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Executi veg summar

Water science studies have been undertaken by government to assess the potential impacts of possible

onshore gas devel opment s oThe Geolagicad Survey dfsVictaria (GEY) hase sour c e s
reviewed the prospectivity of all gas types in the Otway Basin to inform the preparation of an impact

assessment on water resources. This review of the gas prospectivity of the Otway region covers the onshore

Otway Basin from the Bellarine Peninsula to the South Australian border. The review draws on the current

knowledge of the geology and resource distribution discovered to date through exploration activity.

Numerous sedimentary sequences in the onshore Otway Basin are prospective for gas. The Waarre
Formation is a known target for conventional gas and the Pretty Hill Formation has been explored for
conventional gas in the past. The primary target for tight gas is the Eumeralla Formation with some potential
in the deeper Pretty Hill Formation. The primary target for shale gas is the Casterton Formation with some
potential in the Eumeralla Formation. The Killara coal measures have potential for coal seam gas but the
younger Tertiary-aged Eastern View Group and Werribee Formation coals are less likely to be prospective
based on previous exploration.

Conventional gas production began in the Port Campbell Embayment in 1986 and continues today with small
guantities of carbon dioxide gas produced from the well Boggy Creek-1. Most methane was produced
between 1986 and 2006. Some methane remains in place but a relatively high proportion of carbon dioxide
in the gas means that production from these fields would be less straight-forward. Petroleum Production
Licences are active over these areas, although activity is restricted to storage.

It is likely that further conventional gas accumulations may be discovered in the Port Campbell Embayment
within the Waarre Formation, which hosts all current discoveries in the area. The same formation is present
along the coast from Port Campbell to the South Australian border. Potentially, oil and gas may be present in
the Waarre Formation across this area.

The Pretty Hill Formation is a proven conventional gas reservoir in the South Australian Otway Basin. In
Victoria, the Pretty Hill Formation has similar good reservoir quality and may have conventional gas potential.

The Eumeralla Formation lies below the Waarre Formation and is considered the primary target for tight gas
in the onshore Otway Basin. The formation is present across the entire basin and is considered to have tight
gas potential, in particular, in the Port Campbell Embayment. Many petroleum wells drilled for conventional
gas in the Port Campbell area have also encountered significant gas in the Eumeralla Formation. The
Eastern Otway Basin and the Windermere Trough/Tyrendarra Embayment, to the northwest of Warnambool,
may also provide tight gas targets in the Eumeralla Formation.

The Pretty Hill Formation may also be prospective for tight gas; regions include the Windermere
Trough/Tyrendarra Embayment and the Penola Trough.

A review of gas prospectivity: Otway region
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Shale gas prospects include the Casterton Formation and the Eumeralla Formation. The area considered
most prospective for shale gas is the Penola Trough. High gas readings recorded from previous exploration
where the top of the Casterton Formation was reached, suggested that the gas was migrating from deeper in
the sequence. The Casterton Formation and overlying Crayfish Subgroup have been targeted in drilling
activities over the border in South Australia.

Other regions where the Casterton Formation may be considered a target for shale gas include the
Ardonachie/Tahara troughs and the Windermere Trough/Tyrendarra Embayment. Wells drilled in these
regions have previously encountered trace amounts of oil and gas.

Although primarily a tight gas target, the Eumeralla Formation also has shale units that may have shale gas
potential, mainly in the Port Campbell Embayment and Windermere Trough/Tyrendarra Embayment.

The Early Cretaceous black coals of the Eumeralla Formation and the Tertiary brown coal seams of the
Eastern View Group and Werribee Formation have been the focus of past coal seam gas exploration in the
Otway region.

The black coal seams at the base of the Eumeralla Formation, informally known as the Killara Coal
measures, were evaluated by Purus Energy for coal seam gas potential in the mid-2000s. Purus held
tenements across the northern margin of the Otway Basin, where the coal measures are intersected at
depths that are considered suitable for coal seam gas extraction (i.e. above 1500 m depth). Results from
coal samples acquired through a drilling program were disappointing. Rather than methane, nitrogen was
encountered at one project area and a mixture of methane and carbon dioxide at another. The gas contents
and coal permeability measurements were low. In the areas where nitrogen was encountered, there could be
implications for tight gas prospectivity.

Low gas contents were a feature of the drilling and testing undertaken by Eastern Star in the Bells Beach
Syncline and the Parwan Trough. Both the Anglesea and Maddingley coal seams in these areas produced
low gas contents; most could not be measured as the volumes were too low.

As part of this review, hypothetical scenarios for the potential development of gas in the onshore Otway
Basin were devised. For there to be a chance of development, the rock unit that might host the gas resource
must be present, and so presence/absence of the geological formation of interest was the first consideration
in the development of scenarios. Secondary considerations included information from specialist studies
indicating areas of favourable rock characteristics within a prospective formation, and past and current areas
of gas production and recent exploration.

Hypothetical development scenarios for conventional and tight gas focussed on the Port Campbell
Embayment, because of the history of conventional gas discoveries and the intersection of gas in the deeper
and tight Eumeralla Formation in the area.

For shale gas, the Penola Trough was the focus of development scenarios, as current exploration to test for
the resource in the same geology in South Australia reportedly yielded gas and oil readings.

A review of gas prospectivity: Otway region
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For coal seam gas development scenarios, Pur us Ener gy 0 sareas aithipateataltfor coal seant
gas provided some guidance.

The uncertainty associated with these development scenarios is primarily related to the geology. For
instance, if there is a chance of development, then the target rock formation must be present. The current
understanding and delineation of target geological formations is imperfect. Especially where deeper tight and
shale gas target units are concerned, there has been lesser attention paid to these in the past, with a focus
instead on the overlying conventional gas bearing units of the Waarre Formation. There are also a number of
specific characteristics that a geological unit must exhibit to be considered prospective for oil or gas. In the
case of tight and shale gas in particular, these characteristics are not yet well known or poorly understood.

A review of gas prospectivity: Otway region
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1 | notdruct 1 on

Water science studies to assess the potential i mpacts
water resources are being undertaken by government. The Department of Environment, Land, Water and

Planning is leading the water studies with technical assistance from the Geological Survey of Victoria (GSV).

GSV is investigating all types of onshore gas - tight, shale, coal seam and conventional gas through a review

of the prospectivity of each of these gas types. The review of the Otway Basin is based on all available

current data and knowledge. This prospectivity review will be used to inform the preparation of an impact

assessment on water resources.

This report describes past and current exploration efforts in the onshore Otway Basin. The geology of the
region is summarised to provide geological context for the subsequent discussion. The prospectivity of each
gas type - tight, shale, coal seam and conventional gas is reviewed on the basis of current available
published and unpublished data. In particular, the review focuses on where future development of each gas
type would be more likely based on current knowledge of the geology and resource distribution discovered to
date through exploration activity.

This review is not a resource assessment. In Victoria, little data pertaining to unconventional gas potential is
available. The data that has been gathered to assess onshore conventional gas has been used to inform this
review. The evaluation of an unconventional resource requires knowledge of a greater number of geological
and petroleum related parameters across larger areas than for conventional gas resources. As such, the
current data is limited in its application.

Gas is found in conventional or unconventional reservoirs; the latter of which can be described as tight, shale
or coal seam gas (Figure 1.1).

The majority of oil and gas produced across the globe comes from conventional reservoirs. This is also the
case in Victoria, where all natural gas production to date is from conventional reservoirs. The majority of
natural gas discovered and produced to date in Victoria has been from the offshore portion of the Gippsland
Basin, with smaller but significant volumes from the offshore Otway Basin. Relatively smaller gas fields were
discovered and produced between 1986 and 2006 in the onshore Otway Basin.

A review of gas prospectivity: Otway region
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Figure 1.1 Gas types.

Conventional gas reservoirs are commonly porous and permeable rocks such as sandstones or limestones.
Impermeable rocks such as claystones lie directly above the reservoirs and are known as a seal or cap-
rocks. The gas is trapped in the reservoir and under the seal in geological structures. Geological structures
are like an inverted dish, with the gas held underneath. A gas well drilled into the geological structure will
intersect the porous gas reservoir and, when present, gas will flow into the well.

Tight, shale and coal seam gas are termed unconventional gas types. These differ from conventional gas in
that the gas is trapped at or near the source, which may also act as the gas reservoir. In the case of tight
gas, the gas is produced from relatively low permeability and low porosity sedimentary reservoirs. The lack of
permeability in the rock prevents gas from migrating, and so it is trapped in the tight rock formation. A similar
principle applies to shale gas where the gas is sourced from and trapped in fine-grained sedimentary rocks
that have low porosity and permeability, and are organic-rich. The gas is held on organic matter in the rock,
in tiny pores between grains, and in any fractures present in the rock. In the case of coal seam gas (also
known as coal bed methane), naturally occurring methane in the coal seams is held on the coal surfaces by
water pressure and may also exist in the gaps and cracks in the coal seams.

Shale gas in the US has been produced since 1820 (e.g. Martin et al., 2010) and coal seam gas production
in Queensland has grown from the first small scale commercial production 18 years ago at Moura (Slater &
Baker, 2012). In the case of US shale gas, it is only in the last few years that decades of experience and
knowledge gained from the development of individual shale gas plays, and advancements in well completion
technologies, have led to the growth of the industry. The rising price of the commodity has also contributed
to the commercial viability of gas development projects that would not have been possible in the past.

The difference between conventional gas production and the unconventional gas types (tight, shale and coal
seam gas) is that for most conventional wells, gas will flow from the reservoir into the well and to the surface
infrastructure without assistance, whereas for the other gas types, additional technologies are required to
release the gas. For instance, gas may not flow unless the rocks are fractured to create artificial permeability
in the formation to release the trapped gas. For coal seam gas, water must be drawn away from the coal
seam by depressurising the coal to release the gas into the well.

A review of gas prospectivity: Otway region

9



Onshore gas water science studies

Not all unconventional gas types require fracturing or are suitable for fracturing, and some conventional gas
reservoirs are artificially fractured to maintain or enhance production. For instance, more than 700
conventional wells have been fracture stimulated to enhance hydrocarbon recovery in South Australia since
1969 (Goldstein et al., 2012).

Australian companies, particularly those with reporting obligations under ASX listing rules, report their
estimates of petroleum (oil or gas) assets according to a system developed by the Society of Petroleum
Engineers (SPE), known as the Petroleum Resource Management System 2007 or PRMS. The following is
summarised from the PRMS (SPE, 2007).

There are three categories of resource (Figure 1.2), determined by the progress from untested concept
toward commercial production and each category may be further defined by the degree of certainty by which
it is known.

The lowest category is Prospective Resource: an estimate from geological data of economically
recoverable volumes, as yet undiscovered. Because many variables are poorly understood the range
between a high and low estimate of a prospective resource will be large, and crucially, the actual presence of
recoverable petroleum at all is yet to be tested by drilling.

Once a discovery of recoverable petroleum is made, the resource, or part of it may be described as a
Contingent Resource: the volume that may be commercially recoverable once certain contingencies are
satisfied. The contingencies may include commercial, legal, logistical or technical.

The term Reserve is applied only where commerciality can be shown, and is defined more rigorously than
resources. Reserves are volumes anticipated to be commercially recoverable by a development project from
a given date forward under defined conditions. There must be a high confidence in the commercial
producibility of the reservoir, as supported by actual production or formation tests. Reserves must be
discovered, recoverable, commercial, and remaining based on the development project(s) applied. The
specification of the development project is important: different methods of development (e.g. well spacings)
may allow more or less of the petroleum in place to be commercially produced, thus each development plan
has a different reserve even though the geology is the same.

The critical factors for elevation of a resource from @rospectiveéto@ont i ngent &6 and fr om
Oeservedare thus discovery and commerciality. A discovery is where one or several exploratory wells have
established, through testing, sampling, and/or logging, the existence of a significant quantity of potentially
moveable hydrocarbons. Shows and indications are not discoveries, whereas a flow or recovery in volume
may be.

Commerciality requires demonstrated evidence that commercial flow rates are attainable, that production
and transport facilities to a known market are available, that legal, contractual and commercial arrangements
and internal approvals are in place, that project economics meet investment criteria and that the controlling
entity is proceeding into commercial production or has a clear intention to do so. In summary, an undrilled
prospect may be quantified with a prospective resource, if successful and whilst under evaluation it may
contain a contingent resource, and once all hurdles toward commercial production are cleared it may be
considered a reserve.

As the exact volume of oil or gas that will ultimately be economically recoverable over the life of a project is
unknowable a range of values can be reported. When a single value is reported it should be accompanied by
an indication of where the value sits in the range. This range is expressed either in terms such as dow§ dighd
or dnost-likely estimateq or as ¢provend probabledor gossibled or in statistical terms 10§ °506and 9006

A review of gas prospectivity: Otway region
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The statistical terms indicate that (for example) there is a 90% chance that the volume will exceed the P90
figure, whereas there is only a 10% chance that the volume will exceed the P10 figure. In reporting reserves
as a single number for simplicity, most entities report a 2P or PP value (proven plus the probable), which is
the most likely or median value.

PRODUCTION
3 RESERVES
2 : : :
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Figure 1.2 Petroleum Resource Management System Resources Classification Framework
(after SPE, 2007).

In all cases, the unrecoverable portion is not part of the resource or the reserve. Terms such as Petroleum
Initially In Place (PIIP) are used to describe the volume in the ground.

Public reports of volumes discovered or anticipated may not state whether these are recoverable or in place,
and categories or certainty values may have been used without due regard to the formal definitions. Care
and understanding of the basis of the resource estimation method is essential.

Using the categories defined here, Victoria has no reserves of unconventional hydrocarbons.

A review of gas prospectivity: Otway region
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The eastern extent of the Otway Basin is about 100 km to the southwest of Melbourne, whilst the Port
Campbell Embayment (an area of past gas production) is a farther 100 km away. The basin has both
onshore and offshore elements from which gas has been produced since 1986 and 2005 respectively.

In the offshore Otway Basin to date, 23 PJ of liquid hydrocarbons (crude oil, condensate and naturally
occurring LPG resources) have been produced and 65 PJ remain (Geoscience Australia & BREE, 2014).
With respect to gas, 850 PJ have been produced and an estimated 1292 PJ remains (Geoscience Australia
& BREE, 2014)",

Recent drilling results from Speculant-1, a well drilled 3 km south of the Victorian coast-line appear set to
increase reserves with the discovery of a 145-metre gas column in the primary target, the Waarre Formation,
with evaluation of secondary targets continuing (Origin Energy, 2014).

In the onshore Otway Basin there is a long history of petroleum (oil and gas) exploration with 155 wells
drilled since the early 1920s. Gas was first discovered in the onshore Victorian Otway Basin in 1959 in the
Port Campbell Embayment but it was not until 1978 that a commercial gas discovery in the same area
revived interest in the commodity. From the early 1990s into the 2000s, gas discoveries both onshore and
offshore around the Port Campbell area established the region as an active gas producing province.

In 2002, the initial recoverable reserves from the small Port Campbell Embayment gas fields were 59 Bcf

with 47.3 Bcf remaining in mid-2001 (Mehin & Kemal, 2002). The only remaining production since the

closure of the Heytesbury gas processing plant in 2006 is a small volume of carbon dioxide gas that is

produced from Boggy Creek. Nearly 12 Bcf of carbon dioxide remained in 2001 (Mehin & Kamel, 2002). The

nearby lona gas field is used as a storage facility for gas piped from offshore. Both activities are carried out

under current production I|icences, a cluster of which

There are currently nine Petroleum Exploration Permits across the Otway Basin. Although exploration for
coal seam gas has occurred across the northern margin of the basin and in the east, there are only two small
licence areas remaining.

! The contained energy within gas and oil is measured in joules or kilojoules. Large volumes in gas reservoirs are described in
petajoules (PJ). Relating the contained energy to the physical volume in trillion cubic feet or billion cubic meters requires knowledge of
the chemical makeup of the gases present, as different hydrocarbon species (e.g. methane, ethane, propane), contain different energies
per unit volume, and some non-flammable gas such as nitrogen or carbon dioxide may be present in small amounts. ..

A review of gas prospectivity: Otway region
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The study area defined for this review (Figure 1.3) is based on the occurrence of the Jurassic to Pliocene
Otway Basin sedimentary sequence. The onshore Otway Basin extends into South Australia and is bounded
by a Palaeozoic basement high along its north-eastern extent. To the east of the Otway Ranges, the basin
extends to Port Philip Bay. The area between the Otway Ranges and Geelong is known as the Torquay

Sub-basin.
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Figure 1.3 Location map of the onshore Otway Basin.
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2 Regl onal geol ogy

The Otway Basin is a northwestZoutheast trending basin that extends for 500 km along the onshore and
offshore parts of south-eastern Australia (Figure 2.1). It is a nonZ/olcanic, passive margin, rift basin (Brown
et al., 2003) that formed during the break4ip of southern and eastern Gondwana.

Rifting in the Late JurassicZarly Cretaceous resulted in the development of graben and half graben of
limited lateral extent (Krassay et al., 2004) and varying orientations (NWZSE in the onshore Otway Basin, EZ
W in the western and central Otway Basin, SWZANE in the eastern Otway Basin and Torquay Subzasin, and
NZS in the Shipwreck Trough) (Stacey et al., 2013). Up to 8 km of Otway Group continental and fluvioZ
lacustrine sediments were deposited in the Early Cretaceous depocentres.

Compressional inversion and uplift in the early Late Cretaceous separated the Torquay Subzasin from the
eastern Otway Basin and shifted the locus of extension offshore (Krassay et al., 2004). A thick sequence of
Sherbrook Group fluvial, deltaic and shallow marine sediments was deposited in the Late Cretaceous
depocentres, including the trans-tensional Shipwreck Trough.

Rifting in the Otway Basin ficul minated at theZend of
Maastrichti an unconf or ehalt2914d). K(asbayleffab(2004) have interpreted this to represent the

time when the continental plates of Australia and Antarctica separated, although the first evidence of oceanic

crust in the Otway Basin does not appear until the middle Eocene (Norvick & Smith, 2001).

The intraaVlaastrichtian unconformity was followed by basin margin subsidence and the deposition of the
transgressive siliciclastic Wangerrip Group, which reaches a maximum thickness of more than 1200 m in the
Portland Trough (Holdgate & Gallagher, 2003).

Local inversion in the middle Eocene resulted in the intrad.utetian unconformity, which separates the
Wangerrip Group from the overlying prograding marine clastics and carbonates of the Nirranda Group
(Holdgate & Gallagher, 2003; Krassay et al., 2004). The Nirranda Group has a maximum thickness of about
200 m in the Portland Trough and the Port Campbell Embayment (Holdgate & Gallagher, 2003). The marine
marls and limestones of the Heytesbury Group are separated by two regional unconformities from the
underlying Nirranda Group and the overlying thin Pliocene to Pleistocene shallow marine sediments and
basalts of the Bridgewater Bay Group.
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Figure 2.1 Otway Basin depocentres with gas accumulations denoted in red
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The mostly sedimentary rock units found both at the surface and in the subsurface across the Otway region
have been described to various extents, dated (using fossil evidence) and for the most part, given geological
names. The description of geological units in this context is known as stratigraphy.

Based on lithological variations in the Otway Basin, six main sequences are described: the Otway Group,
Sherbrook Group, Wangerrip Group, Nirranda Group, Heytesbury Group and Bridgewater Bay Group (Figure
2.2). In the eastern Otway Basin, known as the Torquay Sub-basin, and in the adjacent Parwan Trough,
different geological unit names are applied in some instances.

2.2.1 Casterton Formation

The Casterton Formation was deposited during the latest Jurassic to Early Cretaceous in half-graben

structures related to rifting between Australia and Antarctica (Mitchell et al., 1997). The Casterton Formation

type section is found between 2220 mKB and 2450 mKB in Casterton-1 (Mortonetal., 1994) . |t ficonsi
interbedded carbonaceous shale, with minor feldspathic
(Morton et al., 1994).

2.2.2 Otway Group

There are some notable discrepancies between the accepted stratigraphic nomenclature for the Otway
Group as adopted for the South Australian portion of Otway Basin versus that for Victoria. For instance, the
status of the Group is raised to Supergroup in South Australia. Units such as the Kathook Sandstone and the
Laira Formation are identified within the Crayfish Group in South Australia, whereas these have not been
identified in Victoria (Parker, 1995).

Pretty Hill Formation

The Pretty Hill Formation is the only lithostratigraphic unit from the Crayfish Subgroup that is identified in
Victoria. The Pretty Hill Formation consists of sandstone, with varying proportions of interbedded siltstone,
claystone and shale, which were deposited in fluvio-lacustrine and alluvial environments, although at the top
of Moyne Falls-1 rare saline algae indicate brackish conditions (Morgan, 1997).

In the Penola Trough, the Pretty Hill Formation is subdivided into four informal members: the Pretty Hill
sandstone, Sawpit sandstone, Sawpit shale and McEachern sandstone (Lovibond et al., 1995) but the
application of this division is questioned (Guzel, 2015).

Eumeralla Formation

The Eumeralla Formation is composed of medium- to coarse-grained fluvial channel sandstones interbedded
with mudstone, fine sandstone and shale, including palaeosoils and coal seams that were deposited in
levees and floodplains (Duddy, 2003). The sandstones and mudstones are quartz-poor volcanogenic
sediments derived largely from the products of contemporaneous explosive dacitic volcanism (Duddy, 2003).
Outcrops of the Eumeralla Formation occur in the Otway Ranges, Barrabool High and Merino High.

In the Victorian Otway Basin, the Windermere and Heathfield sandstones and the Killara Coal Measures are
recognised as distinct units within the Eumeralla Formation.
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Figure 2.2 Otway Basin stratigraphy (Guzel, 2015).
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