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Science Is not a Popularity Contest

—

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY




Complex Models Don’t Solve Uncertain Problems

* Trapping of hydrocarbons over geologic
timescales (100,000's of years to Millions of
years).
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Reproducibility in Subsurface Geoscience

* Inall our studies we use open file data so you can
check our statements!
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Standing on the Shoulder of Giants

* We can only make our observations because of
the work of many authors.
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Ironbark Prospect NW Australia

Layer Foot Wall Type | Thickness \VShale

TR30T T Thief [A1200.0m  [[A]20.0%
TR23 Seal TA4500.0 m [A]50.0%
TR20_Seal Seal [A]500.0 [A]50.0%
TR19 Reservoir [A]1200.0 m [A]120.0%
TR18_Seal Seal [A]180.0m A]50.0 %
TR17 Reservoir [A]200.0 m [A]20°6%

TR15_Seal Seal [A180.0m [A]150.0%
TR14 Reservoir [A]200.0m [A]20.0%

Cue Energy Investor Pack

SOUTHERN HIGHLANDS Mungaroo TR17 Depth Map

STRUCTURAL GEOLOGY



Dry Well Due to Lack of Lateral Seal

®  SGR forecast big columns.
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Dry Well Due to Lack of Lateral Seal

®  Predict “dry-well’ despite;
— Acharge is almost certain,
—  The reservoir is highly likely,
— Top Seal is highly likely, thick
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Dry Well Due to Lack of Lateral Seal

®  Pre-drill predicted failure lack of reservoir gave a 0.27 Pg_
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Between Explorer and Shareholders

1 day 5 days 1 month 6 months YTD 1 year 5 years Max
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Faulting and Ground Water
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000 4 FAULTS : i
The Gloucester Basin is riddled with == : g
geagraphical fault iines, the location and = : S, NATURAL GAS WELL
orlentation of which have not always been from the coal
clear. Critics of the project say that could sunk into the
mean the deaper water targeted by AGL throu uifers
could be at risk of mixing with the shallower
1500 -]  aquifers and water table.
AGL has been conducting seismic testing
during Its Waukivory pilot project and says s "
it plans 10 avoid arilling through faults, y HYDRAULIC FRACTURING (fracking)
though ithas Inthepast Accordngtoa . apay SEAM GAS Qnce the well s drilled, hydraulic fractur- ~ coal seam. Most of the fluid - AGL says
P ¥ I Found i b of nistses alow the sarth ing, or fracking, is often used to release 98 per cent - Is wates, but sands and
no "“'ﬁfxg‘nﬂ“m :.d""““"“ il se::{;:‘b nde "‘:‘h e e o the gas inside the coal seam. Frackingis  other chemicals fike detergents and acids
between i essenti 4 a drilling technique involving detonating  are also used. The process creates a net-
_app0 | shallow groundwater system”, but there are product of decaying organic matter. The gas is held in small holes in the well and pumping large work of cracks in the coal, releasing the

Indications of “upward migration of deeper the seams by water pressure, The coal seams in the

S iester{Ksdarii ! conditions® Gl tervary In e Trorm Hhred tn 18 misties: volumes of fluld at high pressure into the  gas and water trapped inside it.

Coal seam gas impact on water security key issue for Gloucester residents
Michael McGowan Newcastle Herald 2014
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" l—‘ Review data, proposed development and groundwater assets 17
| Mg DevEhapmant
]
Acquire and/or ¥ y
process well, seismic I Field and outcrop mapping Place development in
and Airborne Electro- i broader Basin!context Collect baseline hydraulic
magnetic (AEM) data i
& (, ) .| Produce maps, cross- L Interburden facies analysis head and water chemistry
sections and 3D models and isopach maps l
Y I Characterise aquitards |
I Ensure kinematic balance | ¢
— v I Characterise aquifers |
Subsidence analysis |-I—| Finalise fault geometry |1— ‘
+ Pi testi i
Characterise fault zone ar':;‘fsifs g spring
hydraulic properties and | Identify potential fault I
impact on permeability pathways l
and flow
‘ Water tracers
Define flow pathways
Groundwater simulation, "
with and without faults h
‘ Box denotes the scope of
| Define causal pathways | this Explanatory Note
I Estimate risk I

Murray TA, Power WL 2021. Information Guidelines Explanatory Note:

Characterisation and modelling of geological fault zones.

Report prepared for the Independent Expert Scientific Committee on Coal Seam Gas and Large Coal Mining Development through the Department of
SOUTHERN HIGHLANDS Agriculture, Water and the Environment, Commonwealth of Australia 2021’
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Stochastic Fault Seal and Trap Analysis



Model for Hydrocarbon Migration and
Entrapment Within Faulted Structures

... a fault is neither a seal or a conduit.
Therefore the effects of faulting and on
both migration and entrapment
depends on the ... strata juxtaposed by
the fault ... Allan 1989

e —

e
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Model for Hydrocarbon Migration and
Entrapment Within Faulted Structures

... a fault is neither a seal or a conduit.
Therefore the effects of faulting and on
both migration and entrapment
depends on the ... strata juxtaposed by
the fault ... Allan 1989

A Hanging Wall

B Hanging Wall
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Model for Hydrocarbon Migration and
Entrapment Within Faulted Structures

... a fault is neither a seal or a conduit.
Therefore the effects of faulting and on
both migration and entrapment
depends on the ... strata juxtaposed by
the fault ... Allan 1989

A Hanging Wall

B Hanging Wall
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Model for Hydrocarbon Migration and
Entrapment Within Faulted Structures

.. a fault is neither a seal or a conduit.
Therefore the effects of faulting and on
both migration and entrapment
depends on the ... strata juxtaposed by
the fault ... Allan 1989

b

S
&‘(\
ez;\'

k' B Foot Wall
e A Hanging Wall ».‘
B Hanging Wall

0 This can be done in Excel or with Pencil and Paper

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY



Fault Displacement & Throw Profile

g —
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Stratigraphic Thickness and Seal Character
Thickness VShale

[ ] Reservoirs gf) "
[ ]Seals | / Thief 30%
[ 1 Thief zones (permeable over ||l b |-
geologic time) R s = B
] £
| i T | Seal 90%
Thickness and VShale values are  FZ7u=T—] =a _
described using statistical - \;! oL Y T LB
distributions < -
PN
? N Reservoir | 10%
o
I

e
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Stochastic Trap Analysis

- One Fault Block at a time
- Each fault block can have one or more faults
+  Monte Carlo Simulation produces 10,000 Allan maps/fault — and varies:

- Spill point elevation

- Crest elevation Geometric
- Fault geometry

- Stratigraphic thicknesses St
- VShale

+  For each Allan Map, the Juxtaposition and SGR leak points are calculated/found

e

SOUTHERN HIGHLANDS Murray et al 2019
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Validation Process

« For each fault block and for each Monte Carlo instance, the
juxtaposition and SGR predictions levels are compared to the

structural spill point I

l 1 1

Fault A Controls Fault B Controls Block is filled
HWC (%) HWC (%) to spill (%)

« Distributions of the HWC levels and the column heights are created

* The modelled HWC -« > Observed HWC

Comparison

SOUTHERN HIGHLANDS Murray et al 2019
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Ling Gu Case Study (Malay Basin)

V shale
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0 Data from James et al (2004)
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Ling Gu SGR over predicts most of the time

Ling Gu - Primary Juxtaposition

-1310 Crest -1305

Error 6 m

Predicted HWC Level (m)
s 5
o S

Fill to Spill -1425

0 500 1000 1500 2000 2500 3000

Frequency

Mean Error 6 m StdDev 6.4 m
SOUTHERN HIGHLANDS

STRUCTURAL GEOLOGY

Ling Gu - Secondary Juxtaposition + SGR

Independently Obs HWC -1385
Error 42 m

0 500 1000 1500 2000 2500 3000
Frequency

Mean Error 42 m StdDev 9.6 m

Murray et al 2019



West Fault P50 Allan Magp
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Summary - Prediction Errors for 6 Case Studies

C ot Juxtaposition e ool
PI’eEdICtIOH Reservoir plus SGR ® Juxtaposition
fror Mean (Std Dev| Mean (Std Dev @ Juxtaposition plus SGR
Ling Gu | A Sand 6.0 6.4  42.0 9.6| —> [=—1——p—
Corallina [Laminaria 20.2 13.7] 141.7 329 —>| —% ®
Dory Leman 13.2 0.3 2727 7N —> —*
Minerva | Minerva 16.3 21.0 40.2 36.5| —> [—_———————
o NO-N1 10.1 7.3 260 402 —> ==
% N2 3 3.0 22| 233 50.0 —>m—e
T N2 6 5.0 47| 76.00 63.0 —>r* o
» P1 5.1 3.4 7.6  19.1] —> e—
Griffin Zeepard 8.1 6.5 12.1] 12.9 —> ==
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Prediction Error (m)

e
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Subset of Global Practice
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Multi-fault analysis scorecard: testing the stochastic approach
in fault seal prediction

F. V. CORONA'*, J. S. DAVIS?, S. J. HIPPLER? & P. J. VROLIJK?
! ExxonMobil Production Deutschland GmbH, Riethorst 12, 30659 Hannover, Germany
ExxonMobil Upstream Research Company, P.O. Box 2189, Houston, Texas 77252, USA

*Corresponding author (e-mail: franco.v.corona@exxonmobil.com)

22 MFA Successes
11 11

7 MFA Failures

4
3 I
Geologic Success Geologic Failure Geologic Success Geologic Failure Non-Test

Predicted F Predicted (i.e., failed for
0 Geologic Success Geologic Failure Geologic Failure Geologic Success other reason)

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY




—

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY

SGR Seal Threshold



SGR >20% Continuous Smear
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Shale Gouge Ratio (%)

Frobability that shale smear

IS continuous
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Yielding et al 2002




Strike section
~5-10m throw
Airport Road Miri

http://www.gigapan.com/gigapans/160733

 Along strike mapping fault rock.
« Same throw and stratigraphy.

e
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Strike section
~5-10m throw
Airport Road Miri

-
3
o
ie]
Vshs Az5 %
Vsh4 Az4 =
Vsh3Az3 D
Vsh2Az2 €
Vsh1 Az1

SGR =Y (Vsh) Az / t x100%

After Yielding 2002


http://www.faultseal.com/pages/refnc.html

i Tusher Canyon

n Lost Canyon

Structure and content of the Moab Fault Zone, Utah, USA, and its —
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Foxrorp, K. A, WaLsh, 1. )., Watterson, J. er al. 1998, Structure and content of the Moab Fault Zone, Utah,
USA, and its implications for fault seal prediction. Jn: Jones, G., Fisuer, Q. J. & Kwirg, R. J. (eds) Faulting,
Fault Sealing and Fluid Flow in Hydrocarbon Reservoirs. Geological Society, London, Special Publications,
147, 87-103.
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i Tusher Canyon

Structure and content of the Moab Fault Zone, Utah, USA, and its — n Lost Canyon
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USA, and its implications for fault seal prediction. Jn: Jones, G., Fisuer, Q. J. & Kwirg, R. J. (eds) Faulting,

Fault Sealing and Flutd Flow in Hydrocarbon Reservoirs. Geological Society, London, Special Publications,
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w—nm\' Fault plane profile showing clay smear thickness {cm)

Clay smear seals and fault
sealing potential of an exhumed
growth fault, Rio Grande rift,
New Mexico

P. Ted Doughty

@
b s
o

AAPG BULLETIN, V. 87, NO. 3 (MARCH 2003), PP. 427-444

e
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South North
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Topographic profile \ Fault plane profile showing clay smear thickness (cm)
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South North

407 Logend Topographic profile Fault plane profile showing contoured clay smear thickness (cm) 40
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Legend

Clay smear
South po?zntlal il

Topographic profile Fault plane profile showing contoured CSP values
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Legend

South sotantial North
407 Topographic profile Fault plane profile showing contoured CSP values —+40
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Miri Sarawak

Gaman selera Tanjung L'nn:mlg

“Taman Bumiko¥
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Miri Sarawak Fault Rock
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Shale Gouge Ratio (SGR) Algorithm

——
i)

Miri Sarawak Fault Rock
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~~~~~~ Vsh2 Az2
-~ Vsh1 Az1

SGR =5 (Vsh) Az / t x100%

After Yielding 2002

5 100 {7
3 fa) 1 / ib}
£ :f. . 5 oo
z s Ee S
= 1+ Near-complets 25 077
5 60 smears »20% SGR 25 06
g q* Ez 05
S 404+ _ moomplets smears =8 04
£ * 0% SGR 2 03l SGR 15-20% marke
. . 3 ] g the threahold for
o Alo strike ma fault rock. 3 ™ e B A e
n [ N Uit r L Eqf Regumregs| 5]

G 0 - % Dana"s Dyks 0 1.4 Rﬂdﬂlu-rl
O |||||v||||||||||||||||||||||||\||| B I L L LB LB LB LR

o 10 20 30 40 50 &0 70 010 2030 40::0 60 70

« Same throw and stratigraphy. sl G i 4

<==> « Map how thin not how

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY


https://sketchfab.com/
http://www.faultseal.com/pages/refnc.html

Gabriel Watson PhD Mt Messenger NZ

FauLts AND FLUID FLOW: AN
INVESTIGATION INTO THE PRODUCTION
OF LOW PERMEABILITY FAULT ROCK IN

WEAKLY LITHIFIED SILICICLASTIC

SEQUENCES IN NEW ZEALAND

DOCTOR OF PHLOSORHY N GECLOGY

UCw

UNIVERSITY OF
CANTERBURY

Uninvessiry o Canessusr 2000

Figure 3.16. RAP 102 ductile shale smear thin section acmull\ehulw:ll ofa unmdsﬂmnn:bndfmm
Rapanui Beach showing micro scale slip surfaces and slices. A} Uninterpreted thin section. B) P thin

section showing micro-faults and source beds. Blue |rar|u|:r unit is a fine undmne the orange unit is a
0 siltstone with organic rich horizons {dark, long and thin layers}, green is anather siltstone.

SOUTHERN HIGHLANDS
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Outcrop data for nearly 200 small faults ... compared
with (CSP, SSF and SGR)

Implications of outcrop observations of small faults for
the utility of fault-seal algorithms show no correlation
with the occurrence of discontinuous and non-
Smears.

Comparison of fault-rock thickness measurements and
fault-seal estimates from the three algorithms indicate
that the algorithms do not reproduce the short
wavelength (<0.5 m) up to order of magnitude variations
in fault-rock thickness, most likely due to the
calculations being based off only two variables.

The algorithms are not designed to identify
locations of minimum fault-rock thickness on the
fault surface despite these being the most likely
sites of across-fault flow.
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AAPG Bulletin, V. 83, No. 6 (June 1999), P. 925-951.
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Characterization of Fault Zones for Reservoir Modeling:
An Example from the Gullfaks Field, Northern North Seal
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Petrel Model: Juxtaposition Outperforms SGR
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Reservoir Connectivity Analysis - Defining Reservoir Connections and Plumbing
Peter Vrolijk, Bill James, Rod Myers, James Maynard, Larry Sumpter, and Mike Sweet (ExxonMobil Upstream Research
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Reservoir Connectivity: Definitions, Examples, and Strategies
John W. Snedden, Peter J. Vrolijk, Larry T. Sumpter, Mike L. Sweet, Kevin R. Barnes, Elijah White and Mike E. Farrell,

ExxonMobil Upstream Research Company

Caopyright 2007,
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Fault Seal Model Proposed
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Why Underfilled?
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Upper Barrow Group
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Groundwater, CO2, Toxic and Rad Waste
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Public Trust

*  Publications/algorithms must
include data allowing
invalidations
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Conclusions

* If juxtaposition works why use
SGR?

e

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY



Conclusions

* Key control on fluid contacts
the interplay between

- Displacement

- Stratigraphic seal
thickness
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Conclusions

* Faults have uncertainty and
complexity thus it is vital to
use geological valid stochastic
modelling.
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Flow In Faults and Fracture

MODELLING, UNCERTAINTY AND RISK




A

wt I

1 PR
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Sketchfab.com
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Now Where iIs the Reservoir?
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Map and Reservoir!
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Seguence Stratigraphy

Well 13 Drilled 1991 Well 14 Drilled 1993 Stratigraphic Study by Lgseth et
al 2009
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Tarbert Stratigraphy

South Viking Graben Central Viking Graben North Viking Graben

[ Mainly aluvial sediments = Vokanic rocks H - Hugin Formation
[-7-1 Marine sandstones Older sediments T - Tarbert Formaton

71 Mainly marine shales

Figure 2-2: Schematic stratigraphic section of Brent-and Vesland groups, showing formations and timelines

0 within the overall regressive-to transgressive megasequence (Helland-Hansen et al., 1992; Lpseth et
al.,2009).
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Anonymised Pressure Data
Well 14 — Hanging wall
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Wells Drill 92 & 93
NPD Pressure Data Available 94 and 95
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Omission of Tight Tests
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Pressure data
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Pore pressure (bar)

Pressure interpretation from Yielding (1997) is
shown in both (a) and (b)

Parts (a) and (b) share the same vertical axis
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Figure 2-2: Schematic stratigraphic section of Brent-and Vesland groups, showing formations and timelines
within the overall regressive-to transeressive H etal. 1992; Loseth et
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Pressure data
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AFPD Calculations
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FaultSeal or Stratigraphy
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Thought Experiment

Think of a trap that has:
— 100Million Barrels of Oil.
— Trapping 10Million years.

* Fault Trap:
— lkmlong,
- reservoir 10m thick. =
* Juxtaposition area ~1 Hectare (10,000m?) e Top Seal
* Lose 10 barrels /year (1590lyear) will drain the field |ESa = l
* Equates to 4.3I/ha/day. Sl
o Pr0||oonents of membrane seal invoke capillary R l Rl eakc Pat
seal W e Corio e

A et

" Miri Sarawak

Malaysia
©FaultRisk February 20 : k .

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY




®  Compare 4.3l/ha/day

®  Victorian Government design code for municipal waste
—  Lessthan 0.3m head (significantly less pressure than an Gas field)
—  Aim for leakage of less than 10I/ha/day
—  Containment of leachate for decades, at least 30 years.

0 ©FaultRisk February 2019

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY



Geologic Processes vs Engineering

®  Compare 4.3l/ha/day

®  Victorian Government design code for municipal waste
—  Lessthan 0.3m head (significantly less pressure than an Gas field)
—  Aim for leakage of less than 10I/ha/day
—  Containment of leachate for decades, at least 30 years.

e
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A4 - Fault Zone

~ Wall rock -

Fauli-related folds

1z
DAMAGE ZONE —!

_— CORE J Transitional zone (TZ)

L DAMAGE ZONE -

L Wall rock =

Definition and classification of fault damage zones: A review and a new methodological approach

SOUTHERN HIGHLANDS
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length 2500-5000m
~20m damage zone
~0.5m fault core

o 300mm A4 Paper

0.05mm thickness

50m Throw Fault Core”,

N Child et al
S 0.75
g 05
3
£
O 0.25-
0 eIl
0.01 0.1 1 10 100
Displacement / Thickness
Faultrock  ------ Breached relay zones
===e=es Deformation bands — — — - Intact relay zones
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Fault Flow _ke 4P

*  Connection between two aquifers

— 2000m long

— 20m throw fault along length of the fault.

— 5m thick aquitard

— 05m Very Thick fault rock ( Miri 0-0.17m)

_ kf AP

* Across fault area q =5 40,000

—  Area 20m x 2000m = 40,000m?
o Up fault

— - k

Area (A) 2000m x 0.5m = 1,000m? q= “f 1000 Ap il

Across fault flow 800 times greater than up fault flow

0 Fault Length Dominant Term

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY



Model for Hydrocarbon Migration and
Entrapment Within Faulted Structures

... a fault is neither a seal or a conduit.
Therefore the effects of faulting and on
both migration and entrapment
depends on the ... strata juxtaposed by
the fault ... Allan 1989

A Hanging Wall

B Hanging Wall
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Perched and Breakover

Solid Lines: Leh Fault Block t
Dashed Lines: Right Fault Block

Reservoir Connectivity Analysis

0 Defining Reservoir Connections and Plumbing

P. Vrolijk etal 2010
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Corallina Timor Sea

oy 126%40 ] 135748 12880 e s 126°00 ] 130708 maon
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underfilled with a paleo oil column . T aawe
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CORALLINA -2 : LOCATION MAP

https://nopims.dmp.wa.gov.au
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Corallina OWC Thought to be Stress Related

AC/P-8 (AC/L-5)
Corallina Structure
Corallina-1

CRITICALLY-STRESSED

FAULT SEGMENTS (Fig. 11b) o
5 'a\v,‘g_\

- o
it o

3 e
A e
owe™. .___,./g‘n oo™

el [

Coulomb Failure Function (MPa)

-15  -10 -5 0 .5

Castillo et al (2000).
Trap integrity in the Laminaria High-Nancar Trough region
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ACoraIIinaJ

Ciftci et-al 2010
Time-transgressive fault evolution and its impact on trap
integrity: Timor Sea examples

Dyt et al 2011

Automating conceptual models to easily
assess trap integrity and oil preservation
risks associated with fault reactivation



Look at the Mud Logs )

JEER

CORALLINA-2 : LOCATION MAP g

%/ East Coralling-1

https://nopims.dmp.wa.gov.au/Nopims/GISMap/Map |

Key observation is that there are elevated mud gas in the Echuca Shoals

i 1 EEEEI! i T i
et 1 iazass et \

! it L Jiji T
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N
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Source Rock Thief Zone

East Corallina-1

Key observation is that there are elevated mud gas in the Echuca Shoals

0 Reservoir | 110 130| 150] 10%| 20% 30% B e
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Lack of Charge (SGR) Error

Error of 110M

Corallina - Secondary Juxtaposition plus SGR
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Juxtaposition Better than SGR

-3100
-3120
-3140
-3160

B B

-3220
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o
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Error of 11.2m
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____________ e
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e
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Juxtaposition not Stress

Error of 11.2m Error of 110M

Corallina - Primary Juxtaposition Corallina - Secondary Juxtaposition plus SGR
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-3120 -3120 -
BBl T ST s s SOt S e Vg L e e BN SRR R ] Crest : -3130
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Dl s ST o sl 3530m 4340
-3360 -3360
s | 3380 SSP/Fill to spill: -3330m
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Frequency Frequency

Reactivation leak point error approximately 57 m (de Ruig et al 2000).
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Elevation (m

Allan Map South Fault
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Underfilled SGR Trap

Predicting The Dry Well

HHHHHHHHHHHHHHHHH



Dry Well Fannie Bay
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Dry Well Vidalia
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Enfield
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Gl =20m

WA-271-P ENFIELD DISCOVERY

AL T, A T LA

E w
T
w
T
o 10006
—
ENFIELD - 1 SEISMIC INLINE (2644) WC&I

TOP MACEDON SANDSTONE
DEPTH STRUCTURE
ENFIELD -1




e

SOUTHERN HIGHLANDS
STRUCTURAL GEOLOGY

WA-271-P ENFIELD DISCOVERY
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WA-271-P ENFIELD DISCOVERY
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Top Macedon Sandstone |
Depth Structure Map |

2011 Detrendad fluid index

Figure 6: De-trended fluid index volume extraction over
the Macedon Sandstone Level across Minarelli and
Enfield. Minarelli shows a similar fluid index response
to the eastern portion of Enfield.

Figure 5: Depth Map of the Top Macedon Sandstone at

Minarelli and Enfield. Three fault-separated
compartments are visible for Minarelli, which sits above
and to the east of Enfield.
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How About All the Literature



AAPG Fault Seal Papers
*  Since 1989 AAPG have published 92 papers with key words “fault seal”

* 15 of these cover outcrop analogues

* 77 remain;
— 37 use unreferenced data that is not available
— 18 reference Allan (1989)
— 14 have Allan maps and/or structure maps
— 13 have independently observed HWC (post drilling)
— 12 have lithology/stratigraphic information

*  Only two have sufficient information to apply the stochastic trap analysis
— James et al (2004) - Ling Gu
—  Brincat et al (2006) - Griffin
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Geological Society Journals

®  Since 1989 GSL have published 116 journal with key words “fault seal”
¢ 15 of these cover outcrop analogues

®* 63 remain:
— 30 use unreferenced data that is not available
—  Only 11 reference Allan (1989)
—  Only 6 have Allan maps and/or structure maps
—  Only 11 have independently observed HWC (post drilling)
—  Only 17 have lithology/stratigraphic information

¢ Only one has sufficient information to apply the stochastic trap analysis
—  Cobrain Bretan 2017

* A worked example was produced (IP 2016 on our web site illustrating that "
juxtaposition produces a very good result Juxtaposition Error

. We are waiting on the current paper to publish a reply to Bretan 2017 -Premier Map 4.4m

-E.EON Map 6.4m
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Katnook Field



Katnook Field

 Inthe Karolyte etal paper a
“cartoon” map and cross section
are provided, along with a 3D
representation of an Allan Map
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Katnook Field Fault Seal

 Series of fault bounded gas
fields in the Pretty Hill
Sandstone.

« Thick Laira formation acts as a
top seal.

« Significant thickness changes

across a Series Of grOWth https://lwww.researchgate.net/publication/26096
fau|t5 2517_Subsurface_plumbing_of_the_Crayfish_

Group_in_the Penola_Trough_Otway_ Basin

SOUTHERN HIGHLANDS
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J' schematic peak oil migration




Published Map
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 |tis common that improving maps enhances trapped
area and thus gross rock volumes.
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Revision Displacement Profiles

Katnook Fault

* Akey part of the FaultRisk approach is to
ensure that faults have a consistent
displacement profile.

* Most of the faults were too shallow. East

Fault Length Throw Before Dip [Edit
Haselgrove 6913 256 63 77
Katnook 7837 108 49 70
Ladbroke_Grove 14581 569 53 75
Limestone_Ridge 5939 138 26 75
0 Pyrus_Fault 13965 287 53 70
Redman 7308 184 19 68
SOUTHERN HIGHLANDS Cai 8881 225 6 LY
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Revision Displacement Profiles
Pyrus Fault

N -

« |nmany cases the faults needed
to be edited and split to improve
the displacement geometry.

o )
o |2 Throw

Fault Length Throw Before Dip | Edit B o -~ 1 1 .-
Haselgrove 6913 256 63 7 @
Katnook 7837 108 49 70
Ladbroke_Grove 14581 569 53 75
Limestone_Ridge 5939 138 26 75
0 Pyrus_Fault 13965 287 53 70
Redman 7308 184 19 68
SOUTHERN HIGHLANDS Cai 8881 225 56 LY
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| Normallzed Dlsplacement

Revision Displacement Profiles

* Revision of the fault profiles improves

—  Length throw ratio
—  Displacement Profiles

i

— Fault Dip
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Opportur |ty to Improve Volumes

* |tis common that improving maps enhances trapped area and thus gross rock
volumes.

*  With very large heave errors modification of the map may be necessary.

e
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GWC Mistie

I\\“"\
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* Boult et al 2005 stated that Ladbroke Grove and Haselgrove are both filled to spill.
* The recent paper suggested that the structures were underfilled ( ).
* Thereis a Signiant miss-tie with the map and the observed GWC for the Ladbroke Grove trap.

e
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* The map also has a significant miss-tie with the vertical wells.
®  Combining the spill point and well tie errors gives an average 36m error.
*  The recent paper suggest 15m of of fault seal for the Katnook field to the south

e
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Well Mistie

g “ ” ﬁ-::‘_l N

* The map also has a significant miss-tie with the vertical wells.
®  Combining the spill point and well tie errors gives an average 36m error.
*  The recent paper suggest 15m of of fault seal for the Katnook field to the south
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Zema Drilled on 1990’s 2D Seismic

0 Maps made with Haselgrove and Balnaves 3D plus 2Ds _
April 2020
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FaultRisk RtS
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* |tisimportant to do an analysis on all the fields not just one!

* There are issues with the maps but by introducing an 10-40-50m error in the base of
the top seal it can be shown that the fields are filled to fault juxtaposition leak points.
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FaultRisk Results

“
Zema) | \\
NOTR VT AN N\

Trap

— o

‘\__ Ladbroke 45m underfilled
>IDepth mistie=—>\\ |

* |tisimportant to do an analysis on all the fields not just one!

* There are issues with the maps but by introducing an 10-40-50m error in the base of
the top seal it can be shown that the fields are filled to fault juxtaposition leak points.
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FauItRis Results Ei“i ‘jf,fz- E
Trap \\, AN V7l II!!'"-“"'
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* [tis important to do an analysis on all the fields not just one!

* There are issues with the maps but by introducing an 10-40-50m error in the base of
the top seal it can be shown that the fields are filled to fault juxtaposition leak points.
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Reservoir Level Error

FauItRis Results fi‘m “//
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* |tisimportant to do an analysis on all the fields not just one!

* There are issues with the maps but by introducing an 10-40-50m error in the base of
the top seal it can be shown that the fields are filled to fault juxtaposition leak points.
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FauItRiSk Results
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* |tisimportant to do an analysis on all the fields not just one!

* There are issues with the maps but by introducing an 10-40-50m error in the base of
the top seal it can be shown that the fields are filled to fault juxtaposition leak points.
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Summary

* (Good geology can improve field
volumes.

* Juxtaposition leakage explains
— Redman mean 12m error 8.6Stdev
—  Hazelgrove mean 3.9m error 3.2Stdev
—  Katnook mean 13.2m error 9.7Stdev

—  Ladbroke Grove underfilled due to mapping
error

* |ts vital to get depth conversion right,
* Map need to tie the wells.

* Doing fault and trap analysis means
sweating the little things.
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Shell Nun River



Publication confusion: Nun River Field

Cc IN - LINES c
5220 5300 5380

o T .
oy ] &ﬁﬁ%ﬁx%mﬁ' [] WATER SANDSTONE
e NG B GASSANDSTONE [l FOOTWALL CLAY ikm

=
- - ~ IMOILSANDSTONE A . AMPLITUDE ANOMALY _

* Bouvier et al 1989 Allan Maps?
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Bouvier 1989 Inherent Uncertainties
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Bouvier 1989 Inherent Uncertainties

Footwalls with Known HC
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Based on SP [

C/D IN - LINES c/D’ =
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Allan Maps don’t work & based on SP
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Boggy Creek

In the Karolyte etal paper a
“cartoon” map and cross section
are provided, along with a 3D
representation of an Allan Map.

=

5 (d) Buttress-1
E Boggy Creek-1

Lo i1 aft

<
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Boggy Creek Field N WAARRE FORMATION

« The Boggy Creek well
completion report well log
shows; - ®

* An 83m thick Warre ek =E "t
formation and 159m ek B
Intersection with the
Eumeralla Formation
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SOUTHERN HIGHLANDS AUTHOR : VAKBARI ___________________ FIGURE 10
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Boggy Creek Field

A quick and simple review of
the lithology, gamma ray (GR)
and latralog shows

The Eumarella formation has a
high GR and very little mud
fluid infiltration.

Based on the logs presented
that Eumarella would appear to
be a base seal to the Warrre
formation.

e
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a high GR and very little
mud fluid infiltration.

- i B 909142 021
Naylor Field ! -
Voo
. ' ==
 The Naylor 1 well is : i
provided in the in the Santos :
Buttress Creek well ; -
proposal. : ] —
»  As with Boggy Creek well e - .
the Eumarella formation has 3
i 3
I 3
i
I
1
i
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Example 4 Minerva Field Otway Basin Victoria

Southern Australia

//

@ Victorian Geologic Survey

SOUTHERN-HIRM FAGBSANDS

STRUSTRIBATEELILGEDLOGY



MINERVA-1

Stratigraphic Template

I
5
%

priE
s —

LOCATION MAP

A MINERVA-2A MINERVA-1 Al o =
SOUTH NORTH &l
T = b 1 FE)
l ’ t |

it

OLELS DASIN |

ey

é» BHP
I
STRUCTURAL 1

CROSS SECTION
SOUTH TO NORTH
Enclosure 2

£3 5558

P
== Ianﬁ—_u;@_.;j;

:

Victorian Geologic Survey

Layer Foot Wall Type Thickness VShale
Napier_Thief " Thief (a]200m  l[A]20.0%
Napier_Seal Seal [A]150.0 m [A]90.0%
Minerva_Formation Reservoir [A]300.0m [A]30.0% EEI}
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Bimodal Error
P50 9.7m

o Leak Point Southern Fault

JUXTAPOSITION :

« Total Trapped Column: Mean 111 m, Standard

Deviation21 m
—  Level: Mean -1931 m, Standard Deviation 21 m
—  GWC Error mean 16.3 Standard Deviation 21m

SGR :

« Total Trapped Column: Mean 157.6 m, Standard

Deviation 71.1 m

—  Level: Mean -1977.6 m, Standard Deviation 71.1 m
- GWC Error Mean 63 Standard Deviating 70m

—
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Example 5: West Sea Horse Gippsland Basin
SE Australia

VWardie-1 WWSH-2 WSH-3WWSH-1

e = (L] s
, 2 1562m {1401 mes) 1.5 el Wk

Il 1635m{1473mes) -7

NO-N1 Jresevoir |15 | 31 | s0
___

Reservoir -__
____

Resen.rmr
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Crest -
West Sea Horse Data 1486

e T S0 £ Seeoo SO0 £ sesatoon £ S0 £ S £ seooget L,

Spill Point -
1510

Data: 3D Oil Pty Ltd

SOUTHERN HIGHLANDS

STRUCTURAL GEOLOGY To 55 a polypen, drag the red bar froen the left side of the panel on to the Throw at the required location, then right-click the bar.



. A Deterministic model behaves the same every time

e
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. A Deterministic model behaves the same every time

. Give two geoscientist the same data and they will often
come up with more than two answers!

e
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. A Deterministic model behaves the same every time

. Give two geoscientist the same data and they will often
come up with more than two answers'

geologic models do not exist.

e
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| Am A Geologist:
The Only Thing | Know Is that | Am Wrong

A Deterministic model behaves the same every time

Give two geoscientist the same data and they will often
come up with more than two answers!

There Is substantial parameter uncertainty so Deterministic
geologic models do not exist.

It is vital to conduct robust stochastic modelling.

e

SOUTHERN HIGHLANDS

STRUCTURAL GEGLOGY Corrected for compaction



Finding Oil and Gas

0 Copyright FaultRisk Pty Ltd 2019
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Pateke Tarinaki Basin NZ

<

To spiit a palygon, drag the red bar from the left side of the panel on to the Theaw at the required locatian, then right-click the bar.

The NZOG map shows an anomalous fault throw profile:

- The fault has no throw to the West and very small throw at the Eastern end

- Most importantly, there is no throw near the crest of the structure where the fault changes strike
®  This reduction in throw in the center of the fault is commonly seen in Relay Ramps, as
illustrated by the photography from Fault Analysis Group, Dublin, website.

SOUTHERN HIGHLANDS
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Data: Pateke Field from Pan Pacific Mapping

Fault is not Field Limit

Depth, 5m contours

B Thvow Overvien

As with the NZOG mapping the throws are less than seismic
resolution, and there is a relay ramp near the Crest.

Looking at this image of the
seismic, and annotating
Zero Phase, it is hard to
see the fault.

Rather, it appears to be a
Monocline and therefore not
a field limiting Feature.

February 2017
SOUTHERN HIGHLANDS
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Data: Pateke from NZOG
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L

e pamel on o the

Layer Foot Wall Type Thickness ‘ VShale
7 Kaimiro_D_Sand Thief  [A]l15.0m  [A]20.0%
Farewell_E_Shale Seal  [A)l215.0m [4A]90.0%

Farewell_F1 Reservoir [A]200.0m [A]90.0%

Using the NZOG mapping, a highly optimistic FaultRisk model was defined, ignoring the relay ramp and assuming the Theoretical Profile.

A stratigraphic template was defined based on the Pateke 2 Vertical well.
FaultRisk was run in calibration mode such that for each of the 10,000 realizations, the Juxtaposition and SGR leak points were compared with
the observed Free water level at -2660.

February 2017
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Results: FaultRisk™ Allan Map & Results

1 =
e L 111 o 02 4 & B 10 12 M 16 18 2 R MW NN
Level Error

Fault Profile
o i
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¢ FaultRisk analysis of the South bounding fault show that it can not be the field limiting
feature.

®  The Juxtaposition leak point to the south is a mean 17.5m structurally higher than the
observed OWC.

®  Ascan be seen in the Allan Map, the FaultRisk columns are insignificant compared to
the Observed column.

®  Given that this was an optimistic model ignoring the relay ramp, the simplest solution is
that the accumulation is limited to the south by some other feature to the south.

: February 2017
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Fau I tR i S kTM R eS u I tS Charge/Migration

e

Three Scenarios for fill are shown as A,
B, or C.

The up-dip Tui & Amokura fields are
filled to spill.

Given the modest size of this structure it
IS most likely that it is not charge limited,
and filled to spill.

Further, the published GNS basin

models (Sykes & Funnell 2013) show fill
spill migration of hydrocarbons from the
Tane Trough through Pateke-Amokura-

Tui to the giant Maui Field.

Extend to

SOUTHERN HIGHLANDS
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Results Link Pateke-Amokura Fields

OWC -2660

[ owc-2660

H:‘;-‘\i \ Fi
' --,' % Y
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