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Abstract

In the Northern Territory of Australia, the Beetaloo and associated Gorrie, Broadmere, and OT Downs Sub-basins are potential targets for
unconventional hydrocarbon exploration. Nine wells within this region were investigated in this study to assess hydrocarbon prospectivity of
key formations within the Mesoproterozoic Roper Group (~1.4 Ga) using source rock geochemistry. The Roper Group comprises a regionally
extensive, upward-coarsening cyclic succession of mainly marine mudrocks, including laminated organic-rich shales, alternating with
sandstones and other minor lithologies. Within this sequence, five intervals composed of dominant shale lithology were evaluated, including
the Kyalla, upper, middle and lower Velkerri, Corcoran, and Mainoru formations. The geochemical data set includes historical data compiled
by the Northern Territory Geological Survey and more recent analyses performed by Weatherford Laboratories.

The two main intervals with greatest hydrocarbon potential are the Kyalla and middle Velkerri formations. Geochemical characteristics of these
shales compare favorably with producing unconventional plays in the USA. The Kyalla has an average total organic carbon (TOC) content of
1.08 wt.% and the middle Velkerri averages 3.76 wt.%. These source rocks were originally composed of oil-prone Type Il marine kerogen,
which has been thermally altered due to hydrocarbon generation and expulsion. Although geochemical maturity data from organic petrology
(Ro) and programmed pyrolysis (Tmax) indicate the presence of oil-mature and gas-mature rock, thermal maturity may be a limiting factor in
shallower parts of the basin. The Kyalla Formation is generally within the oil-window; whereas the middle Velkerri has reached the dry-gas
window in the deeper sub-basin regions. Spatial and depth-based trends in the geochemical data within the Beetaloo Sub-basin will be
reviewed and compared to previously published results.



Hydrocarbon yield calculations were utilized in conjunction with other methods such as core-based shale rock properties and pyrolysis S1
yields to evaluate original oil and gas in-place contents (OIP, GIP). Comparative volumetric assessment figures for the OIP and GIP are
presented that indicate a range of P50 values, from 94-722 MMbbl oil in the Kyalla Formation, to 9-83 MMbbl oil and 202-752 TCF gas in
the middle Velkerri Formation. The sources of uncertainty associated with these estimations of hydrocarbons in place will also be discussed.
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BEETALOO SUB-BASIN REGION SHALE STUDY

= Provide valuable geological and geochemical datasets to assist with
mineral and hydrocarbon exploration

— Moving from imprecision to a more robust dataset

= Estimate the resources in place; P10, P50 and P90 values for Qil in Place
(OIP) and Gas in Place (GIP)

= The government can quote this resource to support science-based
decision making with repeatable assessment volumes

= Resource unrestrained by tenement boundaries
= Publically available dataset — Digital Information Package 014

May 21, 2018 ©2018 Weatherford International plc. All rights reserved
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BEETALOO SUB-BASIN REGION SHALE STUDY
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BEETALOO SUB-BASIN REGION SHALE STUDY

= Desktop study = 6300 historical samples
= Sampling program = 1600 new samples (13 wells)

= Analyses: TOC, programmed pyrolysis,
elemental analyses of kerogen, organic
petrology, GCMS for biomarkers, XRD for
mineralogy, porosity permeability, fluid
saturations. kil e

Roper Group, McArthur Basin

sins

Weatharl

= Calculation and Interpretation

= |ntegration of the data into the depth
and formation volume models

May 21, 2018 ©2018 Weatherford International plc. All rights reserved.
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BEETALOO SUB-BASIN REGION AUSTRALIA
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KEROGE
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KEROGEN TYPE |
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Programmed pyrolysis and
elemental analyses of kerogen
document occurrences of oil-
= prone Type | & Type Il kerogen

In some instances poorly
preserved organic matter with
elevated oxygen content (high Ol)
- indicates the presence of inert
Type IV kerogen

— More common in Kyalla
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be considered for interpreting data
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Maturity

Tmax (°C)
Type Il Kerogen

Tmax (OC)
Type | Kerogen

<425

<440

THERMAL MATUR

ITY Immature
I

425 - 435

440 — 442

Il

=3

(mg

I O O

435 — 445

442 — 446

445 — 450

446 — 450

] Early Oll
5,,!?‘ O O OO O Peak Ol
X .: : R . Late Qil

Condensate/Wet Gas

450 - 470

450 - 470

Dry Gas

>470

>470

Bt

1000

1500 +—

Depth (m)

2000 4

Depth (m)
&

2500 1

3000 ;

300

May 21, 2018

450 500 550
Tmax (°C)

Insert mage from: Law, B. E., Ahlbrandt, T. and Hoyer, D., 2010, Source and reservoir rock attributes of Mesoproterozoic
shale, Beetaloo Basin, Northern Territory, Australia. Search and Discovery Article #110130 (14 June 2010).

= Published maturity depth profile for
Beetaloo Sub-basin constructed from
Tmax data (Law et al., 2010) indicates
the depth range of 350 to 1500 m
corresponds with the main oil window

= Tmax data from current study cover
larger depth range from near surface to
~2500 m and show a similar maturity
depth trend within the Roper Group
source rocks

= Qil window may extend to surface

= Samples with very low S2 yields ﬁFre
symbols on insert plot) clearly fa
the proposed maturity depth trend

oft of

©2018 Weatherford International plc. All rights reserved.
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IVI I N ERALOGY Formation Clays | Carbonates | Quartz | K-spar | Other Mlll)gid TOC Bri;[rglgg)((ass
Kyalla 54 2 36 6 2 4 1.15 41
*ordered interstratified mixed-layer illite/smectite
wChrs @Carbonstes Bt mPe mOter = XRD data in the Kyalla Formation shows that clays
Kvall are the most abundant minerals present and
yalla total clay content averages 54%

— This is a potential risk factor for fracture
stimulation

= Clay types found are dominated by illite/mica
and quartz is the dominant non-clay species

= Clays contain only minor amounts of mixed-layer
cHorte Mkaoinite  8ile/Mica WM I/t illite/smectite (avg. 4% and comprising 7% of
total clays)

— Successful shale plays tend to have < 10% total
mixed-layer illite/smectite

= The range of Brittleness Index (Bl) values vary
from 23-69 and average 41, with higher values
supposedly indicating more brittle rock

1.3(Qtz) + (Kspar) + (Plag) +1.2(Carb)

May 21, 2018 BI=
Numerator +2(Mixed ) +1.5(Chlor + Kaol + III)+( Pywr) +(Apa) +(Bar)

©2018 Weatherford International plc. All rights reserved.
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Mixed Brittleness

IVI I N E RALOGY Formation Clays | Carbonates | Quartz | K-spar | Other S+ TOC Index
middle Velkerri 37 3 46 2 12 15 3.96 52

*ordered interstratified mixed-layer illite/smectite

HCloys BCarbonates 8 Cuartz Wpyrte mother = XRD data in the middle Velkerri Formation shows
middle that quartz is the most abundant mineral present
_ and total clay content averages 37%
Velkerri

— This is a encouraging for fracture stimulation
= Clay types found are dominated by illite/mica

= Clays contain significant amounts of mixed-layer
illite/smectite (avg. 15% and comprising 39% of

3%

B Chlorite MKacolinite ™ illite/Mica B Mx 1/5%

total clays)

— Successful shale plays tend to have < 10% total
mixed-layer illite/smectite

= The range of Brittleness Index (Bl) values vary
from 24-76 and average 52, with higher values
supposedly indicating more brittle rock

1.3(Qtz) + (Kspar) + (Plag) +1.2(Carb)

May 21, 2018 BI=
Numerator +2(Mixed ) +1.5(Chlor + Kaol + III)+( Pywr) +(Apa) +(Bar)

©2018 Weatherford International plc. All rights reserved.
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MINERALOGY

13

= Kyalla has high clay content and is outside region of most shale plays
= middle Velkerri has higher quartz and some carbonate-rich samples
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Comparison of XRD mineralogy of Kyalla & middle Velkerri and North American Shale Plays
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Image from: Rickman, R., Mullen, M., Petre, E., Grieser, B., and Kundert, D., 2008, A practical use of
shale petrophysics for stimulation design optimization: all shale plays are not closed of the Barnett

Shale, SPE 115258, 11 p.

©2018 Weatherford International plc. All rights reserved
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RESOURCE ASSESSMENTS

" Laboratory measurements allow
determination of original Qil in
Place (OIP) and Gas in Place (GIP)
by multiple independent methods

1. Programmed Pyrolysis S1 yields

2. Hydrocarbon Yield calculations
corrected for expulsion

3. Shale Rock Properties (SRP)
analysis of core samples via
Dean-Stark solvent extraction

Jarvie et al. (2007) AAPG Bulletin, v. 91, no. 4, p. 497
Chen and Jian (2017) AAPG Bulletin, v. 100, no. 3, p. 405-422

May 21, 2018
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RESOURCE ASSESSMENTS

= A “Map-Based Volume
Calculation” approach was
used to calculate original Qil in
Place (OIP) and Gas in Place
(GIP) for both the Kyalla and
middle Velkerri intervals.

(R R

s .
T P Ty v T
T ] [

porosity

" This approach utilizes regional S .

geology and property maps :

(depth structure, isopach, e
porosity, water saturation, | hydrocarbons
adsorbed gas and net-to-gross | Mmplace
maps) to estimate original . i
hydrocarbons in place. el :

adsorbed gas content

May 21, 2018 ©2018 Weatherford International plc. All rights reserved.
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RESOURCE ASSESSMENTS

P10 | Pso | Poo

Kyalla Formation Qil (MMDbbI)
Map Based Volumetric 1164 772 414
SRP Based Volumetric 143

S1 Based Volumetric 94

HC Yield Based Volumetric 293

middle Velkerri Formation Qil (MMDbbI)
Map Based Volumetric 128 96 72
SRP Based Volumetric 10

51 Based Volumetric 14

HC Yield Based Volumetric 26

middle Velkerri Formation Gas (TCF)

Map Based Volumetric 293 202 118
HC Yield Based Volumetric 752

e Australia consumed 1.3 TCF in 2014-15
*  Around 13.5 TCF produced from USA shale

reservoirs in 2015

May 21, 2018
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= OHIP estimates using conventional modeling

were compared with estimates using SRP data,
S1 data, and hydrocarbon yield calculations

The assessment is comprehensive across the
Beetaloo sub-basins and uses all available open
file data across multiple tenements

Estimates that there is a risked recoverable GIP
resource in the range 118-293 TCF within the
middle Velkerri Formation

This is highly dependent on future recovery
efficiencies (shale oil = 4-5%, shale gas =15-25%)

The P10-P90 forecasts will change with time, as
forecasting is dependent on information beyond
reservoir characterization, engineering and
management

©2018 Weatherford International plc. Al rights reserved
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RESOURCE ASSESSMENT

Formation Basin Area (mz) GIP (Tcf)
Marcellus 160000 225-248
Antrim 122000 35-76
New Albany 53000 86-160
Barnett 4200 3-30
Lewis 1100 96.8
middle Velkerri 11914 118-293

Comparison of Gas in Place values between middle Velkerri and North American Shale Plays

OGIP within the mid Velkerri interval (P90) OGIP within the mid Velkerri interval (P50)

May 21, 2018

118 Tcf (P90) |

North America data from: Jarvie, D. M., 2012, Shale resource systems for oil and gas: Part 1 — shale-gas resource systems, in
Breyer, J.A., ed., Shale reservoirs—giant resources for the 21st century: AAPG Memoir 97, CD-ROM Material, p. 69-87.

202 Tef (P50) i

OGIP within the mid Velkerri interval (P10)

©2018 Weatherford International plc. All rights reserved
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UNCERTAINTY AND RISKS

= Some samples were analyzed from old drill core that was not preserved
— Change of the fluid saturations compared with the in-situ state

= The map-based volumetric is limited due to lack of data for such a large region
— When more data become available model output can become more refined

= Rock properties measured in limited core data were used to generate maps

— Possible inaccurate and biased results, especially where the cores were
preferentially targeted for the best rock types

* |ndividual facies (eg. middle Velkerri) were grouped into one volume
— Homogeneity assumed for heterogeneous source rocks
= Hydrocarbon yield calculations assumed 37% retention efficiency
— Based on Barnett Shale so may not be applicable to Mesoproterozoic source rocks

— Carbon mass balance calculations are a less constrained figure and are likely to be
overestimations

May 21, 2018 ©2018 Weatherford International plc. All rights reserved
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SUMMARY

May 21, 2018

Kyalla and middle Velkerri Formations are the most prospective and lowest-risk
Roper Group targets within the Beetaloo Sub-basin region

Kyalla Formation is in the early to late oil window and contains ‘fair’ to ‘very-
good’ geochemical parameters as a productive source rock. The formation is
assessed as generally having a moderate to high shale oil production risk and
has high clay content. It was originally composed of oil-prone Type Il marine

kerogen, although oxidized Type IV kerogen dominates in some samples.

The Velkerri Formation is comprised of three lithofacies (upper, middle and
lower), with the middle being the most prospective containing organic-rich
facies with ‘very-good’ to ‘excellent’ geochemical parameters and mineralogical
composition. The middle Velkerri Formation was originally composed of oil-
prone Type | and Type Il marine kerogen, which has thermally matured and
undergone petroleum generation and expulsion. The middle Velkerri Formation
is within the dry-gas window in the deeper sub-basin regions and in the oil
window along the basin margins.

©2018 Weatherford International plc. All rights reser
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SUMMARY

= The Beetaloo Sub-basin region has an enormous shale gas resource
equivalent to 50% of Australia’s total estimated shale gas potential

= Resource assessments using multiple data sets and various methods
have produced Gas in Place estimates in the range of 118-293 Tcf

= This resource is still in appraisal and the estimates will change with
increases in knowledge and release of closed file data sets

= Coincident with this study, the Northern Territory Government has
recently (April 2018) determined that hydraulic fracturing of onshore
unconventional shale gas reservoirs may proceed under very strict
conditions and in tightly prescribed areas

= Drilling is set to resume in 2019
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QUESTIONS?

= The complete dataset of results is available in
NTGS Digital Information Package 014

= |nterpretation report is available now as
NTGS Record 2017-002

Northern Territory Government
Department of Primary Industries and Resources FEEEES

NT Minerals and Energy =

geoscience.info@nt.gov.au

www.nt.gov.au
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