A comparison of North American shale plays with emerging non-

marine shale plays in Australia

P.N.K. De Silva **, S.J.R. Simons! , P. Stevens? and L.M.Philip*

!International Energy Policy Institute, UCL Australia, University College London, 220

Victoria Square, Adelaide 5000, Australia; n.desilva@ucl.ac.uk ;+61 8 8110 9991

2Royal Institute of International Affairs, Chatham House, 10 St James's Square

London.

Abstract

Geological and petrophysical parameters are critical in evaluating the production potential of
prospective shale gas plays and their economic viability for commercial development.
However, based on the US experience, these characteristics can vary widely. Furthermore,
the non-marine shale plays of the Cooper Basin, South Australia are distinctively different
from the marine shale plays in the US. Non-marine shale may consist of higher clay content
and, thus, may be less responsive to hydraulic fracturing due to the increased ductility.
Conversely, the availability of sufficient amounts of quartz and siderite may counteract this
effect and maintain brittleness. In this study, the mineral, total organic and gas content,
thermal maturity, Poisson’s ratio and Young’s modulus data obtained from the Roseneath and
Murteree formations of the Cooper Basin have been compared with US shale formations. The
results show that the formations compare well in terms of thickness, thermal maturity,
Young’s modulus and Poisson’s ratio, but not in clay mineral content and formation
temperature and values for TOC, porosity and gas-in-place are comparatively lower. To
determine whether such plays are economically viable will require technical, as well as
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economic, analysis of the hydraulic fracturing process, including the potential for horizontal
and vertical well development or basin centred gas developments. A shale play that has
unfavourable prospects may have upfront infrastructure and major capital costs that outweigh

the potential receipts from gas production.
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1.0 Introduction

Globally, there is widespread interest in exploiting shale gas resources to meet rising energy
demands, maintain energy security and stability in supply and reduce dependence on higher
carbon sources of energy, namely coal and oil (ACOLA, 2013; EY, 2013; Johnson and
Boersma, 2013; Rogers, 2011). However, extracting shale gas is a resource intensive process
and is dependent on the geological and petrophysical characteristics of the source rocks,
making the development of certain formations uneconomic using current technologies.
Therefore, evaluation of the in situ properties of shale formations, together with technological
advancements, is critical in verifying the economic viability of such formations (Weijermars,
2013). Although studies have been conducted mainly on US marine shales, there are
substantial deposits of non-marine shale formations in China and Australia (Chou, 2013; Zou
et al., 2010). Currently, the responsiveness to hydraulic fracturing of non-marine shales
compared to US marine shales is not clear (Tang et al., 2014). This paper provides an
evaluation of non-marine shale gas development potential using well testing data from the

Cooper basin, South Australia.

2.0 Significance of shale gas

In Australia, current conventional gas production is predominantly based on the offshore
resources, with onshore resources becoming severely depleted (Figure 1) (Stevens et al.,
2013). Liquid hydrocarbon resources are not substantial enough to provide security of supply
and independence from imports from an increasingly unstable Middle East, and coal is falling
out of favour due to its high carbon emissions and other environmental impacts (Jaramillo et
al., 2007; Leather et al., 2013; Stevens, 2014). Therefore, there is an increasing interest in

unconventional natural gas resources, as gas is a relatively cleaner fuel compared to coal and



these resources appear to be widespread in many regions of the country (Govt, 2012; Leather
et al., 2013). Similar situations exist in other parts of the world (KPMG, 2011). Furthermore,
the US experience has shown that production costs of unconventional natural gas can be

lower in comparison to other fossil fuel resources (Stevens, 2012).
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Figure 1. Conventional Australian gas production and remaining reserves (Australia, 2010;

Stevens et al., 2013)

Globally, technically recoverable shale gas reserves are estimated to be around 25,300 Tcf
(more than 45% in the US) (Boyer et al., 2011; Stark et al., 2012). Already in the US, natural
gas prices have decreased steadily compared to oil and coal, as illustrated in Figure 2. This is
mainly due to the shale gas boom driving down the cost of natural gas production. The US is
already planning to export this excess amount of natural gas to maintain the stability of
natural gas markets(Ker, 2013). This unconventional natural gas revolution is leading the US
towards energy independence, with shale gas predicted to contribute a greater than 50% share
of natural gas production by 2040, as illustrated in Figure 3. However, it is not yet certain
whether the US shale gas success story can be replicated elsewhere. This is mainly due to
differences in shale geology, as most of the formations in the US are marine in origin, which

naturally consist of low clay contents, enabling the permeability of the reservoir to be

4



increased effectively by hydraulic fracturing (Cardott, 2012). In addition, other factors, such
as the availability of infrastructure, a high gas price, a vibrant service industry, favourable
regulations and private mineral rights, have also contributed to the US shale gas boom

(Stevens et al., 2013).

Whether greenhouse gas emissions from shale gas production are comparable to those from
the conventional gas production is still open to debate (Burnham et al., 2011; Howarth et al.,
2011; O’Sullivan and Paltsev, 2012) and the issue remains one of concern. However, natural
gas driven power stations produce 50% less greenhouse gas emissions compared to coal fired
power stations producing similar energy content (OGP, 2012) and by switching to gas, the
US has been projected to reach its carbon abatement targets(C2ES, 2013). Furthermore, shale

gas production consumes less water than coal extraction (Jenner and Lamadrid, 2013).
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Figure 2. Price comparison of oil, natural gas and coal (EIA, 2015)
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Figure 3. Projected increase of shale gas use in US (EIA, 2014)

2.1 Shale sedimentology

Shale formations have the potential to generate hydrocarbons and store them within low
permeable networks. In the shale network, gas generation can be either biogenic or
thermogenic. Biogenic gas generally forms at depths less than 1000m, but can be preserved in
reservoirs at depths as large as 4500m (Deshpande, 2008). During diagenesis, shales undergo
recrystallization, compaction, cementation, and lithification. These processes contribute to
the dual functionality of shale reservoirs as source and storage reservoirs, with low porosity
and permeability.

Shale formations can be broadly classified as either marine or lacustrine in origin. Marine
shales originate from deep coastal sedimentation systems, whilst lacustrine shale systems
originate from deep lake-based inland environmental systems. By inception, marine shale has
a higher quartz content compared to lacustrine shale, and lacustrine shales usually have

higher clay contents.



3.0 The Nature of Shale Formations

3.1 US Shale Formations

All commercially operating US shale plays are of marine type (Figure 4) (Boyer et al., 2011).
Marine shales are composed of marine mudrocks, which are best described as depositions in
muddy coastlines, near shore, mid-shelf mudbelts, open-shelf mud blankets, basinal slopes
and basinal floors (Pashin et al., 2011). These can consist of higher quartz content, increasing
the Dbrittleness characteristics of the shale formation. In the following sections, major US

shale formations are described.
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i) Marcellus shale:

Marcellus shale is a Devonian age (more than 370 million years) shale play, located in
Pennsylvania (Transform, 2011), with an estimated gas resource of around 410Tcf,as of 2009
(EIA, 2011). This is the most successful basin, primarily responsible for the shale gas
revolution in the US. However, in the current context focus has shifted towards shale oil
resources due to the higher economic gains (Stevens, 2012). The Marcellus shale is an
organic rich black shale also consisting of limestone, carbonates and pyrite (Haluszczak et al.,
2013). These black shales are extremely rich in hydrocarbon content with higher organic

contents (i.e. liquids).

ii)Haynesville shale

Haynesville shaleis greyish black to blackish green colour andconsists of siliceous mudstone,
laminated calcareous mudstone and calcareous bioturnated mudstone(Schulz and Horsfield,
2010). There is around 75Tcf of gas resource available, as of 2009 (EIA, 2011).The
formation was deposited around 150-160 million years ago (late Jurassic) (Transform, 2011).
A majority of the developed gas is of thermogenic type due to the deeper depth (Agarawal, 2009).

This characteristic is common to Australian shales.

iii) Barnett shale

The Barnett shale consists of multiple lithologies such as the laminated argillaceous lime
mudstones, laminated siliceous mudstones, carbonate concretions and skeletal argillaceous
lime packstones (Day-Stirrat et al., 2008), deposited during the Mississippian age (over 320 -
345 million years ago) (Day-Stirrat et al., 2008). However, Barnett shale is not a black shale,

but it is an organic-rich, siliceous shale with variable amounts of limestone, dolomite, and



minerals (Schulz and Horsfield, 2010). Barnett and Barnett-Woodford shales have combined

reserves of 76Tcf, as of 2009 (EIA, 2011).
iv) Eagleford shale

In the Eagleford shale, there are21Tcf of shale gas and 3 billion barrels of oil resources (EIA,
2011). This shale formation was deposited over 70-100 million years ago (Transform, 2011)
and is much younger than the gas-rich Marcellus shale. The Eagleford shale formation is a
dark, well-laminated shale, thinly interstratified, consisting of limestones and carbonaceous

quartzose siltstones(Dawson, 2000).
iv) Fayetteville shale

The Fayetteville shale is located in the Arkoma Basin of northern Arkansas. In Fayetteville
shale, there is about 32Tcf of shale gas resource (EIA, 2011).This shale formation was
deposited during the Mississippian age (330 - 360 million years ago)and contains limestone
and sandstone(Bai et al., 2013; Transform, 2011; USGS, 2014).1t consists of black, organic-

rich rock ranging in depths of 500-2000m.

3.2 Cooper Basin of South Australia

The Cooper Basin extends from northern South Australia into South-Western Queensland,
covering about 130,000km? (Figure 5). It is one of the largest Australian Gondwanan
intracratonic basins, containing about 2.5km non-marine strata, including prospective
Permian-age shales (Hill 2010). Permian Murteree and Roseneath shales formed from the
depositions of siltstones and mudstones in large lakes and are the main shale gas targets in the
Cooper Basin. These formations have a maximum thickness of up to 85-105 m which is an

adequate prerequisite for a shale gas play. There are four major depocentres, namely, the



Patchwara, Tenppera, Arrabury and Nappameri troughs(DMITRE, 2012a), containing a thick
(1600m) Permian to Triassic succession of lacustrine, deltaic, fluvial and glacial rocks at the
base.The predominance of carbonaceous and silty shales and coals within the Permian succession
also make this region a potential target for basin-centered tight gas and coal seam gas (ACOLA,
2013). In the Nappamerri trough, most of the gas is generated by the organic rich coal seams

that may have migrated through the section.

The Cooper Basin has a history of more than 50 years of natural gas development. However,
only about 15 shale gas wells have been drilled and completed in the Cooper Basin so far,
compared with about 20 shale wells per day in the US. However, compared to other
identified shale basins in Australia, the Cooper Basin is the most viable, with processing
plant, roads and pipeline infrastructure already existing to some extent. Currently, there are
more than 2000 gas wells with more than 5Tcf of historical development(Dello, 2014;
DMITRE, 2013). The success of these operations suggests that the Cooper Basin will have a
high potential for shale gas development, migrated gas being present in basin-centered plays
at various depths. There are an estimated 85Tcf of technically recoverable shale gas resources

in place (EIA, 2011).
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Figure 5. Australian shale gas basins (EIA, 2013)

4.0 Petro physical parameters

The key petrophysical parameters are total organic matter (TOC), thermal maturity,

thickness, water saturation, porosity and kerogen (insoluble organic matter) type. Productive

shale gas formations have been found to be those with thicknesses greater than 65m (for a

horizontal shale well) , containing greater than 3% TOC, hydrogen index values of greater

than 350 mg HC/g , thermal maturities of more than 1.1 % (vitrinite reflectance) and

containing type Il kerogen (Slatt and Rodriguez, 2012). Other studies have specified the
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importance of depth, appropriate mineral contents, reservoir pressure conditions and porosity
(Zou, 2013). Additionally, carbon dioxide (CO.), clay and water contents are also important
in verifying the resource richness. The following sections describe these important

parameters.

4.1 Total organic content (TOC)

This is one of the critical parameters in determining the resource richness of a shale reservoir.
Organic-rich shale consists of significant amounts of gas trapped within fractures and micro-
pores and adsorbed onto organic matter. Therefore, the TOC usually has a linear correlation
with the gas content of a formation (Zhang et al., 2012) and the quality of the source rock can
be classified based on this number, identified using the shale lithofacies (rock records)(Wang
and Carr, 2012). Hence, the TOC is an important parameter in understanding the shale gas
content that can be recovered, although it is not a direct estimation of hydrocarbon potential
and other parameters have also to be considered (Bai et al., 2013). However, rocks with a
TOC content of more than 10% are usually thermally immature for development (Alexander
et al., 2011; Nicolas et al., 2010). Mature shale formations have a TOC range of 2-10%

(Alexander et al., 2011).

4.2 Thermal maturity

Thermal maturity is a function of burial history of the formation. It is measured by light
reflected off vitrinite maceral at 500X magnification in oil (Averitt, 1975). In well log data
analysis, it can be estimated using the log indices of resistivity and density-neutron separation
values. The average of these values in well-defined geologically correlative areas is used to
compare core vitrinite reflectance data. Kerogen exposed to progressively higher

temperatures overtime leads to increased vitrinite reflectance. Gas saturation level increases
12



with thermal maturity (Zhao et al., 2007). Vitrinite reflectance values ranging from 0.6 —
1.1% correspond to oil and wet gas contents of less than 0.6% , indicating immature kerogen
content (Alexander et al., 2011). A vitrinite reflectance level of betweenl.1% - 3.0

%indicates a good potential for gas development (Huang et al., 2012; Jarvie, 2012).

4.3 Porosity

Shale porosity can be determined in terms of the organic and inorganic content. Organic
porosity is dependent on the thermal maturity; the lower the thermal maturity, the lower the
organic porosity (Curtis et al.,, 2012). Inorganic porosity is vital for the storage and
production of hydrocarbons. Typically, shale porosity is estimated by using methodologies
such as the helium gas expansion, mercury injection capillary pressure and log analysis
(Clarkson et al., 2011). Pore diameter is typically in the order of nanometres (Kuila and
Prasad, 2013). Shale is a dual porosity medium, with gas stored as free gas in macro pores
and mesopores (>2nm) and as adsorbed gas in nanopores (<2nm). Open natural fractures can
potentially hold substantial volumes of free gas (Lee et al., 2011). However, the presence of
such fractures diffuses the energy associated with the hydraulic fracturing process and, thus,
may actually inhibit natural gas production (Gale et al., 2007; Montgomery et al., 2005;
Nelson et al., 2007). Previous studies have proposed correction factors to compensate for the
many subsurface variables that modify porosity of shale gas systems (Bust et al., 2013;
Glorioso and Rattia, 2012; Hartman et al., 2011). However, in the exploration and appraisal
phase of resource exploitation, a multitude of corrections is often untenable, since the data
requirement is large. This would overly complicate the petrophysical characterisation
process. In this study, density logs were used to estimate porosity using Equation 1(Asquith
and Gibson, 1982). The neutron log and sonic logs were not used because they are too greatly

affected by clay bound water and by the presence of natural gas (Beach Energy, 2015).
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g=Pm— Pr Equation 1
Pm — p}’

Where, p,,, is the rock matrix density (g/cm®), p,, is the bulk density of the rock (g/cm?) and

oy is the gas fluid density (g/cm?3).

4.4 Permeability

A reservoir with a permeability of less than 0.1nm? is referred to as “unconventional”(Boyer
et al., 2011). Permeability is a function of hydrocarbon saturation, mineralogy and porosity
(Alexander et al., 2011) and is mainly dependent on the effective stress, anisotropy, pore size,
porosity and lithology (Pathi, 2008; Voltolini et al., 2009). The potential to extract gas is
limited by the inherently low permeability of the source rock (Curtis, 2002). Permeability is
also an important parameter when deciding between horizontal and vertical wells, as
horizontal wells are not always economic; where possible, hydraulic fracturing should be
targeted at zones with higher permeability, as this will increase the gas production from the

well.

The permeability levels of the reservoir rock must be studied carefully to understand the
effect of permeability loss due to production. It has been observed, for instance, that shale gas
production can be lowered by 20 — 30 times due to reductions in permeability caused by
water imbibition and swelling of the clay content. This reduction in permeability is difficult
to verify experimentally, but is critical to the determination of production potential and costs,
particularly for non-marine shales. Steady-state methods of estimation cannot be used due to

the heterogeneity of the pores (Metwally and Sondergeld, 2011).
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There are two types of permeability due to the dual porosity of the shale formations; namely,
the matrix and fracture permeability. Both are critical in terms of the gas that could be
recovered. Matrix permeability governs the flow of gas from fractures to the well head and
ranges typically from between 10* to 108 nm? (Lewis et al., 2004). Fracture permeability is
dependent on the initial surface roughness and is directly proportional to fracture offset
(misaligned fracture faces) (Kassis, 2011). The estimation of permeability using log based
methodologies is not as accurate as other direct field-based methodologies, such as the Mini
Frac or Rate Transient analysis (Clarkson, 2013). Mini Frac analysis involves the use of
controlled well injection to estimate the stress changes and permeability by creating a fracture
that propagates towards the wellbore (Arop, 2013). Rate transient analysis refers to the
advanced analysis of both production rates and flowing pressures to estimate permeability
and stress regimes (Clarkson, 2013). Therefore, these methodologies are more representative
of the reservoir properties compared to the empirical, log based methods. Due to the absence

of the necessary datasets, analysis of the permeability was not carried out in this study.

4.5 Water Saturation

Water saturation can be measured from core extraction, log analysis and capillary pressure
analysis (Handwerger et al., 2012). From wireline logs, the water saturation is derived based
on the measurements of the electrical properties of the rock. Several methods for the
derivation of water saturation have been developed on the basis of the Archie’s equation
(Alimoradi et al., 2011). However, characteristics such as high maturity make the application
of Archie’s equation untenable (Bust et al., 2013). In clay rich formations, methods such as

Simandoux, Dual Water, Waxman Smits, Juhasz, and Indonesian are commonly applied
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(Peeters, 2011). In this study, the Indonesian equation is used to estimate the irreducible

water saturation.

1

Aosva) o
3
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Equation 2

N} R a. Ry

Where, n is the saturation exponent, a is the tortuosity factor, m is the cementation exponent

e is Euler’s constant, Ry is the true formation resistivity (2 m), Rw is the formation water

resistivity (Q m), Ra is the resistivity of clay (Q m), Ve is the total volume of clay (cmd).

The constants a, m and n should be derived from laboratory investigations based on samples
of rock. The value of a varies with rock type and the tortuosity of the fluid path; typical
values range between 0.62-2.45 for conventional reservoirs (Asquith and Gibson, 1982).
Alimoradi et al (2011) report that m varies between 1.6 and 2.4, but is typically 2.0. Asquith
and Gibson (1982) report that n varies between 1.8 and 2.5, but is usually 2.0. However, for

unconventional reservoirs, the ranges of these parameters are less certain.
4.6 Poisson’s ratio and Young’s modulus

Rock strength properties are important to understand the brittleness of the rock. These
properties reflect the fracturing potential and are therefore used to identify suitable locations
for drilling and completion of production wells. The rock brittleness reflects the combined
effect of both Poisson’s ratio and Young’s modulus (Rickman et al., 2009). Low Poisson’s
ratio and higher Young’s modulus will lead to higher brittleness. Poisson ratios less than 0.25
and Young’s modulus higher than 5 GPa have been suggested as the threshold levels

appropriate for a prospective shale gas play (Perez and Marfurt, 2013).
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4.7 Clay content

The clay content has to be less than 40% for a successful shale play(DMITRE, 2012b;
Mckeon, 2011).However, evaluation criteria in China refer to clay contents less than 30%
(Zou, 2013). Increasing clay content leads to increasing ductility of shale, which is beneficial
in terms of forming a better seal to trap the gas within the reservoir, but not in terms of
hydraulic fracturing, as the shale will tend to self-heal. As the hydraulic fluid is injected, the
permeability will be further reduced due to clay content as the coherence of the matter is

high, leading to a reduction in the extraction potential.

5.0 Forms of gas storage in shale

Gas is stored in shale via three types of trapping mechanisms. These are; as adsorbed content
in micropores; as dissolved content; and as dissolved gas trapped in fractures and as free gas
in mesopores and macropores. The storage in fracture space is minimal and cannot be
quantified with certainty. Hence, storage in shale is mostly by sorption and by gas trapped in
pore space, either dissolved or as free gas. However, the allocation between adsorbed and
free gas in pore space is not clearly understood. Furthermore, uncertainties also stem from the
method used to estimate the gas-in-place. Laboratory estimations of formation porosities are
based on helium gas measurements that could lead to underestimates of the sorption potential

(Ross and Marc Bustin, 2007).

The sorption capacity refers to the gas stored in micropores. The gas stored in micropores has
a high degree of correlation with the TOC content (Zhang et al., 2012). The adsorbed amount
of gas is a function of kerogen content, pore pressure and temperature (Lewis et al., 2004).
However, it has a negative relationship with the mineral content (Wang et al., 2013). The

sorption content also depends on the maturity of the formation (Wang et al., 2013). However,
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the sorption content of shale is less than that of coal, due to the lower carbon content and
higher mineral content of shale (Chareonsuppanimit et al., 2012). Sorption capacity also
increases with increasing kerogen type (Noble et al., 1997). Experimental sorption on core
samples has shown a good relationship with the Langmuir isotherm equation (Zhang et al.,

2012).
5.1 Gas content estimation

Gas content is more appropriately estimated by using the open-hole logs, rather than using a
core analysis method, which is finite and not representative of the reservoir as a
whole(Decker et al., 1993). The bulk density log is used to estimate the free gas-in-place. The

adsorbed gas content is estimated by using core analysis data.
i) Free gas content

The shale pore space is occupied by water, natural gas and other fluids. In order to estimate
the free gas volume using static data, the total unoccupied pore space and gas saturation! have

to be considered (equation 8) (Dong et al., 2013; Hartman, 2008):

Ge = &:0 @.(1 —Sy)/Bg Equation 3

Where, G- is the free gas volume (volume fraction), p is the shale density (kg/m®), @ is the

total porosity, Sw is water saturation (volume fraction), Bg is the formation volume factor

(unitless), estimated using:

Vot
B = — =

Ps T H
e= . — L. Equation 4

1 Gas saturation is equal to (1-Sw), if it is assumed that the entire fluid component in the pore space is either
water or gas.
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Where, Vp is gas volume (m?) under conditions of pressure (P) and temperature (T), Vs is gas
volume at standard conditions (m®), Ps is standard pressure (101.3kPa), Ts is standard
temperature (298.15K), T is reservoir temperature (Kelvin), P is reservoir pressure (kPa) and

Z is the gas deviation factor or the gas compression factor (unitless).
ii) Adsorbed gas content

Carbon dioxide preferentially adsorbs to organic matter over methane (Chareonsuppanimit et
al., 2012). In this regard, if carbon dioxide exists as a reservoir fluid, it is likely to be in an
adsorbed state, rather than freely occupying interstitial pores. In this study, carbon dioxide is
accounted for by analysing the frequency distribution of observed carbon dioxide readings
from gas desorption, and applying appropriate correction ratios to represent the possible
range of carbon dioxide concentrations. The adsorbed gas content can be estimated

usingequation10(Hartman et al., 2008; Zhang et al., 2012):

WP _
G, = P+ B, Equation 5

Where, G, is the adsorbed gas storage capacity (m®/tonne), Vi is the Langmuir volume

(m/tonne), P is the reservoir pressure (kPa), P is the Langmuir pressure (kPa).

The well log data, XRD, trixial and desorption data on Rosneath and Murteree shales have
been used to estimate the adsorbed and free gas contents. Volume of shale is estimated by
using the gamma ray logs. TOC and the porosity are also estimated using the wireline log
analysis (gamma ray, caliper, resisitivity, density and sonic), laboratory data and developed

relationships based on crossplots.

19



6.0 Results

This study analysed the data obtained from Cooper Basin’s Encounter-1 and Holdfast-1 wells
in the Nappamerri trough, consisting of Roseneath and Murteree shale formations. Figure 6
illustrates the comparison of the Roseneath and Murteree shales with the average properties

of US shales plays.
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Figure 6. Comparison of in situ shale properties of Nappamerri trough with the US shales
based on previous studies (Agarawal et al., 2012; Cardott, 2006; Curtis, 2002; Hexion, 2009;
Kulkarni, 2011; Mckeon, 2011; Patterson, 2012; Rajtar, 2010; Schulz and Horsfield, 2010;

USDOE, 2009)(limits refer to maximum average parametric values of US shale plays).

As can be seen in Figure 6, there is a large variance in the in situ properties. Geological
characteristics of the Cooper basin compare well with the US shale plays, particularly in
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terms of the thickness, thermal maturity and adsorbed gas content. However, in terms of the
clay mineral content and the temperature, it does not compare well with the US shale plays
and values for TOC, porosity and gas-in-place are the lower end of the range. Temperature
will be particularly challenging, as the fluids and equipment used for hydraulic fracturing
need to be compatible with in situ temperatures and pressures. Furthermore, clay mineral
content and gas-in-place will affect the commercial viability of the play, although the
Roseneath and Murteree shales mostly consist of Muscovite clays, which are non-reactive to
water (Table 1) (Shih and Shen, 2009). Quartz contents are considerably higher with more
than 30% and there is a considerable amount of Siderite also contributing to increase the
brittleness of the formations. Most importantly, kaolinite clay content is considerably lower

leading to decrease the impact of swelling due to water.

Table 1: XRD results from Encounter-1 and Holdfast-1 wells

Corr.  |Quart
Kaolinite | Siderite | Siderite |Rutile|Anatase | Muscovit|Muscovit
Well Formation | Depth z
e 2M(%) |e 1M (%)
(m) (% | ) [Mg@) | (%) | (%) | (%)
3266.95 —
Encounter-1 | Roseneath 30.50 14 2.25 6.75 1 1 34.5 10.75
3293.50
3493.55 —
Encounter-1 IMurteree 31.50( 105 7.12 10 094 | 0.81 31.38 8.63
3536.94
3118.20 —
Holdfast-1 [Roseneath 35.10( 9.60 1.30 2.90 1 1.70 34.80 13.50
3162.30
3351.50 —
Holdfast-1 [Murteree 34.46| 8.54 3.15 7.62 1 1.54 38.08 4.46
3429.60
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6.1 Adsorbed gas content

In comparison, the Langmuir pressures of the Roseneath and Murteree Shales are similar to
some of the marine shales in the US, but the Langmuir volume is notably smaller than all
other shales listed in Table 2. Therefore, at a given pressure, the adsorbed gas content is
considerably lower compared to US shale plays.

Table 2: Langmuir Parameters of the Roseneath and Murteree Shales, commercially

producing shales in the USA (Yu and Sepehrnoori, 2013).

Shale Play Langmuir Volume Langmuir Pressure | Adsorbed gas content(
(m*/tonne) (kPa) At 55MPa)
Barnett 2.72 4482 2.52
Marcellus 5.66 3447 5.33
Eagle Ford 4.95 10342 4.17
Haynesville 1.70 10342 1.43
New Albany 2.94 2844 2.80
Roseneath 1.65 15515 1.29
Murteree 1.56 10173 1.32

6.2 Free gas content

Neither formation pressure testing nor drill stem testing was performed for Encounter-1 and
Holdfast-1 wells (Beach Energy, 2011a, b). Therefore, there are no measured values of

reservoir pressures. Instead, the reservoir pressure is estimated by using the regional pressure
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gradients for the Cooper Basin (i.e. 9.72 kPa/m from the surface elevation to the top of the
Toolachee Formation, and 16.28 kPa/m from the top of the Toolachee Formation to top of the
Patchawarra Formation)(Trembath, 2013b). The estimated average free gas volumes ranged

between 0.37-3.40 m®/tonne for both formations.

6.3 Cross plots

Crossplots can be used to estimate the characteristics of different lithologies to establish
pertinent cut offs for core-log correlations. These cut-offs can be applied to methods such as
the Passey method to constrain the results. In addition, crossplots are important in identifying
reservoir heterogeneity and in matching diagenetic processes, pore types and mineralogy
(Passey et al., 1990). In this study, crossplots are used to compare the Cooper Basin shales

with the US shales.

6.3.1 TOC and uranium content

For marine shales, the crossplot of TOC and uranium content is a positive relationship, as
illustrated in Figure 7 (Fertl and Chilingar, 1988). Therefore, use of gamma ray wireline logs
to estimate the TOC content could be feasible as the uranium content is reflective of the TOC
content of the reservoir(Lining et al., 2004). The Murteree and Roseneath shales show a
weak negative relationship between uranium content and TOC, as illustrated in Figure 8.
Therefore, the use of wireline log analysis to estimate the TOC will not be suitable for these
shales and alternative methodologies, such as rock-eval pyrolysis, or must be conducted using
core data. In this study, TOC is determined by rock-eval pyrolysis. Furthermore, the use of
logs to estimate TOC content with the Parsey methodology is not feasible due to the maturity
of the shales, over-pressure, presence of siderite and inadequacy of non-source rock for

calibration (Trembath, 2013a).
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Figure 7. Change of TOC content with uranium content and gamma ray content for US shales
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Figure 8. Change of TOC with Uranium content for Holdfast-1 and Encounter-1 wells

6.3.2 TOC and bulk density

Usually, TOC vs bulk density will show a negative relationship for marine shales, as
illustrated by Figure 9 (Mendelson, 1985). For Holdfast-1 and Encounter-1 wells there is a
weak negative relationship, as illustrated by Figure 10. However, areas with higher TOC
could contain siderite, leading to increase the density, meaning that this relationship cannot
be used to estimate the bulk densities at varying TOC contents for Cooper Basin shales as it

is susceptible to the changes of the siderite content in the formation.
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Figure 9. Change of bulk density with TOC for US marine shales
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6.3.3 Bulk density and porosity

V-shaped cross plots have been observed due to the mixing of shale and other particles at the
pore scale (Figure 11). This is important for separating the porosities of different constituents.
This trend has been observed for both the Roseneath and Murteree shale formations. The
influence of distinctively different minerals is evidenced through this crossplot. The coal
minerals may have a low density and high water content, whereas the siderite minerals could
have a higher density and low water content, leading to variations of densities and porosities

(Glover, 2013).
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6.3.4 Adsorbed gas content and TOC

This relationship is important, as the adsorbed gas content can be estimated if the TOC is
known for the formation. Adsorbed content is directly correlated with the organic content of
the shale. The previous studies on marine shales have shown an increase of shale gas content
with increasing TOC content (Table 3 and Figure 12). For Roseneath and Murteree shales, a
positive relationship is also depicted between the adsorbed gas content and TOC, as

illustrated in Figure 13.

Table 3: Reservoir data (EIA, 2013)

Properties Horn River Rosneath and Murteree
Thermal maturity (%Ro) 3.5 2
Temperature (°C) 80 -160 150 - 200

Age Devonian Permian
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6.3.5 Other porosity based crossplots

The porosity and uranium content show a weak negative relationship, as illustrated in Figure

14(a). However, the porosity has not shown a strong relationship with the TOC content
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(Figure 14 (b)). In comparison, Avalon marine shales have shown a strong linear relationship
among porosity and TOC (Figure 15), enabling porosity values to be estimated at various
TOC contents. Furthermore, porosity decreases with increasing carbonate content for the
Avalon marine shales, as illustrated in Figure 16. Such a correlation is not observed for

Murteree and Roseneath shales (Figure 17).
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6.3.6 Young’s modulus and Poisson’s ratio

Hydraulic fracturing can stimulate the natural fractures connecting the well bore with a larger
volume of rock (Gale et al., 2007). Therefore, the response to hydraulic fracturing is an
important consideration in assessing the production potential. However, there are several
other factors that hinder the success of the hydraulic fracturing process, such as multi-phase
flow, proppant crushing, proppant diagenesis, relative permeability, capillary pressure,
reservoir permeability change, operational conditions, reservoir heterogeneity and fracture
fluid interaction (Osholake, 2010). Fracturing can increase the permeability by a factor of
around 100- 1000 (Gaskari, 2006; Kassis, 2011).The response to hydraulic fracturing can be
estimated using the Young’s modulus and Poisson’s ratio. Young’s modulus refer to the
ability to retain a fracture and the Poisson’s ratio refers to the potential for fracturing
(Rickman, 2008). This is more associated with the quartz content of the shale formation. In
general, the larger the Young’s modulus, the more brittle the rock; conversely, the smaller the

Poisson’s ratio, the more brittle the rock (Rickman, 2008). There is a large overlap of
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Poisson’s ratios between 0.1 and 0.3 for common sedimentary rocks, such as shale,
sandstone, siltstone, marl, limestone and dolomites (Gercek, 2007). However, increasing clay
mineral content tends to increase Poisson’s ratio, and Poisson’s ratio is also sensitive to the
orientation and distribution of clay minerals in the rock fabric (Guo et al., 2013). Kerogen
also modifies the elastic properties of the rock significantly, especially with respect to
anisotropic effects (Sayers, 2013). Figure 18 illustrates the clastic contents and mineral
contents of Roseneath and Murteree shales. Although there is high clay content, there is also
a substantial carbonate content, leading to an increase in the brittleness of these formations.
The crossplot of Young’s modulus and Poisson’s ratio can be used to estimate the
“fraccability” of the formations. The Woodford marine shale is more brittle (brittleness
indicators: Young’s modulus more than 5GPa and Poisson’s ratio less than 0.25) in
comparison to the Roseneath and Murteree shales (Figures19-20). Furthermore, for the
Murteree shale, the brittleness index shows a strong correlation with the gamma ray content
(Figure 21), whilst the Barnett shale shows a weak relationship (Figure 22). According to
Table 4, most of the points for the former are located in the less brittle region. However, these
properties can be regarded as adequate for hydraulic fracturing compared to other non-marine
shales with lower carbonate content. The high siderite content could have contributed to the
increase in brittleness.

Table 4: Brittleness classification table (Perez and Marfurt, 2013)

Brittleness index Classification
0-0.16 Ductile
0.16-0.32 Less ductile
0.32-0.48 Less brittle
>0.48 High brittle
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7.0 Discussion

Shale petrophysical analysis is critical to evaluate the shale parameters and contents. For
marine shales, this is mainly related to the analysis of wireline logs and crossplots. However,
for non-marine shale, this approach is not entirely applicable. In the absence of such
analogues relationships, this study has developed empirical relationships for the Cooper
Basin using a dataset of Roseneath and Murteree shales. However, these relationships are
location specific and, thus, could only be formalized with additional research on similar shale
formations. In particular, the crossplots of gamma ray and TOC, density and porosity have

not shown good agreement in comparison to those for marine shales.

The potential of a shale play is mainly based on the TOC, thermal maturity and gas content.
If these parameters are high enough, then it is worthwhile to continue the development of
such plays. Thermal maturities of 0.6 or higher would also indicate good potential, less than
this and the play would be too immature for development. Thermal maturities over 1.1%

would be the most suitable for shale gas development. The Cooper Basin shales are of
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comparable thickness to US shales and thermal maturity is also over 1.1% indicating good
potential for shale gas development in the Cooper Basin. However, higher thermal maturity

also indicates that there is less prospect of shale oil in the basin.

The estimation of TOC based on wireline logs was unreliable, there being no significant
relationship between the uranium and gamma ray content. Therefore, TOC values were
experimentally evaluated using core samples at different depths. The free gas and adsorbed
gas contents were estimated by using the wireline log analysis and isothermal experiments.
The estimation of porosity was mostly appropriate via wireline logs, as it is more
representative of the field scale. The adsorbed gas content was estimated using adsorption
data observed in the laboratory, as the adsorbed gas content could not be estimated directly
from the wireline logs. The adsorbed gas content is dependent on the Langmuir parameters
and adsorbed phase densities. Therefore, it is best estimated using core samples on a triaxial
apparatus at isothermal conditions. The adsorbed gas and free gas contents were found to be

comparable with the US marine shale data.

Crossplots are also an effective means of shale gas resource estimation. However, most of the
previous methodologies applicable to US marine shales are not applicable to the Australian
Roseneath and Murteree shales. The crossplot of bulk density and TOC have shown a
decreasing relationship for marine shales as well as a good agreement with the Schmoker
equation, which is an empirical equation based on the US marine shale data. However,
Roseneath and Murteree shales neither show a good agreement with the Schmoker equation
nor a substantive relationship among bulk density and TOC. Crossplots of permeability and
porosity have depicted an increasing relationship, suggesting a high influence of porosity.
However, the degree of relationship is not as strong as for the sandstones with a high

emphasis on porosity, which may be due to the smaller particle grain sizes. Generally,
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particles with higher grain sizes would have higher permeabilities compared to particles with
smaller grain sizes. Bulk density and porosity crossplots also have shown similar
characteristics as the marine shales, depicting the influence of different constituents.
Therefore, these crossplots could be calibrated to evaluate the influence of different mineral
types. Adsorbed gas content and free gas content ranged from 1.29-1.32m®/tonne and0.37-
3.40m%tonne, respectively. Adsorbed gas content and TOC crossplot have shown an
increasing relationship depicting the influence of organic content, to increasing the adsorption
potential. Similar characteristics have been shown for coals where increasing carbon content
or coal rank have led to higher adsorbed gas content (Carroll and Pashin, 2003). Crossplots of
adsorption-TOC and permeability-porosity have depicted high correlation levels with
coefficient of determinants of 0.55 and 0.99 respectively. However, porosity has not shown a
direct relationship with the TOC or carbonate content. This could mainly be due to the

presence of smaller particle sizes and high in situ pressures.

Finally, Young’s modulus and Poisson’s ratio have been used to estimate the potential
effectiveness of hydraulic fracturing. The Roseneath and Murteree shales were found to be
less brittle than the US shales (brittleness index ranged between 0.32-0.48), be due to the
considerably higher clay mineral content and coal interbeds, though the presence of other
clastic minerals, such as siderites, will contribute to an increase in the brittleness of the

formations.

8.0 Conclusions

Natural gas extraction from shale gas reservoirs has gathered momentum around the world, as
a result of the resounding success of US shale plays. However, the variability of shale

geological conditions makes replicating the US shale gas success elsewhere a major
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challenge. An evaluation of the formation characteristics may lead to a reliable methodology
for the assessment of extraction potential. In this study, the geological and petrophysical
characteristics of potential Australian shale plays have been compared with those of the US
shale plays. The geological and petrophysical properties have been evaluated using wireline
logs, crossplots and gas content estimations. The gas contents have shown to be on par with
the US gas contents. However, the crossplots have not shown the familiar co-relationships of
the marine shales and empirical relationships have therefore been developed for Roseneath
and Murteree shales based on the well log data and experimental data. These empirical
formulae will only be applicable to specific local conditions and needs further research
studies to formalise as co-relationships. Cooper basin shales have shown higher brittleness
than the clay content would indicate, probably due to the higher siderite content and non-

reactiveness nature of the clay content itself.

Shale gas development in the Cooper basin of South Australia may only become
commercially viable when international gas prices become high enough to balance out the
high production costs, caused by the significant geological challenges of high pressures,
temperatures and clay contents. These challenges can only be resolved by conducting
adequate research on the local shale plays to enable the development of the necessary
production methods. Innovative technological options, such as enhanced gas recovery using
carbon dioxide (where the carbon dioxide preferentially adsorbs onto the coal network,
particularly under supercritical conditions), may need to be considered. Such techniques may
increase the shale development potential, although their commercial suitability still needs to

be proven.
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