB to facies
- Stationary and non-stationary Training Images
- From .png to .gslib files.




FAKTS (Fluvial Architecture Knowledge Transfer System)

LITERATURE AND FIELD STUDIES

Legend
lithology symbols

0 = organic
si=
s — fine-grained sand

ms = medium-grained sand
e5= coarse-grained sand

§
S
£
&

¢ Counter-Point-Bar Deposits

Paint-Bar Degosits! I

Peace River, Alberta (Smith et al., 2011)

Load cominance

Max widh Trarsiton 1D
) River pattem )
Max thickness e L™ | pepositional element ID.
Drainaga pattam
Max dip lengtn Transibonal depostianal el ID

Relative base-level changa
Max cross-sectional area

Transition direction
Carrelative Systems Tract

namsource | , SUBSETS ; 4 [oerommonmnma | y [ArcHmecTuRAL ELevEnTs ; FACIES
Case ID | Subset ID | Depesitional element 1D [ Architectural element ID — Facies ID
carcepo el i N s R N i N
Yoar Subset widh Originai cods Original code Original code
Autnors Subset heght Depasttonal loment ype Original arch. slomont type riginal facies type
Goograi location Original target scalo Thickness Malls archtoctural slament type Facios type
asin Subset larget scale Apparent widtn Architectural slsmant typs Facies typa DQI
Lithosiratigraphic uni Spatial abservation type Pariial width Arch. element type DI Thickness
Rivar Subes! suitabiity (MV) Unlimited width Thickness Apparant width
rge o Subset relative distally width Apparent widlh Partil width
hes o Tectonic seting Width determinalon Parisl width Unlimited width
o e sussanca s (V) Paral i g Ui v W
Dataset DGl Subsidence rie Unlimited dip length Wit Partial dip length
Full refarance Basin clmate type Dip length Partal dip length Unlimited dip lengin
Additional btersture Outctmend siimats typo Gross-sectionsl area Uniimited dip langth D length
Notes Relatie temperaturs change Nat-lo-gross ratio Dipfength Bouldar 1o gravel percentage
" Relative humidiy change Paisocursnt variance cisss Cross-ssctionsl arsa Sand parcsntage

Braiding ncex Neto-gross retio Sl percentags

SUBSET STATISTICS Bankiul discharge Sinuosity parameter Mean banklull depth Gy parcaritage
Statistic | - :;T::“::‘ foad Mean bankfulldepth Mean bankull width Netes
Subset ID — Mean bankfull width Notes.
f— Catehment lthoiogies MV} Notes TP
Object type Crchmant processas (V) ARCH. EL. TRANSITIONS ooy
Number of cbiects S vegeiEon b DEP. EL. TRANSITIONS Transitin 1D ©0 |

L Architactural sloment ID
Transitional architectural sl ID
Transition direction

Bounding surface arder

Transitional facies ID
Transition direction
Bounding surface arder

Max aspact ratio
Relative aggradation rate.
Min widith

28]

Transitional sbject typs
Transition direction

Mean aggradation rate
Calchment surface upit rate
Calchment denudation rate

Transition count Basin slape range.

Transition probabiity

FAKTS DATABASE SCHEMA
tables and attributes
b modified from Colombera et al. (2012)

Facies Proportions

¢ Undefined
h

Thickness {m)

Facies-unit type proportions

(Colombera et al., 2013)

Facies Geometries

10000 100000

.,

i
>

o1

- it (M= 853) Channel-complexes

= Apparent width (N = 137) —_
width/thickness

Partial width (N = 132) A
aspect ratios

* Unlimited width (N = 155)

Facies transition statistics

Lateral transition
statistics involving
downstream-accreting
barforms (DA elements)
in the Lower Jurassic
Kayenta Fm. in SE Utah

YDIR{h)

Reservoir Modelling Constraints

FAKTS-INFORMED Method based
INDICATOR VARIOGRAM MODEL on work by
FOR A GIVEN DIRECTION Ritzi (2000)

-\.% MATERIAL-UNIT PROPORTIONS

MATERIAL-UNIT DIMENSIONS FOR THE
GIVEN DIRECTION:
m MEAN EXTENSION
\\CDEFFICIENT OF VARIATION




FORWARD STRATIGRAPHIC MODELLING OF FLUVIAL POINT-BAR ELEMENTS USING PB-SANDS

EXPANSIONAL MEANDER EXAMPLE
3D STRATIGRAPHICAL MODELS
Architecture of modelled
point bar in 3D-view
-Deterministic-stochastic mixed
-Geometric-based
fe <" -Process-based
z 9 “ 7 1e00
QO ™ a 1500
8O0 R
00
- mud-prone
: very fine sand
fine sand
medium sand
|: flood plain
mud drapes
Mean Min Max Std. Cross-sections examples
bar thickness (m}) 5] 61 o - - - . - ' o 4
channel width () 74 1 — | w7 e—— o
thickness (m) 0.20 0.06 0.66 0.18 %'_ ) _ 7 . Il L - — L. |
length along accretion 6 . . . T . i i ) :
mud surfaces (m) 7.80 1.60 19.00 4.56 4 | b ] _ H m |
drape  spacing (m) 5.74 1.80 10.20 2.56 E g_ ) N2 . ! ) Il ] N \ V) |
position (to the top) (m) 1.35 0.28 3.30 0.79 B o : . - - . - ,
position (to the top) 23% 5% 55%  13% 2.3 W w vy v | il (o}l
mud-prone 1% 3] ' [ : y N |
very fine sand 7% . . - 1
facies  fine sand 37% $E p— w— [
medium sand 45 % 2] ; _ _ ; 1 _ / i _ j
] 200 400 ] 500 TOOHY 0 200 400 GO0 BO0 1000
Distance (m) Distance (m)

Yan et al., 2017. Computers & Geosciences, 105, 65-80



TRAINING IMAGE LIBRARY

TRAINING IMAGE LIBRARY

EXPANSIONAL BAR OTHER TYPES OF MEANDER
EXPANSIONAL BAR {Objects repetition) TRANSFORMATION

Neighbouring Point Bars | Channel-Belt Form

+ +
Floodplain Bar Form U::nslatic:nal bar)
{Non-stationary) (Partially stationary) (Non-stationary)

Single
Point Bar

Channel-Belt Form {Rotational bar)

+
Floodplain
(Partially stationary] | (Non-stationary)

(Non- stationary)

Channel-Belt Form
(Partially non-stationary)

LEGEND

- Floodplain Facles
- Bar Top Facies (Mud)

- Bar Top Facies (silt)
- Point Bar (Fime sands)
:l Point-Bar {Medium sands)

- Point-Bar (Coarse sands)
- Chanmnel-lag Facies

Point Bar D Channel-Fill Facies

_ (Non- stationary) _




2 CASE STUDY (EXAMPLE 1 and 2)

EXAMPLE 1
EXPANSIONAL BAR
(Partially STATIONARY EXAMPLE)

EXAMPLE 2

EXPANSIONAL BAR
(NON-STATIONARY EXAMPLE)

[1Q

2 algorithm will be tested and compared:

SNESIM
(Strebelle, 2002)

-Search Template Geometry

-Number of nodes

-Number of replicates

-Servosystem
-Multigrids

-Subgrids

DEESSE
(Mariethoz et al. 2010)

-Search Window
-Number of nodes
-Search distance

-Fraction

-Support Radius

-Deactivation Threshold Probability

AUXILIARY VARIABLE MAPS

(Handling non-stationarity and include trends)

Rotation Scaling

Regions

QUALITY CHECK:

-Geometries -Run-Time

-Proportions -Noise

-Trends -Stationarity

0.7

il II In ||
2 3 < 5 5 7




AUXILIARY VARIABLE MAPS (PROBABILITY MAPS CONSTRUCTION)

ZONE 2 : Floodplain deposits

ZONE 1 : Main sand fairway

ZONE 3 : Buffer or transitional zone




AUXILIARY VARIABLE MAPS (PROBABILITY MAPS CONSTRUCTION)

ZONE 2 : Floodplain deposits
ZONE 1 : Main sand fairway

Bl © (ZONED) ZONE 3 : Buffer or transitional zone
0.5 (ZONE 3)

Bl : (zonE2)

Songhua River, China (NASA)




AUXILIARY VARIABLE MAPS (PROBABILITY MAPS CONSTRUCTION)

Songhua River, China (NASA)

ZONE 3: 100% probability
of floodplain deposits

e | o | o [ os
= 1

ZONE 1 : Mostly Point-bars
and channel-fill deposits

ZONE 2 : Buffer with 50%
probability of point-bar/Channel-fill
and 50% of floodplain deposits




AUXILIARY VARIABLE MAPS (PROBABILITY MAPS CONSTRUCTION)

1- Based on SOFT DATA

| Tribu I,ar-eg

“\

20 km . A

Algahtani A. et al. 2015. Sedimentology 62, 1198-1232



AUXILIARY VARIABLE MAPS (PROBABILITY MAPS CONSTRUCTION)

Songhua River, China (NASA)

2- Based on FAKTS estimates (Channel-belt case)

- Sedimentological analysis at a
BIG SCALE required to interpret
the fluvial geological setting.

- Channel-belt estimates can be
easily obtained using FAKTS:

- Facies Proportions

- Geometries size

- Net to gross (Shale/sand proportions)

- Different solutions can be created
stochastically with an object-based algorithm.




EXAMPLE-1: EXPANSIONAL BAR (STATIONARY EXAMPLE)

TRAINING IMAGE LIBRARY
EXPANSIONAL BAR OTHER TYPES OF MEANDER
EXPANSIONAL BAR (Objects repetition) TRANSFORMATION

TRANSLATIONAL BAR

#

ROTATIONAL BAR

LEGEND

- Floodplain Facies

- Bar Top Facies {Mud]
- Bar Top Facies (silt)

- Point Bar (Fine sands)
I:l Point-Bar {Medium sands})
- Point-Bar {Coarse sands)
- Channel-lag Facies

I channel-Fill Facies

EXPANSIONAL BAR CASE
(PARTIALLY STATIONARY
TRAINING IMAGE)

- Homogeneous Patterns
- Repeated objects

- Only One single channel belt




EXAMPLE-1. SIMULATION WORKFLOW

STEP 1: Category reduction (From 5 to 3 facies)

- Y0

- Flood-plain deposits
[ | Point-Bar deposits
- Channel-Fill deposits

STEP 2: Adding Stationarity

STEP 3:Upscaling / Downscaling STEP 4: Sensitivity Phase STEP 5: Auxiliary Variable Maps
SNESIM (Strebelle, 2002)
SIMULATION GRID Facies 0 Facies 1 Facies 2
X: 250 -Search Template Geometry
. 0.1 _ 0.35
YZZSEZJO -Number of nodes AREA 1 0-55
: -Number of replicates AREA 2 05 0.25 0.25
Training Image -Servosystem
Number of Cells AREA 3 ! 0 0
X: 90 _
Y: 210 DEESSE (Mariethoz et al. 2010)
Z 33 -Search Window -TAU model probability for SNESIM
CELL SIZE -Number of nodes ) o
X: 20 ] -Support radius and Deactivation
Y- 20 -Search distance threshold for DEESSE.
Z: 0.25 -Fractions




- Flood-plain deposits
|:| Point-Bar deposits
- Channel-Fill deposits

EXAMPLE-1. STATIONARY TRAINING IMAGE REALIZATIONS (3 facies)

SIMULATION GRID DEESSE
X: 250
Y: 250
Z: 50

SNESIM Runtime <2 min/realization

Runtime <2 min/realization

Tl Number of Cells
X: 90
Y: 210
Z: 33

CELL SIZE
X: 20
Y: 20
Z:0.25

Parameters: Parameters:

Search Radius: 4000x4000x15, N=70, Replicates=20, Serv=1, Multigrids=4 Search Window: 20x20x8, N=35, Distance=0.25, Radius=10, Deact. Threshold=5
Condition to Auxiliary Probability (TAU MODEL 2 1) Condition to Auxiliary Probability and Rotation map




EXAMPLE-1. STATIONARY TRAINING IMAGE REALIZATIONS (5 facies)

SNESIM Runtime <5 min/realization

Parameters:

Search Radius: 4000x4000x30, N=70, Replicates=20, Serv=1, Multigrids=4

Condition to Auxiliary Probability (TAU model 2 1)

SIMULATION GRID
X: 250

Y: 250

Z: 50

DEESSE

Tl Number of Cells
X: 90
Y: 210
Z: 33

CELL SIZE
X: 20
Y: 20
Z:0.25

Runtime <5 min/realization

[]
[]
[ ]
[]
]

LEGEND

Floodplain Facies
Bar Top facies
Point Bar (Sands)

Point Bar (Coarse sands)

Channel-Fill Facies




EXAMPLE-2. EXPANSIONAL BAR (NON-STATIONARY EXAMPLE)

TRAINING IMAGE LIBRARY
EXPANSIONAL BAR OTHER TYPES OF MEANDER
EXPANSIONAL BAR (Objects repetition) TRANSFORMATION

TRANSLATIONAL BAR

$
ROTATIONAL B
EXPANSIONAL BAR CASE
(NON-STATIONARY
TRAINING IMAGE)
- No repetition of patterns
¢ - Patterns confined to

specific locations

LEGEND

- Floodplain Facies

- Bar Top Facies (Mud]
Bl &ar Top Facies (silt)

- Point Bar (Fine sands)
l:] Point-Bar {Madium sands)
- Point-Bar {Coarse sands)
- Channel-lag Facies

] channel-Fill Facies




EXAMPLE-2. SIMULATION WORKFLOW

STEP 1: Category reduction (3 facies)

- Flood-plain deposits
[ | Point-Bar deposits
» B ch-Fill deposits

STEP 2: Upscaling / Downscaling

SIMULATION GRID
X: 250
Y: 250
Z: 50

Training Image
Number of Cells
X: 128
Y: 144
Z: 39

CELL SIZE
X: 20
Y: 20
Z:0.25

STEP 3: Sensitivity Phase

SNESIM (Strebelle, 2002)

-Search Template Geometry
-Number of nodes

-Number of replicates
-Servosystem

DEESSE (Mariethoz et al. 2010)
-Search Window
-Number of nodes
-Search distance
-Fractions

STEP 4: Auxiliary Variable Maps

Facies 0 | Facies 1 | Facies 2
AREA 1 0.1 0.55 0.35
AREA 2 0.5 0.25 0.25
AREA 3 1 0 0

-TAU model probability for SNESIM

-Support radius and Deactivation
threshold for DEESSE.

-Rotation Map (blue:0°, Red: 180°)




- Flood-plain deposits

EXAMPLE-2. NON-STATIONARY TRAINING IMAGE REALIZATIONS (3 facies) [0 Point-Bar deposits

- Channel-Fill deposits

SNESIM Runtime <2 min/realization SIMULATION GRID DEESSE
X: 250 Runti <2 min/realizati
V- 250 untime <2 min/realization

Z:50

TI Number of Cells
X: 128
Y: 144
Z: 39

CELL SIZE
X: 20
Y: 20
Z:0.25

Parameters: Parameters:

Search Radius: 2000x2000x15, N=60, Replicates=20, Serv=1, Multigrids=4 Search Window: 25x25x10, N=35, Distance=0.25, Radius Threshold=4
Condition to Auxiliary Probability and Rotation map Condition to Auxiliary Probability and Rotation map




EXAMPLE-2. NON-STATIONARY TRAINING IMAGE REALIZATIONS (5 facies)

SNESIM

Runtime <20 min/realization

SIMULATION GRID DEESSE
X: 250
Y: 250
Z:50

Runtime <20 min/realization

TI Number of Cells
X: 128
Y: 144
Z: 39

=S CELL SIZE
X: 20

Y: 20
Z:0.25

Parameters: Parameters:

EECEN

LEGEND

Floodplain Facies
Bar Top facies
Point Bar (Sands)

Point Bar (Coarse sands)

Channel-Fill Facies

Search Radius: 2000x2000x15, N=60, Replicates=20, Serv=1, Multigrids=4 Search Window: 25x25x10, N=35, Distance=0.25, Radius=5, Deact. Threshold=4
Condition to Auxiliary Probability and Rotation map Condition to Auxiliary Probability and Rotation map




CONCLUSIONS AND FUTURE WORKS FRG ERG
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CONCLUSIONS

Realizations performed following this workflow attempted to model the sedimentary architecture of fluvial meandering systems, at bar and facies scales.

Training images with different levels of non-stationarity can be handled by the use of probability maps.

FUTURE RESEARCH

Apply the workflow to a real-case scenario where:

-Training images can be built based on analogue data;

-Well data can be used to define training-image lithotypes;

-Soft data (e.g., seismic attributes) can be used to create probability maps;

-A connectivity study can be performed to compare results with those of other pixel- and object-based methods.
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