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SUMMARY

The Canning Basin of Western Australia has recently become a site of interest for unconventional hydrocarbons, with several
formations within deeper basin depocentres being investigated for resources. Modern petroleum resource evaluation is generally
dependent on an understanding of both local and regional stresses, as well as the geomechanical properties of reservoir units.
Presently, there are significant gaps in our understanding of these factors within the Canning Basin. This study is part of a greater
effort from Geoscience Australia to understand the present-day stress field of northern Australia.

A generally NE-SW oriented maximum horizontal stress azimuth is identified from interpretation of borehole failure in five
petroleum wells, and a broadly strike-slip faulting stress regime is interpreted from wireline data and wellbore testing. Variations in
stress regime at different crustal levels within the Canning Basin are highlighted by one-dimensional mechanical earth models that
show changes in the stress regime with depth as well as by lithology, with a general move towards a normal faulting stress regime at
depths greater than ~2.5 km.
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INTRODUCTION

The Canning Basin (Figure 1) is one of Australia’s most prospective onshore petroleum basins, with proven petroleum systems and
current production from conventional reservoirs. There has also been recent interest in unconventional hydrocarbons within the
deeper basin depocentres, particularly the Ordovician Goldwyer Formation and the Lower Carboniferous Laurel Formation.
Knowledge of contemporary stresses can provide important information for understanding large-scale processes, such as intraplate
deformation, as well as geodynamic and neotectonic processes. Regional and local stresses have implications for the mining,
petroleum, and geothermal industries; understanding the stress regime and geomechanical properties of reservoir units are some of
the critical factors required to determine a basin’s resource potential. Fluid flow pathways within the sub-surface units are controlled
by regional and local stresses and so understanding the present-day stress regime is integral to modern petroleum resource evaluation.
Orientations and magnitudes of present-day stresses also have implications for borehole stability, water-flood design, and fault
reactivation. This study characterises the regional stress regime at different crustal levels within the Canning Basin using existing
well data and well tests to derive stress magnitudes and orientations, contributing to a greater effort from Geoscience Australia to
understand the present-day stress field of northern Australia.

METHOD AND RESULTS

This study was undertaken using publically available data from Canning Basin petroleum wells accessed via the Western Australia
Petroleum & Geothermal Information Management System (WAPIMS). Data from five petroleum wells (Table 1; Figure 1) were
used to derive stress parameters from which a whole-of-basin representation of the present-day stress regime was constructed (Figure
2). The wells were selected due to their hosting electrical resistivity image logs, which are integral for understanding the orientation
of the present-day stresses. Stress magnitudes were constrained using geophysical logs, wellbore tests, and rock properties to build
both a general model of present-day basin stresses (Figure 2) and one-dimensional mechanical earth models (1D-MEMs) for each of
the five wells (Figure 3).

Two main wellbore failures are commonly used as indicators of the maximum horizontal stress (on) azimuth: borehole breakouts
(BO) and drilling induced tensile fractures (DITF). The removal of rock during the drilling process results in stress concentrations at
the borehole wall; circumferential stress is maximised at the minimum horizontal stress azimuth and minimised at the maximum
horizontal stress azimuth. This can lead to the wellbore spalling to form BOs in the minimum horizontal stress azimuth and the
formation of large tensile fractures in the maximum horizontal stress azimuth. All five of the wells’ interpreted image logs hosted
populations of BOs, and only one well (Nicolay-1) hosted no observable DITF (Table 1). Thus, a reliable measurement of on azimuth
of 56.7° was derived from A-D quality indicators, as defined by the World Stress Map project (Heidbach et al., 2010). Application of
the Rayleigh Test (Mardia, 1975) demonstrated that these data represent a non-random distribution.
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Figure 1: Map of the Canning Basin demonstrating maximum horizontal stress orientations from petroleum wells in this
study. Quality of stress orientations is based on the criteria of the World Stress Map quality ranking system (Heidbach et al.,
2010). Wells interpreted for stress indicators in this study are marked in red; all other wells which were investigated for
further wireline or well testing data are marked in black. Digital elevation is SRTM-derived 3 second DEM data (Geoscience
Australia, 2011).

The vertical, or overburden, stress (ov) is controlled by the mass of overburden present over a given depth, and is generally calculated
through an integration of bulk rock density (Bell, 1996). However, density logs are not always run to surface and so are often
calibrated using the empirically derived Gardner (Gardner et al., 1974) velocity-density transform (Tingay et al., 2003) to estimate a
top-of-log stress value from well velocity survey data (Zoback, 2007). This transform can be locally calibrated by laterally shifting
the transform curve to pass through the average values on a cross plot of velocity (km s*) and density (g cm) for a given well (after
Tingay et al., 2003; King et al., 2010). Density logs from 102 open-file petroleum wells (Figure 1) were used to characterise ov,
resulting in a mean oy magnitude of 22.1 MPa km (standard deviation (s.d.) = 1.0 MPa km). Calculated magnitudes range from
20.5 MPa km to 25.0 MPa km™ at 1 km depth below the ground surface (Bailey et al., in prep.). Significant variations in ov
magnitude are observed (Figure 2), and are primarily attributed to the presence of thick carbonate intervals in the Barbwire Terrace,
the Devonian Reef Complexes of the northern Lennard Shelf, and the Mowla Terrace (Bailey et al., in Prep).

Orientation ~ Number Length .D. Quiality Orientation Number Length .D.  Quality
) (m) ) (m)
Asgard 1 60.2 253 896.6 9.1 A 59.1 53 148.6 3.9 A
Nicolay 1 58.2 33 78.4 24.1 C E
Ungani North 1 35.7 129 662.8 51.1 E 81.1 21 52.3 31.0 D
Valhalla 2 425 54 219.2 115 A 46.7 52 328.2 12.4 B
Yulleroo 4 62.1 116 526.6 13.6 B 65.1 5 13.1 19 D

Table 1: Maximum horizontal stress azimuth details for all interpreted wellbore image logs. Interpretation details are noted
for both borehole breakout and drilling induced tensile fracture derived maximum horizontal stress orientation for each well.
Quality rankings are according to the World Stress Map project guidelines (Heidbach et al., 2010)
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Leak off tests (LOT) allow for direct determination of the minimum horizontal stress (on) magnitude (Bell, 1990). Results of 24
LOTs from 20 Canning basin wells were analysed in this study, using two different approaches to calculate on magnitude. Several
LOT results suggested unreasonably low on magnitudes, and so these values were re-evaluated using the approach of Couzens-
Schultz and Chan (2010) which assumes testing reactivates an existing fracture in shear rather than creating a new fracture under
tension (e.g. Bailey et al., 2016). A mean value for oh magnitude of 18.5 MPa km is calculated from values that range from 3.2 MPa
at 193 m depth to 58.2 MPa at 2644 m depth.

Numerous methods for estimating the magnitude of the maximum horizontal stress (on) exist; however, many of these are dependent
on the presence of appropriate data quality. This study utilises the frictional limits method (Jaeger & Cook, 1979) in order to provide
an upper limit to possible on values, as well as attempting to directly estimate o1 from known relationships between circumferential
stress and the presence of DITFs in a given vertical well (Brudy & Zoback, 1999). Application of the frictional limits method results
in values that range from 26.3 MPa km™! to 45.8 MPa km%, for a mean o+ gradient of 35.9 MPa km™. Circumferential stress estimates
are made using the following equation (Brudy & Zoback, 1999):

oy =3(0y) — B, — B, —T Equation (1)
Where Pw is wellbore pressure (calculated from mud weight), Pp is pore pressure (assumed to be hydrostatic), and T is tensile rock

strength (assumed to be O when DITFs are observed). Calculated values of on from equation (1) vary from 4.3 MPa at 193 m depth to
87.8 MPa at 2644 m depth, for a mean on gradient of 26.9 MPa km™.
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Figure 2: (A) Depth (m) vs stress (MPa) illustrating the magnitudes of the three principal stresses in the Canning Basin, as
calculated from well test leak-off pressures (minimum horizontal stress), density integrations (vertical stress) and the
circumferential stress and frictional limits methods (maximum horizontal stress). Broadly, these data define a strike-slip
faulting stress regime for the Canning Basin, and; (B) inset showing the relationship between principal stress relative
magnitudes and faulting regime (after Brooke-Barnett et al., 2015)
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Detailed 1D MEMSs can be constructed using poroelastic stress equations (Thiercelin and Plumb, 1994) that take tectonic strain into
consideration (e.g. Brooke Barnett et al., 2015):

Vsta Esta i

Oy = 1_;-5;” (UV - aPp) + aPp + l—l/ts;f (Smax + Vstatgmin) Equation (2)
_ _Vstar P P Estat V. .

On = 1-Verar (GV -« p) t+a D + 1-Vord (gmin + statgmax) Equatlon (3)

Where Vstat is the statically corrected Poisson’s ratio (unitless), o is the Biot’s poroelastic coefficient (unitless, assumed a=1), Estat is
the statically corrected Young’s modulus (Pa), emin is Strain in the minimum stress direction (unitless), and emax is the strain in the
maximum stress direction (unitless). Dynamic Poisson’s ratio and Young’s modulus were derived from logged compressional and
shear sonic data in each well, and calibrated to static laboratory measurements obtained through previous triaxial testing in Canning
Basin wells (Wu et al., 2000; Terratek, 2013; Delle Piane et al., 2015). Empirical relationships were used to derive compressive rock
strength values (Chang et al., 2006). Numerous reliable hydraulic fracture tests at multiple depths are required in order to
appropriately calibrate 1D MEMs. Calibration can also be achieved through modelling of observed BO in image logs, where those
BOs have been imaged in sufficient quality to accurately assess opening angle (Moos and Zoback, 1990). Five 1D MEMs were
constructed in this study, however, accurate calibration is challenging due to the majority of available LOTs having been conducted
at depths of <1 km. Each test is calibrated on suitable LOTs using an iterative process of adjusting strain values from initial values of
0.0009 for strain in the maximum stress direction and 0.0003 for strain in the minimum stress direction. In order to draw more than
broad inferences from these data, detailed borehole failure modelling must be undertaken to more precisely calibrate the 1D MEMSs.

Calibrated stress profiles within the Canning Basin demonstrate a dominantly strike-slip faulting stress regime, with a gradual shift
towards a normal faulting stress regime at depths greater than ~2.5 km (Figure 3). Shallow regions of the basin are not well covered
in these data, however, 1D MEMs from Asgard 1, Ungani North 1, and Yulleroo 4 all feature data from depths shallower than 1 km
that suggests the presence of a reverse- to strike-slip faulting stress regime near the basin surface (Figure 3). A strike-slip faulting
stress regime is observed from ~1 km to ~2.5 km depth (Figure 3). Transitional zones, where two or more principal stresses are close
to each other in magnitude (or where there is variation in which stress is the maximum, intermediate, or minimum), exist throughout
the section and are mostly due to lithological variations. A strong association between lithology and present-day stress magnitudes is
observed; thick sandstone and carbonate intervals exhibit elevated on magnitudes that in some instances result in lithology restricted
changes to the stress regime, particularly at depths greater than 2.5 km where raised on magnitudes result in a shift from a normal
faulting stress regime back to a strike slip faulting stress regime, or to transitional stress regimes (Figure 3). Previous earthquake
focal mechanisms data suggests a likely reverse-faulting stress regime from several events located in the NW corner of the Kidson
Sub-Basin (Denham et al., 1974; Fredrich et al., 1988), however, these events are thought to originate from a depth of approximately
8 (£3) km. While this is in the upper section of the crust, the maximum thickness of the Kidson Sub-Basin is thought to be ~5 km
(Department of Mines and Petroleum, 2017), and so these events likely occurred within the underlying basement and not the
sedimentary succession which is the subject of this study (Fredrich et al., 1988).

CONCLUSIONS

Wireline data interpretation reveals a variable present-day state of stress in the Canning Basin of Western Australia. An
approximately NE-SW orientation is interpreted from observed wellbore failure in five wells’ electrical resistivity based image logs.
This orientation is in agreement with earthquake focal mechanisms from the region (e.g. Denham et al., 1974). Broadly, interpreted
data from wireline logs and wellbore testing implies that on < ov < on, describing a strike-slip faulting stress regime for the Canning
Basin. However, 1D MEMs constructed for five wells highlight the relationship between lithology and stress. Lithological effects
result in variation to the overall strike-slip faulting stress regime, with transitional stress regimes being likely (e.g. strike-slip to
normal faulting). Additionally, there is a general trend evident, from a transitional reverse- to strike-slip faulting stress regime in the
top ~1 km of the basin, through a strike-slip faulting stress regime to ~2.5 km depth, with lithology driven transitional strike-slip to
normal faulting conditions becoming prevalent at depths greater than ~2.5 km. Due to a less than desirable quantity of calibrating
data, these 1D MEMs should be treated with care. Further, localised, variation of the present-day stress regime is likely, due to large
ov magnitude variations across the basin. Further development of this work requires the acquisition of further rock testing data for
tighter 1D-MEM calibration. Rock property information for each formation intersected would allow for localised calibrations (rather
than relying on basin-wide relationships); further, borehole failure modelling should also be attempted.
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Figure 3: One-dimensional mechanical earth models constructed for the five wells identified in Table 1.
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