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Executive Summary

A 3D map of the Cooper Basin region has been produced from 3D inversions of Bouguer gravity
data using geological data to constrain the inversions. The 3D map delineates regions of low
density within the basement of the Cooper/Eromanga Basins that are inferred to be granitic
bodies. This 3D data release constitutes the first version 3D map of the Cooper Basin region. A
future data release (version 2) will extend the area to the north and east to encompass the entire
Queensland extension of the Cooper Basin and will incorporate more detailed 3D maps of the
Cooper and Eromanga Basins. In addition, thermal properties will be incorporated into the 3D
map to produce a 3D thermal model.

The Cooper Basin region is coincident with a prominent geothermal anomaly and forms part of a
broad area of anomalously high heat flow. High-heat-producing granites, including granodiorite
of the Big Lake Suite (BLS) at the base of the Cooper and Eromanga Basins sequences combined
with thick Cooper/Eromanga sedimentary sequences that provide a thermal blanketing effect,
results in temperatures as high as 270° C at depths <5 km. The location and characteristics of
other granitic bodies are poorly understood and accurately identifying them is an important first
step towards future geothermal exploration in this region.

3D Bouguer gravity field inversion modelling was carried out using the UBC inversion software.
An initial gravity inversion was performed using seismic horizons to constrain the 3D
distribution of the Cooper/Eromanga Basin sediments. Densities, derived from seismic velocities
from a refraction seismic survey in the region, were assigned to the Cooper/Eromanga sediments
in order to constrain their gravity contribution. A series of Iso-surfaces were generated,
enclosing low density lobes within the basement of the initial sediment-constrained inversion
model. Gravity ‘worms’ were used to pick the iso-surfaces that approximate the lateral sub-
sediment extent of potential granites within the basement. A series of subsequent granite-
constrained inversions were generated by assigning three different densities and maximum cut-
off depths to the lobes. The inversion model that produced the most ‘neutral’ result had granite
densities of 2.6 g cm™ and a maximum cut-off depth of 12 km.

A smaller region was extracted from the Cooper Basin 3D map to be used as a test-bed for
thermal modelling. Forward predictions of temperatures, vertical heat flow, vertical and total
horizontal temperature gradient ware generated on a discretised model within GeoModeller.
Inputs into the model consisted of mean annual surface temperature, basal heat flow, heat
production and thermal conductivity for each lithology.

The 3D map shows a large volume of granitic material exists within the basement, a number of
which correspond to high temperature anomalies in the predicted temperature at 5 km map,
indicating that they have high-heat-producing compositions. The 3D map, which also defines the
geometries of the Cooper and Eromanga Basins, therefore delineates both potential heat sources
and thermally insulating cover and can be used as a predictive tool for delineating potential
geothermal plays.
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Introduction

A 3D Map of the Cooper Basin region has been produced over an area of 300 x 450 km to a
depth of 20 km (Figure 1). The 3D map was constructed from 3D inversions of Bouguer
gravity data, using geological data to constrain the inversions. The 3D map delineates
regions of low density within the basement of the Cooper/Eromanga Basins that are inferred
to be granitic bodies. This interpretation is supported by spatial correlations between the
modelled bodies and known granite occurrences in the area. The 3D map, which also
delineates the 3D geometries of the Cooper and Eromanga Basins, therefore incorporates
both potential heat sources and thermally insulating cover: key elements in generating a
geothermal play. This study was conducted as part of Geoscience Australia’s Onshore
Energy Security Program, Geothermal Energy Project.
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Figure 1: Location of the Cooper Basin region, showing the spatial extents of the stacked
Warburton, Cooper and Eromanga Basins. The outer blue outline indicates the extents of the
Cooper Basin 3D model, the inner green outline indicates the extents of the thermal test model.
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The Cooper Basin region straddles the Queensland/South Australia (SA) border (Figure 1)
and is coincident with a prominent geothermal anomaly (Cull & Denham, 1979; Cull &
Conley, 1983; Somerville et al., 1994) (Figure 2). The region forms part of a broad area of
anomalously high heat flow, which is attributed to Proterozoic basement enriched in
radiogenic elements (Sass & Lachenbruch, 1979; McLaren et al., 2003). High-heat-
producing granites, including granodiorite of the Big Lake Suite (BLS) at the base of the
Cooper/Eromanga sequences, form a significant geothermal play that was targeted to be
Australia’s first Hot Rock development at Habanero (near Innamincka in SA). The
relationship between high heat flow, high temperature gradient and anomalous heat
production in the BLS is well established (Middleton, 1979; Gallagher, 1988; Beardsmore,
2004). The thick sedimentary sequences of the overlying Cooper/Eromanga Basins provide
a thermal blanketing effect resulting in temperatures as high as 270° C at depths <5 km
(Holgate, 2005). There is a good probability that analogous geothermal plays exist in
association with other granitic bodies lying beneath the Cooper/Eromanga Basins. For the
most part, the location and characteristics of these bodies are poorly understood and
accurately identifying them is an important first step towards future geothermal exploration
in this region.

Tempersturs "C

Figure 2: Predicted temperature at 5 km map of Chopra & Holgate (2005), including the well
locations.
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This 3D data release constitutes the first version 3D map of the Cooper Basin region. A
future data release (version 2 of the 3D map) will extend the area to the north and east to
encompass the entire Queensland extension of the Cooper Basin. On completion, the version
2 3D map will incorporate more detailed 3D maps of the Cooper and Eromanga Basins, by
delineating the major internal sedimentary sequences within the basins. In addition, thermal
properties will be incorporated into the 3D map to produce a 3D thermal model. The goal is
to produce a 3D thermal model of the Cooper Basin region that not only matches existing
temperature and heat flow data in the region, but also predicts regions of high heat flow and
elevated temperatures in regions where no heat flow or temperature data exists.

An initial test-bed thermal model has been produced on a small portion of the Cooper Basin
3D map (Figure 1). The thermal modelling described herein is a work in progress and is
being carried out to test the capability of the thermal modelling component of 3D
GeoModeller, as well as our understanding of the thermal properties of the Cooper Basin
region.

Geology of the Cooper Basin Region

The basement within the study area is completely obscured by successive sedimentary
sequences of the Warburton, Cooper and Eromanga Basins. Basement drill intersections in
the Cooper Region include Proterozoic gneisses to the north and south-east and Palaecozoic
Tasmanides to the east (Gatehouse, 1986; Rankin & Gatehouse, 1990; Drexel et al., 1993).

The Cambro-Ordovician Warburton Basin formed as a result of marine incursion related to
intra-continental rifting. The geology of the Warburton is summarised by Meixner et al.
(1999) from studies including Gatehouse (1986), Gravestock and Gatehouse (1995), and Sun
(1996; 1997; 1998). Basin sequences comprise volcanic and mixed sedimentary units
overlain by carbonates, turbidites and a late red-bed unit. Sedimentation ceased in the late
Ordovician and was followed by orogenesis during which burial depths are estimated to have
reached 7-8 km (Sun, 1996, 1997; Boucher, 1994). In this study the Warburton Basin will
be treated as basement due to its age, deformation history and depth of burial. This approach
is supported by the absence of a gravity low associated with the Basin, suggesting that its
density is comparable to that of underlying basement.

Granite intruded into Warburton sequences during orogenesis has been intersected in a
number of wells (Figure 3). SHRIMP U-Pb zircon isotopic analyses from samples of BLS
granodiorite indicate E. to Mid-Carboniferous crystallisation ages (Gatehouse et al., 1995).
A density value of 2.6 g cm™ was determined for the BLS by Boucher (1996). BLS drill
intersections lie on a series of prominent circular gravity lows within a larger NE-trending
low. A second (unnamed) granite of early Devonian age is recorded to the south of the BLS
(Meixner et al., 1999). This intersection also coincides with a series of NNE-trending
circular gravity lows.

The Warburton metasedimentary units and their intrusives are unconformably overlain by
sequences of the L.-Carboniferous to Triassic Cooper Basin. Host to significant petroleum
resources, the geology of the Cooper Basin is summarised in Meixner et al. (1999) from
studies including Apak et al. (1997) and Kapel (1972). The south is dominated by NE
trending structures including the Gidgealpa—Merrimelia—Innamincka (GMI) Ridge and the
Nappacoongee—Murteree Ridge (NMR) which together separate the major depocentres of the
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Patchawarra, Nappamerri and Tenappera Troughs (Figure 4). Vertical sediment thicknesses
in the south are up to 2.5 km but decrease in the north. The unconformity at the base of the
Cooper sequences is a prominent seismic marker mapped locally as the Z-horizon (Figure 4;
PIRSA, 2008).

The Cooper Basin is unconformably overlain by sediments of the Jurassic to Cretaceous
Eromanga Basin, with vertical thickness ranging from 1-3 km in the study area (Finlayson,
1988). The Cadna-owie Formation, a sandstone aquifer near the base of the Cretaceous, is a
prominent feature mapped as the seismic C-horizon (PIRSA, 2008).

Bouguer Gravity {gu)

-400

Figure 3: Gravity image showing drill-hole locations (BLS intersections — red; early Devonian
granite — pink). The major structural elements of the Cooper Basin and the location of the north-
south section in Figure 5 (yellow) are also shown. GMI - Gidgealpa—Merrimelia—Innamincka;
NMR - Nappacoongee—Murteree Ridge.
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Figure 4: Seismic Z-horizon image compiled from existing open file seismic sections, industry
interpretations and 1300 well intersections (PIRSA, 2008). Within the extents of the Cooper
Basin this surface represents the base of the Cooper sequences, outside this area it represents the
base of the Eromanga sequence. The Z-horizon ranges from 815 m to 4496 m below the
topography. Drill-hole locations (BLS intersections — red; early Devonian granite — pink) and
major structural elements of the Cooper Basin are shown. GMI - Gidgealpa—Merrimelia—
Innamincka; NMR - Nappacoongee—Murteree Ridge.
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Correlations of Gravity Data with Basin
Structure

The Cooper region Bouguer gravity field is shown in Figure 3. Two NE to E-trending
gravity lows broadly coincide with the Nappamerri and Tenappera troughs (Figure 4). These
are bounded by NE to E-trending gravity highs which are similarly associated with the GMI
Rise and NMR. In the NE of the study area, two prominent structural lows coincide with
low gravity anomalies (Figures 3 and 4). There is thus a broad regional correlation between
known basin structure and the gravity field, suggesting that the distribution of low-density
basin-fill is of significance.

There is also evidence that density variations in the basement are contributing to the gravity
field. Gravity lows that are coincident with the Nappamerri and Tenappera troughs extend
beyond the trough boundaries (Figures 3 and 4). A number of intense, discrete gravity lows
lie within the broader NE trends, in some cases coinciding with granite intersections in the
Nappamerri and Tenappera Troughs. In the NW of the study area where the Eromanga
Basin lies directly on basement, there are a number of prominent gravity lows that are not
associated with any known basin structure. Finally, the gravity low coinciding with the
Patchawarra Trough is of much lower amplitude than that of the Nappamerri Trough, even
though the sediment thicknesses are similar. This suggests that the density composition of
the basement beneath the troughs is different.

The gravity field is therefore influenced by both the thickness of basin sediment and by
density variation in the basement. A goal of the gravity inversion is to constrain the
influence of the basin sediments so that the density variation within the basement may be
analysed.

3D Gravity Inversions

3D gravity field inversion modelling was carried out using programs developed by the
University of British Columbia — Geophysical Inversion Facility (UBC-GIF) (Li and
Oldenburg, 1998a). Iterative gravity inverse modelling is a process whereby adjustments are
made to a density model, in the form of a mesh of rectangular prisms, until there is an
acceptable fit between the predicted response of the model and the observed gravity data
(Meixner & Lane, 2005). When geological and physical property observations are available,
it is possible to make a reference model that will include geologically-sensible variations in
the physical properties. The inversion can be forced to honour the supplied property values
to within a specified upper and lower bound, at specific points within the model.

The inversion model consisted of a mesh with a cell size of 2 km lateral and 250 m vertical
lengths. The resolution that can be achieved through inversion is ultimately dependent on
the spacing and accuracy of the input gravity data. Given an average spacing between
gravity observations of 4 to 7 km, it is unlikely that the use of cells smaller than 2 km would
produce any additional information. The smaller vertical cell size used in this study was to
accommodate the high resolution of the Z and C-seismic horizons that were used to constrain
the model. The response of material beyond the limits of the inversion mesh was removed
using the method described by Li and Oldenburg (1998b). The observed gravity data was
then upward continued to 2 km: the same value as the horizontal length of the mesh cells.
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CONSTRAINING THE BASIN SEDIMENTS

An initial gravity inversion was performed using the Z and C-seismic horizons to constrain
the 3D distribution of the Cooper and Eromanga Basin sediments. These surfaces were
incorporated into the mesh and a reference model was constructed. Density values were
assigned to the individual cells of the reference model based on whether the centre of the cell
falls below the Z-horizon (basement), between the Z and C-horizons (Z-C interval), and
between the C-horizon and the topographic surface (C-topo interval).

The density values for the Z-C and C-topo intervals were generated from the results of a
seismic refraction study along the BMR 1 traverse (Figure 1) in the central Eromanga Basin
(Collins and Lock, 1990). P-wave refraction velocity data (V,) was analysed for the shot
point at Mount Howitt No. 1 well, which penetrated 1500 m of Eromanga and 900 m of
Cooper Basin sediments. The V, values for the intervals were averaged giving 3000 m s
for the C-topo and 43000 m s for the Z-C intervals. The averaged V,, values were input into
three functions that relates density to V,. These functions consist of: (1) Gardners rule
(Gardner et al., 1974); (2) the Nafe-Drake relationship generated by polynomial regression,
as published in Brocher (2005) from a graphical relationship published in Ludwig et al.,
(1970) and; (3) Nafe-Drake relationship generated from polynomial regression, by Nick
Direen (pers. comm.) from the graphical relationship published in Ludwig et al., (1970). The
resulting densities matched to within 0.1 g cm™ and were averaged to give a density of 2.3
g cm” for the C-topo interval and 2.5 g cm™ for the Z-C interval.

The inversions were forced to honour the C-topo and Z-C densities to within + 0.2 g cm™ by
specifying upper and lower bounds in the reference model. Although a density was assigned
to the basement (2.67 g cm™), the corresponding upper and lower bounds (2.4 to 3.5 g cm™)
were set such that they encompassed all likely rock densities (Emerson, 1990).

BUILDING THE 3D GRANITE-CONSTRAINED MAP

The inversion models of the basement have smooth variations in density. However, discrete
boundaries can be constructed by producing 3D contour surfaces, termed iso-surfaces. A
series of iso-surfaces were generated, based on a range of density values, enclosing
successively larger regions of low density. The geometry of the regions are lobe-like with
the maximum lateral extent at or near the top of the basement and gradually reducing in
lateral extent at depth.

Gravity ‘worms’ were generated from the gravity data using the process described by
Archibald et al. (1999). Gravity worms, or multi-scale edge mapping, is the process of
mapping edges of source bodies in gravity data at a variety of scales. The worms are
generated from the maxima in the horizontal gradient, and for the lower levels of upward
continuation they approximate the position of the density contrast at the edge of a vertically
dipping body. The lower level worms will, therefore, approximate the lateral sub-sediment
extent of potential granites within the basement. Only those iso-surfaces with sub-sediment
lateral extent that matched the lower levels of the worm data were selected.

A series of inversions were generated by assigning three different densities to the enclosed
lobes in the reference model. The densities selected (2.55, 2.6 and 2.65 g cm™) cover a range
of typical granite densities. The inversion was constrained by specifying + 0.02 g cm™ as
upper and lower bounds in the reference model. A large portion of the low density lobes had
total depths of less than 8 km. There were, however, a number of lobes coincident with the
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more intense gravity anomalies with total depths considerably higher, up to 20 km. Granites
with these larger depth extents were considered geologically unrealistic and were restricted
by specifying a maximum cut-off depth for the low density lobes. Three additional reference
models were generated for each of the above granite densities by assigning different levels of
maximum cut-off depths of 8, 12, and 16 km.

Results of the nine inversions were analysed by inspecting the regions of the basement
immediately below the base of the modelled granitic bodies. If the density of the granite in
the reference model is too high and/or its depth extent is too low, then the inversion result
will incorporate an anomalous region of low density in the basement directly beneath the
modelled granite in order to satisfy the observed data. Conversely, if the density of the
modelled granite in the reference model is too low and/or the depth extent too large, then an
anomalous region of high density will be generated at the base of the granite. The inversion
model that produced the most ‘neutral’ result had a density of 2.6 gcm™ assigned to the
modelled granites and a maximum cut-off of 12 km depth (Figure 5). The final 3D map of
inferred sub-sediment granitic body distribution is shown in Figure 6.

[ 20 km depth 2x Vertical Exaggeration N

Figure 5: North-south density section through the final gravity inversion model (see Figure 3 for
location).  The densities of the Eromanga Basin sediments (dark blue: 2.3 +/- 0.2 g cm-3),
Cooper Basin sediments (light blue: 2.5 +/- 0.2 g cm-3) and the granitic bodies (green: 2.6 +/-
0.2 g cm-3) were constrained to a narrow density range, while the basement (yellow-red: 2.65-
2.75 g cm-3) was left unconstrained.

Thermal Modelling

A region 188 x 144 km by 16 km depth was extracted from the Cooper Basin 3D map to be
used as a test region (Figure 1) for thermal modelling. Forward prediction of temperatures
was generated on a discretised model within GeoModeller using the method described by
Seikel et al. (2009). Temperatures were solved by explicit finite difference approximation
using a Gauss-Seidel iterative scheme implemented until the sum of the residual errors fell
below a specified threshold. Properties included in the output model consist of temperature
(Figure 7), vertical heat flow, vertical temperature gradient and total horizontal temperature
gradient.

To compute a thermal model the following inputs were required: mean annual surface
temperature, basal heat flow, heat production of each lithology and thermal conductivity of
each lithology. Initial values for these inputs were sourced from published literature
(Beardsmore, 2004; Middleton, 1979) and assigned to the model. The results of the thermal
modelling were compared to 21 bottom hole temperature (BHT) measurements (Chopra and
Holgate, 2005), as well as 30 modelled 1D heat flow measurements (Beardsmore, 2004)
from wells in the test area. A number of forward models were generated with varying inputs
in order to minimise the temperature differences between the BHT and the modelled
temperatures, as well as minimizing the difference between the measured and modelled heat
flow measurements.
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20 km depth 2% Vertical Exaggeration
Figure 6: 3D model viewed obliquely from the south, of inferred sub-sediment granitic bodies,
overlying an image of gravity data.
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2x Vertical Exaggeration

Figure 7: Vertical sections through the test-bed temperature model showing the locations of the
BHT well data. Temperatures range from 27° (blue) to 390° (red).

Conclusion

The 3D map indicates that a large volume of granitic material exists within the basement. A
number of these granite bodies, for instance the BLS granite (Figure 6), correspond to
anomalies in the map of predicted temperature at 5 km, indicating that they likely have high-
heat-producing compositions. A number of interpreted granite bodies do not correspond to
temperature anomalies, indicating granite compositions which contain a range of
radioelement concentrations.

The distribution of down-hole temperature measurements, from which the map of predicted
temperature at 5 km is based, varies significantly in the study area (Figure 2) resulting in
some temperature anomalies that are poorly constrained. The very high temperature
anomaly coinciding with the intersected BLS, for example, is open to the east. The
coincident mapped granite, however, defines an easterly limit for the BLS. The 3D map may
also be used to predict potential thermal anomalies where no temperature measurements are
available.

The 3D map, which also defines the geometries of the Cooper and Eromanga Basins,
therefore delineates both potential heat sources and thermally insulating cover. In
conjunction with the map of predicted temperature at 5 km depth, the 3D map can be used as
a predictive tool for delineating potential geothermal plays.

Initial thermal modelling, although in its infancy, suggests that the 3D model can be assigned
suitable estimates of thermal properties, to estimate the thermal composition of the Cooper
Basin region, at least in the test area. It is expected that a more detailed 3D map of the
Cooper and Eromanga sediments will produce a thermal model that will produce closer
matches with the existing temperature and heat flow data.
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